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Abstract

Through the input of disproportionate quantities of chemically distinct litter, inva-
sive plants may potentially influence the fate of organic matter associated with soil
mineral and aggregate fractions in some of the ecosystems they invade. Although
context dependent, these native ecosystems subjected to prolonged invasion by
exotic plants may be instrumental in distinguishing the role of plant-microbe-min-
eral interactions from the broader edaphic and climatic influences on the formation
of soil organic matter (SOM). We hypothesized that the soils subjected to pro-
longed invasion by an exotic plant that input recalcitrant litter (Japanese knotweed,
Polygonum cuspidatum) would have a greater proportion of plant-derived carbon (C)
in the aggregate fractions, as compared with that in adjacent soil inhabited by
native vegetation that input labile litter, whereas the soils under an invader that
input labile litter (kudzu, Pueraria lobata) would have a greater proportion of micro-
bial-derived C in the silt-clay fraction, as compared with that in adjacent soils that
receive recalcitrant litter. At the knotweed site, the higher C content in soils under
P. cuspidatum, compared with noninvaded soils inhabited by grasses and forbs, was
limited to the macroaggregate fraction, which was abundant in plant biomarkers.
The noninvaded soils at this site had a higher abundance of lignins in mineral and
microaggregate fractions and suberin in the macroaggregate fraction, partly because
of the greater root density of the native species, which might have had an overrid-
ing influence on the chemistry of the above-ground litter input. At the kudzu site,
soils under P. lobata had lower C content across all size fractions at a 0-5 cm sail
depth despite receiving similar amounts of Pinus litter. Contrary to our prediction,
the noninvaded soils receiving recalcitrant Pinus litter had a similar abundance of
plant biomarkers across both mineral and aggregate fractions, potentially because
of the higher surface area of soil minerals at this site. The plant biomarkers were
lower in the aggregate fractions of the P. lobata-invaded soils, compared with non-
invaded pine stands, potentially suggesting a microbial co-metabolism of pine-
derived compounds. These results highlight the complex interactions among litter

chemistry, soil biota, and minerals in mediating soil C storage in unmanaged
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1 | INTRODUCTION

Soils store the largest reserve of organic carbon (C) in terrestrial
ecosystems (Lehmann & Kleber, 2015; Post, Emanuel, Zinke, & Stan-
genberger, 1982; Schlesinger, 1977). The sequestration potential of
C in soils is regulated by the chemical composition of plant litter that
funnels atmospheric C to soils, by the physiology of soil hetero-
trophs that control the litter degradation and the formation of soil
organic matter (SOM) through the breakdown and re-synthesis of
plant inputs, and by the soil mineral matrix, which stabilizes SOM
through physiochemical associations (Cotrufo, Wallenstein, Boot,
Denef, & Paul, 2013; Kogel-Knabner, 2002, 2017; Schmidt et al,,
2011; Six, Conant, Paul, & Paustian, 2002). The chemical association
of SOM with mineral surfaces through formation of organo-mineral
complexes (chemical protection; Blanco-Canqui & Lal, 2004; Kleber,
Sollins, & Sutton, 2007; Six et al., 2002) and the physical occlusion
of SOM within soil aggregates (physical protection; Kogel-Knabner
et al., 2008) dominates the physiochemical associations that provide
stability to soil C and decrease the breakdown of the SOM by soil
biota (Angst, Mueller, Kogel-Knabner, Freeman, & Mueller, 2017).
Although plant inputs form the precursor of a majority of the SOM
(Hatton, Castanha, Torn, & Bird, 2015; Kogel-Knabner, 2002), their
influence on the quantity and composition of mineral-associated and
aggregate-protected pools of SOM remains less well understood
(Kogel-Knabner, 2017; Prescott, 2010).

On a broad scale, climate and soil parent material influence soil
C cycling by regulating both plant productivity and the development
of soil profiles (Torn, Swanston, Castanha, & Trumbore, 2009). How-
ever, on a more proximate level, the formation of SOM is dynami-
cally regulated along a plant-microbe-mineral continuum by biotic
and abiotic interactions (Figure 1; Cotrufo et al., 2015; Geyer,
Kyker-Snowman, Grandy, & Frey, 2016; Hatton et al., 2015; Kallen-
bach, Grandy, Frey, & Diefendorf, 2015; Kleber et al., 2007; Tamura
& Tharayil, 2014). For example, fungal communities capable of
degrading plant heteropolymers are dominant in ecosystems that
receive recalcitrant plant inputs that are abundant in lignins, tannins,
and cuticular matrices (Fierer, Strickland, Liptzin, Bradford, & Cleve-
land, 2009; Paterson et al., 2008; Voriskova, Brabcova, Cajthaml, &
Baldrian, 2014). The associated slower rate of fungi-mediated litter
decomposition, which generally lags behind the rate of litter input,
results in the accumulation of plant heteropolymers in soils (Baldock
et al., 1997; Rasse, Rumpel, & Dignac, 2005; Von Lutzow et al.,
2006; Winkler, Haumaier, & Zech, 2005). Moreover, the higher
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ecosystems; these interactions are particularly important under global changes that
may alter plant species composition and hence the quantity and chemistry of litter

inputs in terrestrial ecosystems.

mineral-associated carbon, plant invasion, Polygonum cuspidatum, Pueraria lobata, soil
aggregates, soil organic matter

proportion of residues that remain at the final stages of the decom-
position of recalcitrant litter are incorporated into soils through a
physical transfer pathway (Cotrufo et al., 2015) thus further increas-
ing soil C in such ecosystems. Mycorrhizal networks, which are
abundant in these polyphenol-rich, nutrient-poor ecosystems, pro-
mote soil aggregation (Rillig & Mummey, 2006) and further con-
tribute to the physical protection of recalcitrant plant matter. In
contrast, plant litter with a higher proportion of easily degradable
compounds, such as carbohydrates and proteins, facilitates faster
cycling of C in the soil, thus resulting in a higher production of dis-
solved organic matter that associates with soil minerals (Cotrufo
et al., 2013, 2015). In the presence of labile C inputs, decomposers
can also co-metabolize C compounds that are otherwise physically
stabilized on soil minerals (Keiluweit et al., 2015), thus decreasing
the overall quantity of SOM (Fontaine et al., 2007; Kuzyakov, 2010;
Kuzyakov, Friedel, & Stahr, 2000). Therefore, the chemistry of plant
litter influences the content and chemistry of the organic matter in
different soil size fractions even within a similar edaphic and climatic
envelope. Although much research has explored the effect of litter
chemistry on the quantity of SOM in bulk soils (Hatton et al., 2015;
Mambelli, Bird, Gleixner, Dawson, & Torn, 2011), relatively little is
known about the influence of contrasting litter chemistries on the
quantity and composition of C pools associated with soil mineral and
aggregate fractions in natural ecosystems.

Impact of invasive plant species on soil carbon is dependent on
multiple factors including the identity of the invader, the identity of
native species that is being displaced, land-use pattern, soil mineral-
ogy and climate; hence, the same invader may have contrasting
influence on the SOM storage across its invaded ranges (Craig, Pear-
son, & Fraterrigo, 2015; Dornbush, 2014; Kramer, Warren, Tang, &
Bradford, 2012; Liao et al., 2008; Martin, Newton, & Bullock, 2017).
Thus, although the outcomes are highly context dependent (De
Deyn, Cornelissen, & Bardgett, 2008), some of the native ecosys-
tems subjected to prolonged invasion by non-native plants may
serve as an appropriate system to partly distinguish the role of
plant-microbe-mineral interactions in the formation of SOM from
those of the broader edaphic and climatic influences. Exotic plants
that functionally differ from the resident native species have a better
chance of becoming invasive (Levine, Adler, & Yelenik, 2004; Strauss,
Webb, & Salamin, 2006; Van Kleunen, Weber, & Fischer, 2010), and
hence, many successful plant invaders exhibit unique biomass chemi-
cal compositions that are novel to the introduced ecosystems (Call-
away et al., 2008; Macel, De Vos, Jansen, Van Der Putten, & Van



TAMURA ET AL

MWI LEY: @Iobal Change Biolog

Plant Chemistry & Physiology

7]
N
=
3 / \
A
N
§ Labile-rich input Recalcitrant-rich input
A
3= 3
5l 8 g
E & % SOM quantity §
= 2 g
=]
£ 2 !
g Low C accrual | High C accrual
= I
g I
§ A"
L SOM composition
= T
Microbe-derived | Plant-derived
|
|

v

UOTIBIOOSSE
[exourw ySry

SOM stability

UONBIO0SSE
[eIouu MO

&
<

Mineral associations

High C stability

Low C stability

FIGURE 1 Schematic of the potential soil organic matter formation pathways operating along a plant-microbe-mineral continuum, which is
mediated by plant litter chemistry (Cotrufo et al., 2015; Hatton et al., 2015), physiology of the soil heterotorphic community (Geyer et al.,
2016; Kallenbach et al., 2015), and mineral associations (Keiluweit et al., 2015; Kleber et al., 2007). Blue and broken arrows represent less
known mechanisms. Modified with permission from Tamura and Tharayil (2014) [Colour figure can be viewed at wileyonlinelibrary.com]

Dam, 2014; Penuelas et al., 2010; Ridenour, Vivanco, Feng, Horiuchi,
& Callaway, 2008; Strauss et al., 2006). These altered plant chemis-
tries may influence both the composition and abundance of soil het-
erotrophs by modulating multi-trophic interactions (Austin & Ballare,
2014; Belnap, Phillips, Sherrod, & Moldenke, 2005; Callaway, Thelen,
Rodriguez, & Holben, 2004; Wardle, Yeates, Barker, & Bonner,
2006). Additionally, because of the efficient resource acquisition and
use (Funk & Vitousek, 2007; Tharayil et al., 2009), many exotic
plants produce higher amounts of biomass (Van Meerbeek et al.,
2015) than do the native species they displace. Therefore, many
invasive plants add disproportionate quantities of chemically distinct
litter to their introduced ecosystems and thus may potentially influ-
ence SOM formation. Although these ecosystems experience signifi-
cant perturbations during the initial years of invasion, the
heterotrophic community (including soil microbes and fauna) in the
invaded sites shifts over time under the selection pressure of the
exotic plants, and some of these invaded ecosystems tend to reach
a novel state over decadal timescales (Gaertner et al., 2014; Hobbs
et al., 2006, Hobbs, Higgs, & Harris, 2009; Seastedt, Hobbs, & Sud-
ing, 2008). These novel invaded ecosystems, which coexist in prox-
imity (usually within a few meters) to the native ecosystem and
share the same climatic and edaphic envelope but have different bio-
tic components (Kulmatiski, Beard, Stevens, & Cobbold, 2008;

Peltzer, Allen, Lovett, Whitehead, & Wardle, 2010; Peltzer et al,,
2009), may provide an ideal framework (Sax et al., 2007; Vitousek,
1990) to distinguish the role of plant-microbe-mineral interactions
in SOM formation from those of climatic and edaphic factors.

To investigate the influence of plant invasions and the associated
litter chemistry on the accrual and composition of C in the mineral-
associated and aggregate-protected pools, we selected two peren-
nial, noxious, invasive species with distinct litter chemistry: Poly-
gonum cuspidatum (Japanese knotweed), which produces stem and
leaf litter rich in polyphenols (Suseela, Tharayil, Xing, & Dukes, 2013;
Tharayil, Alpert, Bhowmik, & Gerard, 2013; Table S1, Fig. S1a), and
leguminous Pueraria montana var. lobata (kudzu), which produces
nitrogen-rich labile leaf litter (N fixation—235 kg N ha ! year %
Hickman, Wu, Mickley, & Lerdau, 2010; Lindgren, Castro, Coiner,
Nurse, & Darbyshire, 2013; Table S2, Fig. S1b). The influence of lit-
ter chemistry on the formation of SOM was further emphasized by
choosing study sites where these invasive species were encroaching
into ecosystems with contrasting resident litter chemistries. We
selected sites where P. cuspidatum was invading an old-field ecosys-
tem dominated by grasses and forbs that produced relatively labile
litter (knotweed site), whereas P. lobata was found to be invading a
Pinus forest with recalcitrant-rich litter (kudzu site; Table S2; Tamura
& Tharayil, 2014).
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We hypothesized that within a same site that experience similar
edaphic and climatic conditions, (i) the soils that receive litter rich in
recalcitrant compounds (soils under P. cuspidatum and Pinus stands)
would have a greater proportion of C in the aggregate fractions,
whereas soils receiving litter rich in labile compounds (soils under
old-field and P. lobata stands) would have a greater proportion of C
in the silt-clay fraction. Due to the potential microbial co-metabolism
of the plant-derived carbon, we hypothesized that (ii) compared with
the soils that are adapted to the input of recalcitrant litter from
native species (soils under Pinus stands), the adjacent soils under
plant invader that inputs labile litter (soils under P. lobata) would
have a lower C in the aggregate fraction. Further, from the perspec-
tive of SOM composition, we hypothesized that (iii) the input of
recalcitrant litter would increase the plant-derived compounds in soil
aggregate fractions compared with the silt-clay fraction, whereas an
input of labile litter into native systems that are adapted to recalci-
trant litter would decrease plant-derived compounds proportionately

more from the aggregate fractions than from the silt-clay fraction.

2 | MATERIALS AND METHODS

2.1 | Study site

We selected study sites for P. cuspidatum in Amherst, Massachusetts
(42°24'N, 72°31'W) and Pueraria lobata in Seneca, South Carolina
(34°41'N, 82°53'W). These sites were selected as they were closer to
the location of initial introduction of the respective species in the USA
thus had well-established and stable invaded sites with invasion dating
back to ca. 20 years (Barney, Tharayil, Ditommaso, & Bhowmik, 2006;
Tharayil et al., 2013). To elucidate the effect of contrasting litter che-
mistries on SOM characteristics within a same edaphic and climatic
envelope, study sites were selected such that at both sites the respec-
tive invasive species were encroaching into ecosystems with contrast-
ing resident litter chemistries. At the knotweed site, P. cuspidatum was
actively invading into an old-field that was abandoned during 1990-
1992 after many years of alfalfa cultivation. At this site, P. cuspidatum
formed monocultural stands of >500 m? extending from the field mar-
gins and was invading into the old-field that was dominated by grasses
and forbs (Dactylis sp., Elytrigia repens, Galium sp., Lepidium spp., Oxalis
stricta, Plantago spp., Rhus glabra, Schedonorus phoenix, Setaria pumila,
Trifolium sp., and Vicia sp; Tharayil et al., 2013). At the kudzu site, P. lo-
bata was invading into a pine forest dominated by Pinus taeda trees
that were ca. 30 years of age. During the growing season, P. cuspida-
tum stands had no other understory plants, and the understory vegeta-
tion was very sparse under the Pinus stands.

At both sites, we randomly selected six monospecific stands of
the invasive species. Within each invaded site, these stands served
as independent experimental units (n = 6). Within each stand, we
selected three parallel transects perpendicular to the advancing edge
of invasion at 6-8-m intervals. Along each transect, we demarcated
one 1-m? sampling plot in the invaded zone (~8 m inside from the
edge of invasion) and one 1-m? sampling plot in the noninvaded

zones (~3-4 m beyond the advancing edge of invasion). At both sites,
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the invaded and noninvaded plots had similar soil characteristics
including soil texture, bulk density, and pH (Suseela, Alpert, Nakatsu,
Armstrong, & Tharayil, 2016; Tamura & Tharayil, 2014; Tharayil
et al., 2013). At the knotweed site, since our sampling in 2011,
P. cuspidatum had encroached into >40% of the noninvaded plots, as
well as the P. cuspidatum stands that were spatially distinct at the
time of sampling has begun to coalesce, further indicating the unifor-
mity of edaphic factors across the invaded and noninvaded plots.

In July 2011, after carefully removing the top organic layer, we
collected three soil cores (10 cm diameter) of mineral soils from each
plot to a depth of 15 cm at 5-cm intervals. The soils from the same
depth within each plot were combined and transported to the lab on
ice. The homogenized soil samples were passed through a 2-mm
sieve, and any visible root materials were separated and the soils
were stored at 4°C until analysis. Above-ground litter input at knot-
weed site was estimated by harvesting the biomass from the
invaded and noninvaded plots at the end of growing season before
the tissue senescence. The annual above-ground litter input at kudzu
site was calculated from the litter input in six randomly selected 0.5-
m? plots at the end of the growing season. The root biomass at both
the study site was estimated from the roots retrieved from the soil
cores during the above sampling.

2.2 | Size fractionation of bulk soil

We adopted a soil size fractionation to differentiate between soil
aggregate fractions and silt-clay fraction. Under the influence of
organic matter and microbial biomass, the soil mineral particles are
initially bound together to form microaggregates which then com-
bine to form macroaggregates (Six, Paustian, Elliott, & Combrink,
2000). Based on the SOM composition, these aggregate fractions
offer varying level of protection from decomposition to plant- and/
or microbial-derived products through occlusion (Cotrufo et al.,
2015). The soils were separated into different size fractions such as
macroaggregates (250-2,000 um), microaggregate (53-250 um), and
silt-clay (<53 pm) fractions as described in Elliott (1986; see
Appendix S1). The C/N of the different soil fractions and the bulk
soil were determined using an elemental analyzer (Carlo Erba NA
1500 Elemental Analyzer; Thermo Scientific, Lakewood, NJ, USA).
The different size fractions from both soil depths (0-5 and 5-10 cm)
were subjected to the analyses outlined below.

Because of the chemical complexity of SOM, we used a combi-
nation of wet chemistry and spectroscopy analysis that provided
complementary data (Simpson & Simpson, 2012) to elucidate the
composition of soil organic matter. The wet chemistry methods
involved solvent extraction (free lipids), base hydrolysis (bound lipids
and phenolics), and CuO oxidation (lignin monomers) followed by gas
chromatography-mass spectrometry analysis to measure the individ-
ual plant and microbial biomarkers in soil. As wet chemistry tech-
niques can characterize only <15% of the soil organic matter, we
used spectroscopy methods such as the diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy and nuclear magnetic
resonance (NMR) spectroscopy to characterize the bulk organic
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C-chemistry. The NMR spectroscopy was used as the ratios of func-
tional groups obtained from the NMR spectroscopy further provides
the degradation state of soil C (Baldock et al., 1997).

2.3 | Diffuse reflectance infrared Fourier transform
spectroscopy analysis

The DRIFT spectra of the silt-clay and microaggregate fractions were
collected using a Thermo Nicolet FTIR spectrometer with a DRIFT
unit (Suseela et al., 2016; see Appendix S1). The background inter-
fering signals from soil minerals were eliminated by subtracting the
sample spectra from the spectra of the respective chemically oxi-
dized (using 10% hydrogen peroxide) organic C-free soil fraction
(Favilli et al., 2008). The particle size of the macroaggregate fraction
was not evenly reduced below 40 um after repeated ball milling
resulting in a nonhomogenous representation of the bulk sample,
and hence, this fraction was not used for the DRIFT analysis. Ten
mg of the ball-milled sample was mixed with 140 mg of KBr and fur-
ther ground in an agate motor and pestle into a fine powder
(<40 pm). The sample dilution scheme was optimized based on pre-
liminary experiments that were focused on spectral quality. The finer
particle size of the sample and its dilution with KBr ensured minimal
true reflectance and diffused-specular reflectance of the incident IR
beam, and a deeper penetration of the IR beam within the sample
matrix that facilitated true diffuse reflectance. The spectra were col-

lected at a resolution of 4 cm™?!

, and 64 scans were averaged to
obtain a representative spectrum (Tharayil et al., 2011). The mea-
sured sample reflectance was converted into Kubelka Munk units to
compensate for a stronger than expected absorption from a weak IR
band, and to obtain a linear relationship between sample concentra-
tion and the corresponding spectral data. The sum of the peak areas
at 2,930 and 2,870 cm™! that represent aliphatic CH stretching
(Haberhauer & Gerzabek, 1999; Leifeld, 2006; Niemeyer, Chen, &
Bollag, 1992) was used as an indicator of the abundance of alkyl C
in soil samples (Suseela, Tharayil, Xing, & Dukes, 2014; Suseela et al.,
2013).

2.4 | Biomarker analysis
24.1 | Solvent extraction of free lipids

Each soil size fraction (300 mg) was combined with 3 ml of metha-
nol (100%) and placed in an ultrasonic bath for 30 min. At the end
of the sonication, the tubes were centrifuged, and the supernatant
was transferred to a glass tube. The soil residue was sequentially
extracted with 3 ml of dichloromethane/methanol (1:1 v/v) followed
by 3 ml of dichloromethane (100%) using the above procedure (Otto
& Simpson, 2007; Tamura & Tharayil, 2014). The above three
sequential extracts from the same soil fraction were combined, and
7 ml of deionized water was added to induce phase separation and
gently mixed by shaking. The bottom layer of dichloromethane was
collected and dried completely under nitrogen and stored at —20°C

until analysis.

24.2 |
phenolics

Base hydrolysis of bound lipids and

The residual soil from the above solvent extraction was combined
with 3 ml of 1 N methanolic sodium hydroxide (NaOH) and incu-
bated at 95°C for 3 hr. After cooling, the tubes were centrifuged,
and the supernatant was transferred to a glass tube. The soil resi-
due in the tube was then sequentially extracted first with 2 ml of
100% methanol and then with 2 ml of methylene chloride by soni-
cating for 30 min, and the supernatant from each extract was com-
bined (Otto & Simpson 2007; Tamura & Tharayil, 2014). To the
pooled extract (from three sequential extractions), 100 ul of non-
adecane in 100% methanol (100 pug/ml) was added as an internal
standard. The sample was acidified using 2 ml of hydrochloric acid
(50%). The methylene chloride was phase-separated by adding 7 ml
of deionized water and was collected and stored at —20°C until
analysis.

2.4.3 | CuO oxidation of lignin monomers

Lignin is predominantly composed of three monophenolic units—
vanillyl (V), syringyl (S), and cinnamyl (C) monomers. To measure
the content of these lignin monomers, we followed the CuO oxida-
tion method. The residual soil remaining after base hydrolysis was
combined with 1.0 g copper oxide (CuO) and 150 mg ferrous
ammonium sulfate in a 23-ml Teflon-lined acid digestion vessel. Fif-
teen ml of 2 N NaOH that had been previously sparged with argon
for 20 min was added to the vessel and was sparged for an addi-
tional 15 min before closing each digestion vessel. The vessels
were incubated at 160°C for 160 min. After cooling to room tem-
perature, the content of the vessels was transferred to centrifuge
tubes, and 100 pl of transcinnamic acid and ethylvanillin (200 pg/
ml in 100% methanol) were added as internal standards. The sam-
ples were acidified using 3 ml of 18 N H,SO,4 and centrifuged. The
supernatant (12 ml) was transferred to glass tubes, and 2 ml of
ethyl acetate was added. After cooling at 4°C for 15 min, the con-
tent was kept in a rotary mixer for gentle end-to-end mixing. The
ethyl acetate fraction was collected after centrifugation and stored
at —20°C until further analysis (Tamura & Tharayil, 2014; Wang,
Tharayil, Chow, Suseela, & Zeng, 2015). Together with the total
VSC lignin content, we also calculated the acid/aldehyde (Ad/Al)
ratios of syringyl ([Ad/Al]s) and vanillyl ([Ad/Allv) monomers of lig-
nin which are measures of the degradation stage of lignin where
higher ratios indicates progressing degradation (Otto & Simpson,
2007).

The extracts from solvent extraction (free lipids), base hydrolysis
(bound lipids and phenolics), and CuO oxidation (lignin monomers)
were reconstituted separately in 1 ml of methanol/methylene chlo-
ride (1:1) solution and analyzed using gas chromatography-mass
spectrometry (GC-MS) for biomarker analysis (see Appendix S1). The
content of the biomarkers was expressed as per gram organic C in

soil size fractions for comparison between samples.
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2.5 | Solid-state 3C NMR spectroscopy analysis

For the analysis of soil samples using NMR, it was necessary to
remove the paramagnetic material in the samples using 10%
hydrofluoric acid (Schmidt, Knicker, Hatcher, & Kogel-Knabner,
1997; Appendix S1). Solid-state CrossPolarization Magic Angle Spin-
ning (CP-MAS) NMR spectra were acquired using the parameters as
per Clemente, Simpson, and Simpson (2011). The spectra were ana-
lyzed within five chemical shift regions (Mao et al., 2000; Preston,
Trofymow, & The Canadian Intersite Decomposition Experiment
Working Group, 2000; Clemente et al., 2011): alkyl (0-50 ppm;
waxes, cutin, suberin, and lipids), O-alkyl (50-110 ppm; methoxy and
ethoxy C in lignin and methoxy C in carbohydrates), aromatic and
phenolic (110-165 ppm; aromatic C found in lignin, with possible
contributions from protein and black carbon), carbonyl and carboxyl
(165-220 ppm). The degradation state of C in soils was evaluated by
calculating the ratio of alkyl C/O-alkyl C, which increases with pro-
gressive decomposition (Baldock et al., 1997; Sjogersten, Turner,
Mahieu, Condron, & Wookey, 2003).

2.6 | Statistical analysis

Due to the differences in biotic and abiotic factors between the
knotweed and kudzu sites, no statistical comparisions were made
across the two sites, and comparisions were made between the
invaded and adjacent noninvaded stands within each site that
received an input of litter with contrasting chemistry. To compare
the main and interactive effects of zones (invaded [IN] and adjacent
noninvaded [OUT]) and soil size fractions (silt-clay, microaggregate,
and macroaggregate) on the content of total organic C, alkyl C, VSC
lignin, (Ad/Al)s ratio, (Ad/Al)v ratio, and plant and microbial biomark-
ers, we used a mixed-model restricted maximum likelihood analysis.
Within a site, the invaded stands (n = 6) which represented indepen-
dent experimental units were included as a random factor for these
analyses. Statistically significant differences (o < .05) were further
subjected to Tukey's HSD multi-comparison test. All analyses were
conducted using sas (SAS version 9.2; SAS Institute, Cary, NC, USA).

3 | RESULTS

3.1 | Soil C quantity

At the knotweed site, soils under P. cuspidatum received ~2.5 times
more litter input, which had one-third of the nitrogen per unit of C
compared with that of the native litter from adjacent noninvaded soils
inhabited by grasses and forbs (Table S1). At the kudzu site, as P. lo-
bata was found to be invading established pine stands, both invaded
and adjacent noninvaded soils received similar inputs of pine litter, and
the invaded soils received an additional input of P. lobata litter, which
had 6.5 times more nitrogen per unit of C than that in the pine litter.
At both sites, the effect of invasion on soil C content across dif-
ferent soil size fractions was evident at a 0-5 cm depth (Figure 2).

At the knotweed site, the macroaggregate fraction at a 0-5 cm
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depth under P. cuspidatum had a 30% higher C content than that in
the adjacent noninvaded soils (Figure 2a). However, the quantities of
C within the silt-clay and microaggregate fractions were similar in
the invaded and noninvaded soils. The macroaggregates had a ~30%
higher C content than did the microaggregate and silt-clay fractions
in the invaded soils, whereas in the noninvaded soils, the content of
C in the microaggregate fraction was ~20% lower than that in the
silt-clay and macroaggregate fractions (Figure 2a; p < .01). At a 5-
10 cm depth, regardless of invasion zones, the microaggregate
fractions had a ~40% lower C content compared with that in both
silt-clay and macroaggregate fractions (Figure 2b; p <.001), a
pattern that resembled the C abundance pattern in the noninvaded
zones at a 0-5 cm depth.

At the kudzu site, the soils under P. lobata had 20% lower C con-
tent across all three size fractions at a 0-5 cm depth than did soils
under noninvaded pine stands (Figure 2c; p = .001). This decrease in
C content was more evident in the silt-clay and macroaggregate
fractions. The soils at a 5-10 cm depth under noninvaded pine
stands had higher quantities of C in the silt-clay and microaggregate
fractions than in the macroaggregate fraction (Figure 2d; p = .04),
whereas the C content of soils under P. lobata-invaded stands was
similar across all size fractions.

3.2 | Abundance of alkyl C (DRIFT spectroscopy
analysis)

At the knotweed site, the abundance of alkyl C at a 0-5 cm depth
of the invaded and noninvaded soils varied as a function of soil size
fraction (Figure 3a; p = .004). In the soils invaded by P. cuspidatum,
the microaggregate fraction had two times higher alkyl C than that
in the silt-clay fraction. Moreover, the alkyl C in the microaggregate
fraction in the invaded soils was twice that in the same fraction in
the adjacent noninvaded soil (Figure 3a). Within the noninvaded
zone, both silt-clay and microaggregate fractions had similar amounts
of alkyl C. At a 5-10 cm depth, irrespective of the invasion zones,
the fraction of alkyl C in the silt-clay was 40% higher than that of
the microaggregate fraction (p = .02; Figure 3b).

At the kudzu site, in the top 5 cm depth, the silt-clay fraction con-
tained 41% higher alkyl C than the microaggregates, regardless of zone
(Figure 3c; p = .005). Even though both invaded and noninvaded soils
received a similar amount of pine litter, the soil size fractions under
P. lobata had only one-third the amount of alkyl C in the nonin-
vaded pine soil (Figure 3c; p < .001). At a 5-10 cm depth, the soils
under P. lobata had less alkyl C in the microaggregate fraction than in
the silt-clay fraction (p < .05). Similar to the results for the top soils,
microaggregates at a 5-10 ¢cm depth under P. lobata had lower amount
of alkyl C than that in the noninvaded pine soils (Figure 3d; p = .01).

3.3 | Abundance of lignin monomers

At the knotweed site, the concentration of VSC lignin phenols (the
sum of V-vanillyl, S-syringyl, and C-cinnamyl phenols) across soil
fractions at a 0-5 cm depth varied among invasion zones (p = .04;
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Figure 4a). Both silt-clay and microaggregate fractions under P. cusp-
idatum had ~40% lower concentrations of lignin compared with that
in the noninvaded soils (Figure 4a), and the microaggregate fraction
had a higher content of lignin across the zones. Similarly, at a
5-10 cm depth, relative to the noninvaded soils, soils under P. cuspi-
datum had lower lignin phenols in both the silt-clay and the microag-
gregate fractions (Figure 4b). Irrespective of the invaded and
noninvaded zones, the microaggregates had a nearly 50% higher
concentration of lignin phenols than that in the silt-clay fraction
(b < .01; Figure 4b). At the knotweed site, the (Ad/Al)s and (Ad/Al)v
ratios did not differ among the various factors at a 0-5 cm depth
(Table S1). However, at a 5-10 cm depth, compared with the knot-
weed invaded stands, the noninvaded stands had higher ratios across
the fractions. Similarly, the silt-clay fraction across both zones had
higher (Ad/Al)s and (Ad/Al)v ratios than did the microaggregate frac-
tion at a 5-10 cm depth, thus indicating greater degradation of lignin
associated with the silt-clay fraction.

At the kudzu site, the concentration of lignin phenols across soil
fractions varied with invasion zones at the top 0-5 cm depth
(b = .009; Figure 4c). The concentrations of lignin monomers in the
micro- and macroaggregate fractions under P. lobata were lower
than those in the respective fractions in the noninvaded soils under
pine stands. At a 5-10 cm depth, the concentration of lignin was

higher in the microaggregate fraction compared with that in the silt-
clay fraction in both invaded and noninvaded zones (Figure 4d). In
the silt-clay fraction, the lignin monomer concentration in invaded
soils under P. lobata was lower than that in the noninvaded Pinus
soils (p < .05). At the kudzu site, the (Ad/Al)s and (Ad/Al)v ratios did
not differ among the factors (Table S3).

3.4 | Extractable plant-derived biomarkers

At the knotweed site, at a 0-5 cm depth, the invaded soils under
P. cuspidatum had a marginally higher content of leaf-derived cutin
biomarkers in the macroaggregate and microaggregate fractions than
in the adjacent noninvaded soils, whereas the cutin content of the
silt-clay fraction was similar between the two zones (Figure 5a;
p = .06). The cutin content was higher in soils under P. cuspidatum
(Figure 5a; p =.002) across the size fractions. In contrast, the
root-derived suberin had a marginally higher abundance in the non-
invaded zone across the size fractions than that in soils under P. cus-
pidatum (Figure 5b; p = .08). Long-chain fatty acids (LFA), primarily
derived from plant waxes, followed a trend similar to that of cutin
biomarkers, in which macroaggregate and microaggregate fractions
had higher LFA content than that in the silt-clay fraction across the
p <.01). The LFA content was higher in

zones (Figure 5c;
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P. cuspidatum-invaded stands than in the noninvaded soils across the
different soil size fractions (Figure 5c¢; p = .003). The concentration
of phytosterol in the different soil size fractions varied among zones
(Figure 5d; p = .009) and followed a pattern similar to those of the
cutin and LFA biomarkers. The concentrations of phytosterol in the
macroaggregate and microaggregate fractions were higher in soils
under P. cuspidatum than in the respective fractions in the nonin-
vaded soil (Figure 5d; p = .009). Within the P. cuspidatum-invaded
soil, the concentrations of phytosterol were three times higher in
the macroaggregate and microaggregate fractions than in the silt-clay
fraction (p = .03). At a 5-10 cm depth, the abundance of cutin, sub-
erin, and LFA did not vary with soil size fractions or zones (p > .05)
except for phytosterol (Fig. $2), which had a higher concentration in
the silt-clay fraction than in the microaggregate fraction regardless
of invasion zone (p = .04).

At the kudzu site, at a 0-5 cm depth, the concentration of cutin in
the silt-clay fraction was higher than that in the macroaggregate and
microaggregate fractions across the zones (Figure 5e; p = .002).
Across the size fractions, soils under P. lobata had a lower abundance
of cutin biomarkers than did soils under noninvaded pine stands (Fig-
ure 5e; p = .01). Similarly, the soils under P. lobata had a lower con-
centration of all other quantified plant polymers, including suberin,
LFA, and phytosterol, across all fractions, as compared with the

concentrations in the adjacent noninvaded soils under pine stands
(Figure 5f-h; p < .05). Generally, the abundance of these plant poly-
mers was similar across the different size fractions in soils under non-
invaded pine stands. At the kudzu site, at a 5-10 cm depth, the
concentrations of cutin, suberin, and LFA were similar to the concen-
trations in the top 5 cm and were higher in the silt-clay fraction than
in the microaggregate fraction, regardless of invasion zone (p < .01;
Fig. S3).

3.5 | Microbial-derived biomarkers

At the knotweed site, the concentration of short-chain fatty acids
Otto,
Shunthirasingham, & Simpson, 2005) varied with size fraction across

(constituents of plant/microbial biomass and products;
invasion zones; the microaggregate fraction had a higher content of
SFA than did the silt-clay fraction (Figure 6a; p = .02). The concen-
tration of short-chain fatty acids at a 5-10 cm depth was not influ-
enced by size fraction or invasion zone (p > .05). At the knotweed
site, in both invaded and noninvaded soils, the silt-clay fraction had
the lowest ergosterol content, and the content of ergosterol
increased threefold from micro- to macroaggregates (p = .02; Fig-
ure 6b). In both aggregate fractions, the soils under P. cuspidatum
had lower ergosterol concentrations than did the noninvaded zone
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(Figure 6b; p < .01). However, the ergosterol content was higher in
the invaded zone than in the noninvaded zone at a 5-10 cm depth
across the soil size fractions (Figure 6c; p = .049).

At the kudzu site, the concentration of short-chain fatty acids
was similar across the soil size fractions in the noninvaded zone,
whereas silt-clay and macroaggregate fractions had higher SFAs than
those in microaggregates in soils under P. lobata (p = .04; Figure 7a).
Within the macroaggregate fraction, soils under P. lobata had a
higher abundance of SFA than did the respective fraction under non-
invaded pine stands (Figure 7a). At 5-10 cm depth, across the inva-
sion zones, the silt-clay fraction contained more than twice the
amount of short-chain fatty acids than that in the microaggregate
fraction (p < .01; Figure 7b). The concentration of ergosterol under
P. lobata was less than half the value observed in the noninvaded
soils in aggregate fractions at the top 5 cm depth (p = .003; Fig-
ure 7c). The invaded soils under P. lobata had less ergosterol than
did the noninvaded pine stands at a 5-10 cm depth regardless of
size fraction (p < .01; Figure 7d). Similarly, the content of ergosterol
was higher in the silt-clay fraction than in the microaggregate frac-
tion across the invasion zones.

3.6 | NMR analyses

At the knotweed site, the silt-clay fraction had lower aromatic
and phenolic C than did the microaggregate fraction across the
zones (Table 1). In the microaggregate fraction, the ratio of alkyl
C to O-alkyl C was higher in P. cuspidatum-invaded soils than in
the noninvaded soils. At the kudzu site, the silt-clay fraction
across both zones had a higher content of alkyl C and a higher
ratio of alkyl C to O-alkyl C than the microaggregate fraction,
thus indicating an advanced stage of SOM degradation in the silt-
clay fraction.

4 | DISCUSSION
4.1 | Influence of litter chemistry on the quantity
of mineral-associated soil C

During decomposition of plant litter, microbial synthesis of less com-
plex biomolecules accompanies the initial mineralization of the tissue
matrix (Lehmann & Kleber, 2015; Prescott, 2010; Schmidt et al.,
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2011). The greater reactive surfaces of these microbial products
(Golchin, Baldock, & Oades, 1998) potentially facilitate their self-
assembly (chemisorption) into narrow mineral lattices (Kleber et al.,
2007). However, the larger molecular size and the associated steric
hindrance may prevent the association of plant macromolecules with
the inner-surfaces of minerals. Therefore, we hypothesized that the
input of litter rich in recalcitrant compounds that slows the

production of microbial products would subsequently lead to the
accrual of more C in soil aggregate fractions than in the silt-clay
fraction. This hypothesis was supported by the greater C content of
the macroaggregate fraction in soils under P. cuspidatum that
received recalcitrant litter (Figure 2a). The lower C content of the
silt-clay fraction in soils under P. cuspidatum (Figure 2a), despite the
higher input of litter to this soil, may potentially have resulted from
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FIGURE 6 Extractable microbial biomarkers (per gram organic
carbon in soil size fractions) in Polygonum cuspidatum-invaded and
adjacent noninvaded soils. (a) short-chain fatty acid (XSFA; C10-C18
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fraction. In (b) Letters “A” and “B” represent differences within
invaded stands and letters “a” and “b” represent differences within
noninvaded stands. FT, fraction; micro, microaggregate; macro,
macroaggregate; IN, invaded stands; Out, adjacent noninvaded
stands [Colour figure can be viewed at wileyonlinelibrary.com]

both the lower rate of mineralization of P. cuspidatum litter (Suseela
et al., 2013) and the lower ability of plant compounds to associate
with the soil mineral fraction (Grandy & Neff, 2008). The

sequestration of C in the macroaggregate fraction of P. cuspidatum-
invaded soils may have been partly facilitated by the abundance of
fungi, as evident from the two times higher ergosterol content in the
macroaggregate fraction than in the microaggregate fraction (Fig-
ure 6éb). Microbial products, including fungal hyphae and biofilms
(Daynes, Field, Saleeba, Cole, & Mcgee, 2013), promote the forma-
tion of aggregates in soil (Courtier-Murias et al., 2013; Golchin et al.,
1998; O'Brien & Jastrow, 2013), thus protecting the adsorbed SOM
by occlusion (Dungait, Hopkins, Gregory, & Whitmore, 2012; Mar-
tens, Reedy, & Lewis, 2004). Additionally, fungal mycelium may also
serve as a source of SOM (Clemmensen et al., 2013). Previous stud-
ies have reported similar trends, wherein the invasion of woody
shrubs that input recalcitrant litter into native grassland results in
the accrual of soil C, primarily in the aggregate soil fractions (Filley,
Boutton, Liao, Jastrow, & Gamblin, 2008; Lorenz, Lal, Preston, &
Nierop, 2007). Similar results have also been reported from multiple
field-level detrital manipulation experiments in which the aggregate
associated carbon, and not the mineral-associated carbon, has been
found to be influenced by litter addition treatments even after
50 years of continuous litter manipulation (Lajtha et al., 2014). Our
results indicated that the previously reported higher bulk soil C con-
tent in P. cuspidatum-invaded soils (Tamura & Tharayil, 2014) was
attributable to an abundance of particulate soil organic matter mainly
contributed by the higher input of aboveground litter by this species.
Inputs of P. cuspidatum litter did not influence the content of C in
soil size fractions at a 5-10 cm depth, potentially because of the
lower amount of dissolved organic C percolating below the top soil,
owing to the lower rate of decomposition of this litter (Suseela et al.,
2013). A similar lesser influence of P. cuspidatum on soil N cycling at
a 5-10 cm depth has previously been observed across several P. cus-
pidatum-invaded sites (Tharayil et al., 2013).

Because the input of labile litter facilitates faster decomposition
and accumulation of microbial products, at the knotweed site, we
expected to observe a greater content of C in the silt-clay fraction
in soils under the native species that input labile-rich litter. However,
this hypothesis was not supported, and the quantity of C in the silt-
clay fraction at the knotweed site was similar across the invasion
zones. Moreover, the C content of the silt-clay fraction in the nonin-
vaded zone was similar to that in the macroaggregate fraction (Fig-
ure 2a). These deviations may potentially have been because of the
soil mineral properties of the silt-clay surfaces (Hassink, 1997) at the
knotweed site. Even when the microbial products that can form
strong organo-mineral associations are nonlimiting, the formation of
stable soil organic C is limited by the capacity of soils to sequester C
in the mineral matrices (C saturation deficit; Castellano, Mueller, OIk,
Sawyer, & Six, 2015). At the knotweed site, the soil was character-
ized by a low clay content (5.8%) with a low surface area (29.54 m?/
g), a condition that may potentially limit the association of SOM to
mineral surfaces beyond a threshold.

At the kudzu site, the input of P. lobata litter into pine stands
could accelerate the degradation of pine-derived resident SOM by
facilitating microbial co-metabolism. However, because of a strong
linkage of C chemisorbed to the silt-clay fraction, we hypothesized
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FIGURE 7 Extractable microbial biomarkers (per gram organic carbon in soil size fractions) in Pueraria lobata-invaded and adjacent
noninvaded soils. (a and b) Short-chain fatty acid (£SFA; C10-C18 n-alkanoic and n-alkanoic acid) and (c and d) ergosterol in soil size fractions
at 0-5 and 5-10 cm, respectively. Each bar represents mean 4 SE (n = 6). Any significant main effect of treatments [soil size fractions,
invasion zones] is shown in graphs on the right of the interaction graph. Asterisk represents differences in means (Tukey’s honestly significant
difference) within a soil size fraction. Letters “A” and “B” represent differences within invaded stands and letters “a” and “b” represent
differences within noninvaded stands. FT, fraction; micro, microaggregate; macro, macroaggregate; IN, invaded stands; Out, adjacent
noninvaded stands [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Integration results from solid-state *3C NMR spectroscopy with the relative percent of chemical shift regions corresponding to
different carbon functional groups in soils at 0-5 cm depth from the invaded and noninvaded stands at the knotweed and kudzu site

Relative percentage of **C NMR signal

O-alkyl C Aromatic and phenolic Carboxyl and carbonyl
Soil sample Alkyl C (0-50 ppm) (50-110 ppm) C (110-165 ppm) C (165-220 ppm) Alkyl C/O-alkyl C
Polygonum cuspidatum
Silt-clay
Invaded 35 40 9 16 0.88
Noninvaded 36 41 9 14 0.88
Microaggregate
Invaded &3 42 13 12 0.79
Noninvaded 30 42 15 13 0.71
Pueraria lobata
Silt-clay
Invaded 44 33 9 14 1.33
Noninvaded 43 32 12 13 1.34

Microaggregate
Invaded 34 31 23 12 1.10
Noninvaded 36 34 16 14 1.06
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that this C loss due to positive-priming effect would be lower for C
stored in silt-clay fractions compared to the aggregate fractions.
Contrary to our prediction, the soils under P. lobata that received
similar amounts of pine litter as those in the noninvaded stands had
lower C content across all size fractions. Although the mechanisms
driving this observation were not determined by our study, we pos-
tulate that this low amount of C across the soil size fractions under
P. lobata may be partially because of the ability of labile inputs to
desorb C from the organo-mineral associations. For example, the
input of oxalic acid into soils has been shown to increase the C loss
from mineral associations by complexation and dissolution reactions
(Keiluweit et al., 2015). Soils at the kudzu site had a high content of
clay (14%) and iron oxides with a high surface area (179 m?/g), both
of which provide high C loading capacity via ligand exchange (Dixon
& Weed, 1989; Kleber, Mikutta, Torn, & Jahn, 2005). However,
under a high amount of C loading, organic compounds that are
sorbed far from mineral surfaces are susceptible to microbial decom-
position because of fewer ligand attachments with iron oxides (Kai-
ser & Guggenberger, 2000).

Despite the higher input of litter, the lower amount of C under
P. lobata soil mirrors the accelerated decomposition of recalcitrant
plant litter when present in mixtures of labile litter (Gartner & Car-
don, 2004) as well as the degradation of mineral-associated soil C,
which is facilitated by root exudates (Drake et al., 2011; Phillips,
Finzi, & Bernhardt, 2011). Previous studies have reported that the
invasion of grasses into hardwood forests has led to the loss of
native C from the faster-cycling particulate organic matter because
of microbial priming (Strickland, Devore, Maerz, & Bradford, 2010).
Additionally, the fungal abundance under P. lobata-invaded stands
decreased in the macroaggregate fraction despite an increase in
microbial products, as indicated by SFA, which might also partly have
contributed to the lower C at this site. Overall, our results high-
lighted the interaction between the chemistry of the plant litter and
the association of C with soil size fractions and supported the frame-
work of SOM formation proposed by Cotrufo et al. (2013, 2015).

4.2 | Influence of litter chemistry on the
composition of mineral-associated soil C

The chemistries of the plant compounds and microbial residues, both
of which differ in their propensity to associate with soil size frac-
tions, influence the pathways of soil C stabilization. We hypothe-
sized that the input of recalcitrant litter would increase the
concentration of plant-derived C in the aggregate fractions more
than in the silt-clay fraction. At the knotweed site, the P. cuspida-
tum-invaded soils that received recalcitrant litter were abundant in
plant compounds in the aggregate fractions compared with the adja-
cent noninvaded soils, as evidenced by the higher overall abundance
of alkyl C (Figure 3a). Even though this alkyl C may have been partly
contributed by microbial fatty acids, the higher abundance of cutin,
LFA, and phytosterols in the aggregate fractions of the invaded soils
(Figure 5) supported the plant origin of alkyl C in aggregates. There-
fore, the input of recalcitrant litter resulted in a larger proportion of

plant-derived compounds in the physically protected soil aggregate
fractions than in the silt-clay fraction under P. cuspidatum, thus sup-
porting the SOM formation pathway proposed by Cotrufo et al.
(2015). Unlike other components of plant litter, alkyl C compounds
and plant sterols have demonstrated a relatively greater persistence
in soil (Derenne & Largeau, 2001; Feng, Simpson, Wilson, Williams,
& Simpson, 2008; Winkler et al., 2005); however, these compounds
are still prone to microbial decomposition based on their association
to lignocellulosic matrix (Angst, Heinrich, Kogel-Knabner, & Mueller,
2016). The slower rate of decomposition of recalcitrant plant com-
pounds (Mueller et al., 2013), coupled with the overall higher input
of these compounds in the P. cuspidatum-invaded stands, would
explain the apparent persistence of these recalcitrant compounds in
aggregate fractions. Moreover, the conditions that limit microbial
activity in aggregate fractions, including insufficient oxygen and
water (Von Lutzow et al., 2006), may further increase the residence
time of this occluded C.

Lignin was abundant in the microaggregate fraction of the nonin-
vaded soils at knotweed site (Figure 4a), a result contrary to our pre-
dictions and in contrast to the distribution of the plant polymers
that were abundant in the aggregate fractions of soils under P. cuspi-
datum. The greater abundance of lignin in grass- and forb-dominated
noninvaded soils may have partially resulted from the higher rooting
density of these native species (Table S1). This observation was
further supported by the observed trend of greater abundance of
root-biopolymer suberin in the macroaggregate fraction of the non-
invaded soils (Figure 5b). Lignins, which are also abundant in the
roots, cross-link with proteins and cellulose and form a strong struc-
tural framework that decreases the rate of microbial decomposition
(Carpita, 1996; Suseela et al., 2014). Additionally, the fibrous rooting
architecture of the grasses would result in better soil aggregation,
which in turn would offer greater protection to the occluded SOM.
The twofold higher rooting density of the native grasses and forbs
at a 5-10 cm depth may partly explain the similar increase in lignin
content of noninvaded soils at this depth. The higher content of lig-
nins may have contributed to the abundance of fungal biomass in
the noninvaded soil at the knotweed site, as evidenced by the higher
ergosterol observed in the aggregate fractions (Figure 6b). Therefore,
although P. cuspidatum produced a higher amount of aboveground
recalcitrant-rich litter, the deep-rooted native grasses and forbs pro-
duced significantly higher amounts of recalcitrant litter belowground,
thus possibly resulting in the observed deviation from our initial pre-
diction that associated contrasting vegetation type with C in the soil
size fractions.

Of the various plant-derived compounds in the noninvaded soils
under the Pinus stands, only lignin showed a soil size fraction-depen-
dent abundance in which the lignin content was higher in the aggre-
gate fractions of the noninvaded soils (Figure 4c). However, contrary
to our hypothesis, other plant-derived compounds, such as cutin,
suberin, and LFA, exhibited similar abundance across all soil size frac-
tions in noninvaded soils (Figure 5e-g). This similar abundance of
plant-derived compounds across the size fractions under the nonin-
vaded Pinus stands contrasts with the observations in soils under
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P. cuspidatum, where the silt-clay fraction had a lower abundance of
plant biomarkers compared with that in the aggregate fractions. The
main structural clay found in ultisols at the kudzu site is kaolinite,
which is composed of a nonexpanding 1:1 phyllosilicate structure
that has a relatively lower contribution to organic matter retention.
However, clay fractions at the kudzu site were predominantly illite
and iron and aluminum oxides and hydroxides, which provided a
higher external surface area for sorption of SOM. This higher surface
area contributed by sesquioxides may have resulted in a higher C
loading of the silt-clay fraction in the kudzu site, regardless of the
chemistry of plant input. This difference further highlights the impor-
tance of mineral properties in sequestering soil C, an influence as
important as that of the litter chemistry (Castellano et al., 2015).
Therefore, the effects of plant species on the accrual and composi-
tion of SOM are context dependent (De Deyn et al., 2008), and the
influences of site characteristics, particularly soil mineralogy, may
confound the direct effect of litter chemistry on the formation of
SOM.

Despite a similar input of recalcitrant pine litter in both invaded
and noninvaded soils, the invaded soils that received additional
inputs of labile litter of P. lobata exhibited fewer plant-derived com-
pounds such as alkyl C, cutin, suberin, long-chain fatty acids and
phytosterols. These results suggested that the addition of labile litter
resulted in the loss of recalcitrant plant compounds, regardless of
the soil size fraction with which they were associated. This change
in the composition of SOM under P. lobata was further supported
by the lower abundance of fungal biomarkers in the invaded soils.
The loss of phytosterols from the silt-clay fraction may have been
attributed to their potential association to the external surfaces of
sesquioxides, which were predominant at this site. Surface associa-
tion of SOM on mineral surfaces, as opposed to their occlusion in
inter- and intra-lattice spaces, predisposes them to losses because of
the complexation and dissolution reactions (Keiluweit et al., 2015).

Litter chemistry, microbial physiology, soil mineral properties, and
their interactions largely regulate the C sequestration potential in
soils. Our study investigated the formation of SOM along a plant-mi-
crobial-mineral continuum (Figure 1) in two unmanaged ecosystems,
each of which received two contrasting litter chemistries within the
same climatic and edaphic envelope. Notably, as in most studies in
invasion ecology, the invasion was not experimentally manipulated
at our study sites, and hence, the differences in soil C that we found
between invaded and noninvaded soils may have preceded rather
than resulted from invasion. However, similar patterns of soil N
(Tharayil et al,, 2013) and C chemistry (Suseela et al., 2016) have
been observed in invaded soils across regional scales, thus support-
ing the idea that many of these soil processes are driven by invasive
species at our study sites. Generally, our study showed that the
input of litter rich in recalcitrant compounds resulted in an accrual of
SOM, which was abundant in plant polymers, in soil aggregate frac-
tions. However, the association of the plant polymers with soil size
fraction was also influenced by the soil mineralogy, where the min-
eral matrix with a greater surface area potentially permitted a
greater association of plant polymers. Our results also showed that
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the rooting pattern and the composition of belowground litter may
have had an overriding influence on the effect of the aboveground
litter on soil C, such that greater rooting density and rooting depth
overrode the input of labile aboveground litter and resulted in a
greater accumulation of recalcitrant plant compounds in the aggre-
gate fraction. Previous studies have shown that even when the input
of labile C promotes the loss of the resident SOM through microbial
priming, the higher plant productivity that follows the accelerated
nutrient cycling would nullify or overcompensate for this loss of soil
C (Kogel-Knabner, 2017). Thus, the reported C loss under labile
input in our study may have been highly specific to the edaphic and
climatic environment, such that C loss occurred under conditions
that promoted faster decomposition of plant-derived SOM, but con-
comitantly restricted the mineral association of the decomposition
products, along with a nonsignificant change in the overall productiv-
ity of the system. These results provide a mechanistic framework
that could partly explain the context dependency of the influence of
an invasive species on the soil C content, where the net magnitude
and direction of an exotic species on soil C storage across its
invaded ranges would be strongly regulated by multiple biotic and
abiotic factors including the chemical and physical traits of native
species that are being displaced, soil microbial community and cli-
mate that regulate the rate and type of decomposition products, and
edaphic factors including soil mineralogy. Overall, our study provides
insight into the importance of considering the complex interactions
among plant litter chemistry, physiology of the heterotrophic soil
community, and soil mineral properties when modeling soil C stor-
age, particularly under global changes such as climate change and

plant invasion.
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