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Abstract Soil organic carbon (SOC) storage is a
critical component of the overall sustainability of
bioenergy cropping systems. Predicting the influence
of cropping systems on SOC under diverse scenarios
requires a mechanistic understanding of the underly-
ing processes driving SOC accumulation and loss. We
used a density fractionation technique to isolate three
SOC fractions that are conceptualized to vary in SOC
protection from decomposition. The free light fraction
(FLF) is particulate SOC that is present in the inter-
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aggregate soil matrix, the occluded light fraction
(OLF) is contained within aggregates, and the heavy
fraction (HF) is associated with minerals. We evalu-
ated surface (0 to 10 cm depth) SOC fraction changes
from baseline conditions 5 years after biofuel crop-
ping system establishment at two temperate sites with
contrasting soil textures. The biofuel cropping systems
included no-till maize, switchgrass, prairie, and hybrid
poplar. The FLF concentration (g fraction C g bulk
soil ") did not change significantly from baseline
levels under any of the cropping systems at either site
after 5 years. Except for poplar, OLF concentrations
were reduced in all systems at the site with coarse-
textured soils and maintained at the site with fine-
textured soils. In poplar systems, OLF concentrations
were maintained on coarse-textured soils and
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increased on fine-textured soils. The HF concentra-
tions also increased under poplar on the coarse-
textured soil. A structural equation model indicated
that OLF concentrations increased with lower litter
C:N, and HF concentrations increased with greater
litter quantity and lower litter C:N mass ratios. C:N
increased over time within all SOC fractions, suggest-
ing that all pools are sensitive to land-use change on
sub-decadal timescales. In agreement with modern
SOC theory, our empirical results indicate that
increasing litter input quantity and promoting plant
species with low C:N litter may improve SOC storage
in aggregate and mineral-associated soil fractions.

Keywords Density fractionation - Soil carbon
stabilization - Litter quality - Biofuels - Land-use
change

Introduction

Bioenergy cropping systems are expected to play a
significant role in meeting the future demand for
sustainable energy (Robertson et al. 2017). In addition
to providing a renewable energy feedstock, sustain-
able bioenergy cropping systems must also provide
biogeochemical benefits including ecosystem carbon
(C) storage (Robertson et al. 2011). Considering the
large historical losses of soil organic carbon (SOC)
induced by row crop agriculture (Sanderman et al.
2017), mitigating additional SOC losses and seques-
tering C in soils is a critical component of the biofuel
sustainability equation (Robertston et al. 2008). Thus,
a refined knowledge of SOC changes under bioenergy
cropping systems is required to facilitate management
decisions that optimize the potential for atmospheric
CO, stabilization (Robertson et al. 2017).

Specific vegetation types, management practices,
and characteristics of soils may affect the rate or
direction of SOC change (Wiesmeier et al. 2019). For
example, crop type may influence SOC stocks, as
perennial biofuel cropping systems are generally
thought to enhance SOC sequestration over annual
systems through greater belowground C allocation
(Qin et al. 2016). Other management decisions, such
as the proportion of stover harvested from maize
bioenergy cropping systems, can affect the rate of
SOC change (Anderson-Teixeira et al. 2009) with the
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potential for SOC losses under high stover removal or
SOC gains under low stover removal (Qin et al. 2016).
Differences in soil texture may also influence SOC
stocks through the effects of soil aggregation, with
greater aggregate formation and subsequent SOC
accrual occurring in finer-textured soils (Baer et al.
2010). While these generalizations are qualitatively
useful, a better mechanistic understanding of the
underlying SOC processes is necessary to improve
quantitative predictions across a wider range of
cropping systems, management practices, and soil
types (Luo et al. 2017; Abramoff et al. 2018;
Blankinship et al. 2018).

The soil density physical fractionation approach
(Golchin et al. 1994) provides a theoretical, mecha-
nistic framework for isolating measurable SOC pools
that have been shown to be influenced by soil
properties, plant inputs, and other land management
factors (Fig. 1). In the model framework, plant inputs
enter the SOC pool as the free-light fraction (FLF),
which is particulate organic matter of identifiable plant
origin present in the soil matrix pore space exterior to
soil aggregates. Given its location, FLF is not phys-
ically protected from microbial contact and hence is
available for microbial decomposition. The occluded
light fraction (OLF) is particulate SOC that becomes
physically encapsulated within aggregates through the
processes of comminution, microbial turnover, and
aggregation, and thus is partially protected from
decomposition (Oades 1988). Disturbance events,
such as soil tillage, can physically disrupt soil
aggregates, thereby promoting SOC destabilization
and subsequent availability to decomposers (Golchin
et al. 1994). Finally, the dense or heavy fraction (HF)
consists primarily of microbial-processed SOC, which
is thought to be more protected from further decom-
position through associations with mineral surfaces
(Kogel-Knabner et al. 2008; Miltner et al. 2012). Still,
the mineral-associated HF is not a permanent C stock,
as rhizosphere processes may cause desorption of C
and facilitate its degradation (Jilling et al. 2018).

Because each SOC fraction is theoretically distinct,
the mechanisms controlling the dynamics of each
fraction should vary. For example, the total quantity of
SOC stored within the FLF fraction may decline when
plant litter inputs are reduced (Lajtha et al. 2014) but
may not change as a function of soil texture (K61bl and
Kogel-Knabner 2004). In contrast, the OLF fraction is
dependent on texture, as fine-textured soils aggregate
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Fig. 1 A conceptual diagram illustrating the proposed mech-
anisms of soil organic carbon (SOC) protection during soil
aggregate stabilization and destabilization in relation to soil
fractions isolated from a density fractionation approach. The
unprotected free light fraction (FLF) is formed when partially
decomposed plant materials enter inter-aggregate soil pore
spaces. Through the processes of comminution, microbial

more readily than coarse-textured soils (Kolbl and
Kogel-Knabner 2004; Baer et al. 2010). Due to the
influence of soil texture on mineral surface area, HF
storage is also affected by texture, as smaller mineral
particles generally have a higher capacity for SOC
storage than larger particles (Hassink 1997; Six et al.
2002). Litter quantity and chemistry (e.g., C:N) may
also influence HF storage through their effects on
microbial growth and carbon use efficiency, with
greater mineral-associated SOC storage under high
litter input quantity and low litter C:N (Cotrufo et al.
2013; Castellano et al. 2015). Thus, litter quantity,
litter chemistry, and soil texture are expected to be key
determinants of SOC fraction change, but an inte-
grated understanding of how each fraction responds to
all three factors simultaneously is needed to better
predict overall SOC responses to land use-change.
Our objective was to determine changes in the
quantity and chemistry (C:N) of soil density fractions
following 5 years of bioenergy crop production to
better understand the mechanisms controlling SOC
storage. We hypothesized that the FLF would increase
as a function of litter quantity, OLF would increase in
soils with the finer texture (i.e., greater clay content),
and HF would increase with higher litter quantity and
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turnover, and aggregation, the SOC becomes physically

contained within aggregates, forming the partially protected
occluded light fraction (OLF). The heavy fraction (HF) is
formed when SOC becomes adsorbed to mineral particles
through various bonding mechanisms. Physical and biochemical
processes can lead to SOC destabilization via disaggregation
and desorption, respectively

lower litter C:N. Considering the increasingly greater
protective capacity and subsequently slower turnover
of OLF and HF fractions, we also hypothesized that
changes to fraction C:N would be greatest in the FLF
and lowest in the HF. We tested our hypotheses by
comparing baseline soil fraction measurements at the
initial establishment of four bioenergy cropping
systems with those taken after 5 years of continuous
management at two sites with dissimilar soil texture.

Methods
Sites and cropping systems

Our study sites were the Arlington Agricultural
Research Station (ARL) in Wisconsin, USA
(43.296° N, 89.380° W) and the Kellogg Biological
Station (KBS) in Michigan, USA (42.395° N, 85.373°
W). Mean annual temperature and precipitation,
respectively, are 6.9 °C and 869 mm at ARL and
10.1 °C and 1005 mm at KBS (NOAA 2017). Soils at
ARL are dominated by Plano silt loam, which are
Fine-silty, mixed, superactive, mesic Typic Argiudolls
(Soil Survey Staff 2017). KBS soils are Kalamazoo
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loams, classified as Fine-loamy, mixed, active, mesic
Typic Hapludalfs (Soil Survey Staff 2017). ARL soils
contain an average of 9% sand and 25% clay and KBS
soils contain 65% sand and 5% clay, providing a
strong textural contrast (Table 1).

The Biofuel Cropping Systems Experiment (BCSE)
was established at each site in 2008. The BCSE is a
randomized complete block design consisting of five
replicates with individual plots measuring approxi-
mately 40 x 30 m (Sanford et al. 2016). Prior to
BCSE establishment in 2008, both sites had been in
agriculture for at least 100 years. At ARL, three of the
blocks had been in alfalfa for the 3 years prior to this
study and in maize-soy for the 3 years prior to that.
The other two blocks at ARL had been in maize for the
4 years prior to the study and alfalfa for the two
preceding years. All five KBS blocks had been in
alfalfa for the 6 years prior to the study except for two
blocks which had been planted to maize in 2006 only.
Animal manure spreading was a typical nutrient
management practice at ARL and KBS prior to the
BCSE.

Our study focused on four bioenergy cropping
systems: Continuous no-till maize (Zea mays L.),
switchgrass (Panicum virgatum L.), prairie, and
hybrid poplar (Populus nigra x P. maximowiczii A.
Henry ‘NM6’). The prairie consisted of an 18-species
mix of C4 grasses, C3 grasses, non-leguminous forbs,
and leguminous forbs. A full agronomic description of
these systems and their establishment is given in
Sanford et al. (2016). Maize and switchgrass systems
annually received an average of 167 and 56 kg N
ha™', respectively. Poplar received a single N appli-
cation in 2010 at a rate of 210 and 155 kg N ha™' at
ARL and KBS, respectively. Prairie did not receive N
fertilizer. Maize received P and K as needed, but
perennials did not receive P or K. Maize grain plus
about 50% of maize stover were harvested annually
following the growing season. Switchgrass and prairie
were harvested annually except during the

establishment phase, which occurred in 2008 at ARL
and 2008 and 2009 at KBS. At ARL, poplar growth
was strongly impaired by Marssonina spp. leaf spot
fungus beginning in 2010 and extending through 2013.
Poplar was coppiced following the 2013 growing
season at both sites, at which time standing woody
biomass at KBS was more than double the amount
measured at ARL (Sanford et al. 2016).
Aboveground net primary productivity (ANPP)
was estimated at peak standing biomass in maize,
switchgrass, and prairie by clipping all standing
biomass at the ground level within three quadrats per
plot as described in Sanford et al. (2016). These
systems were harvested annually at the plot level, and
aboveground soil litter inputs (i.e., unharvested
ANPP) were estimated as the difference between
ANPP and harvest. For poplar, herbaceous understory
ANPP (i.e., primarily weedy biomass) was measured
identically to total ANPP in the other systems, but
since the understory biomass was not harvested, all
understory ANPP was considered as litter input to
soils. At KBS, poplar understory ANPP was not
collected in 2010 and 2011, so the trend from 2009 to
2012 was linearly interpolated within each plot to
estimate understory ANPP in 2010 and 2011. Leaf
litterfall ANPP in poplar was measured in two 0.475-
m? (KBS) or 0.375-m> (ARL) litter traps per plot.
Belowground net primary productivity and subsequent
belowground litter input were estimated in the peren-
nial cropping systems using six 5-cm diameter, 13-cm
deep root ingrowth cores per plot per growing season
(Sprunger et al. 2017). In maize, belowground
biomass was excavated down to approximately
50 cm following each growing season. We corrected
the maize belowground biomass to a 13-cm depth
based on observations at ARL that showed that
approximately 60% of peak maize belowground
biomass occurs within the top 13 cm. Belowground
biomass sampling (ingrowth and excavation) was
largely incomplete in 2008, so the 2009 values were

Table 1 Mean (with standard error) for soil particle size distribution, total carbon (TOC), and total nitrogen (TN) for the 0 to 10-cm
depth at Arlington, WI (ARL) and Kellogg Biological Station, MI (KBS)

Sand (%) Silt (%) Clay (%) TOC (%) TN (%)
ARL 9 (0.98) 66 (0.92) 25 (0.59) 2.37 (0.07) 0.23 (0.009)
KBS 65 (0.61) 30 (0.31) 5(0.32) 1.47 (0.02) 0.14 (0.004)
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assumed to be representative of 2008. All biomass was
oven dried and a subsample was used for carbon
(C) and nitrogen (N) analysis. For belowground
biomass (all systems), litterfall (poplar), and under-
story ANPP (poplar), biomass input C:N was equal to
measured C:N mass ratios of the respective biomass.
However, to account for plant N resorption during
senescence, unharvested biomass C:N was equal to
full plant biomass C:N at harvest in switchgrass and
prairie and was equal to the C:N of harvested stover in
maize (since grain was harvested in maize). An overall
C:N mass ratio of all litter inputs was calculated as the
ratio of the mass of all carbon in litter inputs to the
mass of all nitrogen in litter inputs.

Soil density fractionation

Baseline soil samples were collected in June and
November 2008 at KBS and ARL, respectively. Five-
year soil samples were taken in November and
December 2013 at KBS and in November 2013 at
ARL after 5 years of biomass cropping treatments.
Soils were sampled in the southern, center, and
northern thirds of the plot for a stratified approach.
A 7.6 cm diameter hydraulic probe was used to take
soil cores to 100 cm, and the cores were sectioned into
0 to 10-, 10 to 25-, 25 to 50-, and 50 to 100-cm
segments. Due to the greater variability of deep SOC
dynamics at these sites (Szymanski et al. 2019) and
subsequent challenge of detecting statistically signif-
icant short-term changes, only the 0 to 10-cm section
was used in this study. The soil was sieved to 4 mm at
KBS and 2 mm at ARL and then dried. For consis-
tency, all soils were re-sieved to 2 mm prior to density
fractionation.

A density-based separation procedure (Fig. S1) was
used to divide the bulk soil into three fractions
(Golchin 1994; Swanston 2005; Marin-Spiotta et al.
2008). Fractionation was performed on two lab
replicates per field sample. Oven-dry weight (65 °C)
was determined on a subsample for each lab replicate.
Approximately 20 g of soil was placed into a 250-mL
centrifuge tube, and sodium polytungstate (NaPT)
with a specific gravity of 1.6 g cm ™ was added (Cerli
et al. 2012). The sample was gently rotated to ensure
complete mixing and then placed in a centrifuge for
1 h at 3500 g, (standard earth gravity). The floating
FLF was aspirated and the remaining sample was
stirred with a benchtop mixer at 1500 RPM for 1 min.

The samples were then placed in an ice bath and
sonicated using a QSonica Q500 sonicator (QSonica
LLC., Newtown, CT, USA) with 475 J mL~" (Sch-
midt et al. 1999). We verified the calibration of our
sonicator following Schmidt et al. (1999). Following
sonication, the samples were centrifuged for 1 h at
3500 g. and then allowed to settle for at least 12 h
prior to aspirating the floating OLF.

The FLF and OLF were rinsed over a 0.4-pm
polycarbonate filter a minimum of five times with
200 mL each of ultra-high purity deionized water. The
HF was rinsed five times by adding 200 mL of ultra-
high purity water to the centrifuge tube, vigorously
shaking the tube, centrifuging for 1 to 2 h at 3500 g,,
and aspirating the liquid from the HF pellet. All
fractions were dried at 65 °C. The FLF and OLF were
pulverized with stainless steel beads in a high-speed
rocking shaker, and the HF was ground to a fine
powder using a mortar and pestle. The HF was
fumigated with 12 M HCl for 12 h to remove potential
carbonates (Harris et al. 2001). Fractions were
analyzed by dry combustion for organic C and total
N on a Flash EA 1112 elemental analyzer (Thermo
Electron Corp., Milan, Italy), with atropine and soils
used as standards.

Percent mass recovery of soil fractions averaged
99.7% (Table S1), and there was no statistical
difference in percent recovery between sites
(p = 0.92) or among treatments (p = 0.42). Therefore,
it was not necessary to make corrections for fraction
mass recovery.

We expressed the fraction C in two forms: the
concentration of fraction C per unit of bulk soil (g C
fraction g bulk soil ™') and the proportion of fraction C
relative to the total SOC among all three density
fractions (g C fraction g C]Sé). For convenience, we
refer to these metrics as fraction concentrations (g C
fraction g bulk soil™!) and C proportions (g C fraction
g CB}:). We distinguish the SOC from the combined
density fractions (Cpg) from total SOC because the
density fractions isolated in this study do not contain
the soluble SOC fraction (Crow 2007).

Microbial biomass C
Soil samples for microbial biomass C (MBC) analysis
were collected during the late growing season (mid-

September) 2014. A previous study indicated similar
soil microbial biomass dynamics at both sites (Jesus
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et al. 2016), and thus we chose to restrict our MBC
sampling to ARL. Samples from 0 to 10-cm were
collected using a 2-cm diameter probe from six
locations per plot along a north—-south transect. Sam-
ples from each plot were combined, homogenized, and
stored at 4 °C until further processing. Microbial
biomass assays were performed on two lab replicates
per sample following the direct chloroform extraction
method (Gregorich et al. 1990). Extracted organic C
was determined with the non-purgeable organic car-
bon method on a Shimadzu TOC-V CSH (Shimadzu
Corp., Kyoto, Japan). The microbial extracted organic
C was converted to MBC using an assumed extraction
efficiency of 0.17 (Gregorich et al. 1990). We chose
not to measure microbial biomass nitrogen because
soil microbial biomass C:N ratios are generally
consistent among ecosystems (Cleveland and Liptzin
2007).

Statistical analyses

Soil fraction and MBC data were checked for equal
variance among treatments using Levene’s test.
Datasets that failed Levene’s test (p < 0.05) were
natural log transformed to reduce heteroscedasticity
prior to mixed-model variance analyses. Site-specific
mixed models with block as a random effect and
cropping system as a fixed effect were run in SAS 9.4
(SAS Institute Inc., Cary, NC, USA). Since we were
interested in the changes of the soil fractions from
baseline (i.e., from 2008 to 2013), we used contrasts to
assess statistical differences between the two sampling
periods (at establishment and after 5 years) for each
treatment. Resulting p-values were adjusted for mul-
tiple comparisons using the step-down Bonferroni
method. No baseline measurement was made for
MBC, so treatment differences were directly assessed
using least-squared mean differences with Bonferroni
adjustments for multiple comparisons (p < 0.05).
We used a structural equation model (SEM) to test
the hypothesis that changes in the SOC density
fractions were related to percent clay (a proxy for
mineral surface area), litter quantity inputs to soil
(biomass), and litter input C:N mass ratios. Above-
and belowground litter properties were combined due
to limitations on the number of SEM parameters given
our sample size. Within the same SEM, we also tested
whether changes among the soil fractions were
interdependent. The SEM was coded in the ‘lavaan’
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package (Rosseel 2012) using R version 3.4.1 (R Core
Team 2017). The resulting SEM model fit was good,
with ¥* p = 0.69.

Results
Density fractions and MBC
The baseline (2008) FLF concentrations (g C fraction

g bulk soil ') and OLF concentrations did not differ
between sites (p > 0.4; Fig. 2a, b). However, the
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Fig. 2 Density fraction bulk soil concentrations at a Arlington
(ARL) and b Kellogg Biological Station (KBS). Asterisks
indicate significant changes from baseline (2008) samples
(p < 0.05 after multiple comparison correction), and error bars
are standard errors. Note that the y-axis scales differ between
panels and that both y-axes contain breaks
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baseline HF concentrations were approximately twice
as high at ARL compared to KBS (p < 0.0001). Thus,
at ARL a greater proportion (g C fraction g Cpg) of
baseline C was stored in the HF (p = 0.04) and a
smaller proportion of C was stored in the FLF
(p = 0.03). On average 93% of baseline C was stored
in the HF at ARL while only 86% was stored in the HF
at KBS (Fig. 3a, b).

There were no significant changes in the FLF or HF
concentrations in any of the cropping systems at ARL,
and thus the FLF and HF concentrations were similar
among all systems after 5 years (Fig. 2a). However,
there was a twofold increase in the OLF concentration
in the ARL poplar cropping system (p = 0.005). This
change translated to a 117% increase in the OLF
proportion and a 5% decrease in the HF proportion
(Fig. 3a). The other three ARL cropping systems
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Fig. 3 Density fraction proportions at a Arlington (ARL) and
b Kellogg Biological Station (KBS). Asterisks identify signif-
icant changes from baseline samples (p < 0.05 with correction
for multiple comparisons). Baseline samples were taken in
2008, and other treatment samples were taken in 2013

showed no significant change in OLF concentrations
or proportions.

There were no significant changes in FLF concen-
trations at KBS from baseline (Fig. 2b). However,
there were 62 to 72% declines in OLF concentrations
in all cropping systems (p < 0.03) except for poplar,
and a 23% increase in HF concentrations in poplar
(p = 0.04). Declines in the OLF concentrations
resulted in 60 to 69% decreases in OLF proportions
(p < 0.008), but no significant changes in the FLF or
HF proportions in any cropping systems (Fig. 3b).

Baseline fraction C:N decreased in the order
FLF > OLF > HF at both sites (Table 2). At ARL,
the HF C:N increased significantly in all four systems
(p < 0.02) from 2008 to 2013, with the maximum HF
C:N change occurring in maize. At KBS, prairie FLF
C:N increased from 18.3 to 23.0 (p = 0.0003) and
OLF C:N increased from 15.7 to 19.7 (p = 0.0007).
When the data were pooled between sites and among
cropping systems, the mean FLF C:N increased by
10.4% (p < 0.04), the mean OLF C:N increased by
7.6% (p < 0.02), and the mean HF C:N increased by
5.6% (p < 0.02).

Soil microbial biomass carbon (MBC) at ARL
ranged nearly threefold among cropping systems
(Fig. 4). Prairie MBC (588 mg C kg soil™!) was
greater than maize (214 mg C kg soil '), and switch-
grass and poplar MBC were intermediate to prairie and
maize.

Litter inputs

Unharvested aboveground biomass contributed the
most to total biomass inputs to soil in all systems
except for poplar, where leaf litterfall was the most
abundant input source (Table 3). At both sites, maize
had the greatest quantity of unharvested biomass,
poplar had the least, and switchgrass and prairie had
intermediate amounts. Belowground inputs were
smallest in maize and poplar, intermediate in switch-
grass, and greatest in prairie. Notably, poplar leaf
litterfall was 70% lower at ARL than at KBS. At ARL,
total cumulative biomass inputs increased in magni-

tude as follows: maize > switch-
grass > prairie > poplar. At KBS, cumulative
biomass inputs increased as follows:

poplar > maize > prairie > switchgrass. Overall bio-
mass input C:N mass ratio varied at both sites in the
order: maize > switchgrass > prairie > poplar. The

@ Springer



320

Biogeochemistry (2019) 143:313-326

Table 2 Mean and standard error soil fraction C:N mass ratios among cropping systems (2013) with baseline (2008) values at

Arlington, WI (ARL) and Kellogg Biological Station, MI (KBS)

Site Treatment FLF C:N OLF C:N HF C:N

ARL Baseline 19.6 (0.79) 16.6 (0.51) 10.8 (0.19)
Maize 21.2 (1.00) 17.3 (0.18) 12.0 (0.36)*
Switchgrass 22.3 (1.19) 16.3 (0.34) 11.6 (0.28)*
Prairie 21.2 (1.98) 17.3 (0.37) 11.6 (0.27)*
Poplar 20.7 (0.86) 15.7 (0.36) 11.7 (0.30)*

KBS Baseline 18.3 (0.48) 15.7 (0.69) 12.6 (0.20)
Maize 19.8 (0.52) 17.6 (0.59) 13.4 (0.68)
Switchgrass 20.1 (0.46) 17.6 (0.73) 12.9 (0.16)
Prairie 23.0 (0.94)* 19.7 (0.50)* 12.8 (0.19)
Poplar 19.1 (0.52) 17.5 (0.36) 12.8 (0.29)

Asterisks indicate statistically significant difference (p < 0.05 after adjustment for multiple comparisons) from the baseline value
5 years after cropping system establishment. When pooled between sites and cropping systems, mean C:N in all fractions increased

significantly over baseline C:N (p < 0.04)
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600 - AB T AB

o] (
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0 T T T T
Maize Switchgrass Prairie Poplar
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Fig. 4 Mean (with standard error) microbial biomass C (MBC)
at 0 to 10-cm at Arlington, WI during late-summer 2014.
Treatments with different letters are statistically different
(» < 0.05)

overall C:N of maize was more than double that of
poplar at both sites.

Structural equation model
Overall, 64% of the change in OLF concentrations was
explained by the model (Fig. 5). Clay content was

positively related (p < 0.001) and litter C:N was
negatively related to changes in the OLF concentration
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(» < 0.001). However, neither the change in FLF
concentrations nor litter quantity were related to
changes in the OLF concentrations. Litter quantity
was positively related to HF concentration changes
(» < 0.05) and litter C:N was marginally negatively
related to HF concentration changes (p = 0.063).
Changes in the HF concentration were not related to
FLF changes, OLF concentration changes, or clay
content. There was no effect of litter quantity or litter
C:N on changes in FLF concentration.

Discussion

Or results indicate that litter chemistry and quantity
(i.e., above- plus belowground) controlled changes in
the HF concentration, and litter chemistry regulated
changes in the OLF concentration. These findings
support the idea that low C:N may be most efficiently
converted to stable SOC, as outlined by the Microbial
Efficiency-Matrix Stabilization framework and sub-
sequent models (Cotrufo et al. 2013; Castellano et al.
2015). In accord with contemporary SOC stabilization
theory, our results suggest that greater overall litter
input quantity (i.e., above- plus belowground) has a
positive effect on SOC stabilized in the mineral-
associated SOM pool. At the same time, we found that
C:N changed within all fractions, suggesting that even
the mineral-associated pool is dynamic over relatively
short timescales (e.g., Torn et al. 2013; Jilling et al.
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Table 3 Cumulative biomass inputs to the soil from 2008 to 2013 and C:N mass ratio (mass-weighted by each group of biomass
inputs) for all cropping systems at Arlington, WI (ARL) and Kellogg Biological Station, MI (KBS)

Site Treatment Belowground  Unharvested  Leaf litter Total Belowground  Aboveground  Total
g m~—? C:N

ARL  Maize 607 (17) 4061 (334) 4667 (342) 60 (2.8) 62 (1.2) 61 (1.0)
Switchgrass 776 (51) 3345 (162) 4121 (136) 39 (1.2) 63 (3.2) 57 (1.9)
Prairie 1027 (83) 2484 (203) 3511 (233) 35 (0.6) 54 (2.9) 48 (1.8)
Poplar 375 (27) 1264 (262) 1462 (138) 3101 (124) 26 (1.5) 23 (1.0) 23 (1.1)

KBS  Maize 736 (26) 5120 (286) 5856 (287) 52 (1.6) 68 (2.2) 66 (1.9)
Switchgrass 1007 (138) 2066 (110) 3073 (154) 45 (1.8) 52 (2.6) 49 (1.3)
Prairie 1488 (223) 3095 (202) 4583 (324) 42 (2.4) 50 (2.0 48 (1.9)
Poplar 742 (47) 1379 (107) 4610 (400) 6731 (392) 37 (1.1) 29 (0.9) 29 (0.9)

For maize, switchgrass, and prairie, unharvested biomass is the difference between ANPP and yield, but in poplar it is the total
herbaceous understory ANPP. Means are shown with standard errors in parentheses

Litter
quantity

Litter
C:N

Clay
content

-0.14 -0.15

AFLF (5%)

v

AOLF (64%) »| AHF (27%)
0.16 0.00

Fig. 5 Fitted structural equation model showing potential
relationships between exogenous variables and fraction con-
centration changes (A g C fraction g bulk soil™"). Bolded
coefficients indicate statistically significant relationships
(p < 0.05) except for the relationship denoted by the asterisk
which indicates marginal significance (p = 0.063). Percentages
indicate the R? values for endogenous variables, and the values
along each path are the completely standardized coefficients

2018). Overall, our results provide strong empirical
support for modern SOC theories and indicate that the
soil density fractionation scheme isolates mechanisti-
cally relevant pools for developing and calibrating
new SOC models (e.g., Abramoff et al. 2018).

Litter quantity and chemistry affected
the protected fractions

Changes in OLF concentrations were negatively
related to litter C:N, indicating that litter with high N
concentration enhanced the OLF. One possible expla-
nation is that the lower litter C:N ratio promoted
greater microbial carbon use efficiency (CUE) of the
litter or shifted the community towards microbes with

higher intrinsic CUE, which increased microbial
biomass (Manzoni et al. 2012) and subsequently
increased total C inputs into the OLF. Our microbial
biomass findings provide some support for this
explanation, as perennial systems trended toward
greater MBC than annual systems. In agreement,
Jesus et al. (2016) found greater total bacterial
biomass, total fungal biomass, and arbuscular mycor-
rhizal fungi biomass in perennial systems compared to
maize in soil samples collected from the same two
sites as our study. Using laboratory incubations,
Szymanski et al. (2019) found greater cumulative
microbial CO, respiration in perennial compared to
annual cropping systems at the same sites, indicating
higher microbial activity in perennial systems. Con-
sidering that microbial residues contribute signifi-
cantly to SOC pools (Miltner et al. 2012; Kallenbach
et al. 2016), we would expect that cropping systems
with higher microbial biomass and activity would
correspond to greater microbial residue inputs into the
protected soil fractions.

The effects of litter quantity and litter C:N on HF
concentrations may reflect dynamics of other frac-
tions, especially the FLF. For example, if large
quantities of low C:N litter enter the FLF, they are
likely to be efficiently converted into microbial
biomass and decomposition byproducts (Cotrufo
et al. 2013; Vogel et al. 2015), which then may enter
the HF directly (Cyle et al. 2016) or through the OLF.
Alternatively, if high C:N litter enters the FLF, then
low microbial carbon use efficiency may reduce the
amount of C available for transfer to other fractions.
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These dynamics might also be contingent upon the
relative C saturation state of mineral surfaces of the
HF (i.e., the remaining physical capacity of minerals
to adsorb SOC), with lower litter-to-mineral associ-
ated SOC conversion rates occurring near saturation
(Castellano et al. 2015). While the HF is unlikely to be
saturated at either of our long-term agricultural sites
(Six et al. 2002), a significant increase in HF
concentration was found only in the poplar system at
KBS, suggesting that the KBS HF pool may be further
from saturation than the ARL HF pool. However, it is
also important to note that the five-year cumulative
poplar biomass inputs at KBS were twice that of
poplar at ARL, which makes direct comparisons
difficult.

Despite the reported sensitivity of FLF to land
management practices (Wander and Yang 2000;
Sequeira and Alley 2011), we did not detect any
change in FLF concentrations across a twofold range
of litter inputs. In a 20-year litter manipulation study,
Lajtha et al. (2014) reported no response of FLF to
doubled litter inputs, whereas decreased litter inputs
caused declines in the FLF. The authors attributed the
consistent FLF under doubled litter inputs to greater
microbial activity and respiration (Lajtha et al. 2014).
We expect that in systems with high plant litter inputs,
most of the litter initially entering the FLF would have
been rapidly mineralized and only a small portion
transferred to another SOC fraction. It is important to
note that both sites in our study had been planted
mainly to alfalfa, a perennial legume, for several years
prior to the establishment of biofuel cropping systems.
Thus, our baseline FLF concentrations were likely
somewhat greater than what we would have expected
if the previous land use was dominated by typical
annual, tilled row crop agriculture (e.g., Jia et al.
2006). Therefore, the high baseline FLF concentration
prior to conversion may have limited the potential for
further increases under bioenergy cropping systems.

The lack of significant relationships in concentra-
tion changes among the three SOC fractions indicates
that the fractions can change independently. Thus,
while the SOC fractions cannot be considered com-
pletely homogenous (Wagai et al. 2009; Schrumpf and
Kaiser 2015), our results support the use of these
fractions as measurable pools for SOC modelling
(Sohi et al. 2001). However, our approach did not
account for the spatial and temporal dynamics of litter
inputs. Notably, our SEM model contained only one
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compartment of litter input quantity and chemistry,
but the partitioning of above- versus belowground
litter may differentially affect SOC fractions (Austin
et al. 2017; Ghafoor et al. 2017) and thus may
contribute to some of the unexplained variability in
our model fit.

C:N changes were evident within all fractions

Across all cropping systems, all fractions showed
trends of increasing C:N ratios after 5 years, with
greatest fraction-specific gains in C:N in the FLF,
intermediate in the OLF, and smallest in the HF.
Considering that the fraction C turnover time tends to
decrease in the order HF > OLF > FLF (Schrumpf
and Kaiser 2015), our finding likely reflects the longer
turnover and subsequent lower incorporation of new C
inputs into lower order fractions. Given that the HF is
often considered a relatively stable SOC pool, with
typical mean residence times on the order of hundreds
of years (Crow et al. 2007; Schrumpf and Kaiser
2015), it is somewhat surprising that significant
changes in the HF C:N ratio were apparent after only
5 years. This could have resulted either from micro-
bial utilization or “mining” of the HF N or from the
replacement of older, low C:N stocks with newer, high
C:N material. In support of our observation, Szyman-
ski et al. (2019) reported that the mean age of
microbial CO,-C respired from established maize
and switchgrass systems at ARL was 529 and
267 years, respectively, indicating that older SOC is
an appreciable source of total microbial respiration.
Overall, the rapid changes in HF C:N in our study
support the idea that the mineral-associated pool is
somewhat sensitive to land management practices
(Grandy and Robertson 2007), that it may be influ-
enced by rhizosphere processes (Jilling et al. 2018),
and that some portion may turn over on short
timescales (Torn et al. 2013).

The low baseline C:N among the fractions was
likely a result of the low C:N alfalfa biomass and
manure inputs that had occurred for several years
before the biofuel crops were established. For exam-
ple, aboveground alfalfa biomass grown in 2016 at
ARL had a C:N ratio of 15:1 (unpublished data).
While the four biofuel cropping systems varied widely
in the C:N of biomass inputs, in all systems the
biomass input C:N was much greater than the C:N of
historical alfalfa biomass inputs. Fornara et al. (2011)
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found a positive correlation between plant C:N and
FLF C:N in temperate grasslands, suggesting a link
between litter input C:N and soil fraction C:N. Thus,
the trends toward higher fraction-specific C:N in our
study partially reflect the increased C:N of litter
inputs.

Soil texture influenced aggregate-protected SOC

Consistent with other studies that implicate clay as a
key determinant of soil macroaggregation (Kolbl and
Kogel-Knabner 2004), clay content was positively
related to changes in the OLF C stocks in our study. At
least in the short-term, SOC protection in aggregates
appears to be much more favorable in fine-textured
soils than coarse-textured soils. However, our sites
with contrasting soil texture had similar OLF concen-
trations prior to land use change, indicating that the
coarse-textured soils may continue to accrue OLF and
eventually reach levels similar to the fine-textured
soil. Thus, soil texture may have a greater effect on the
rate of aggregate SOC stabilization than on the
saturation capacity of the aggregate SOC pool (e.g.,
Tiemann and Grandy 2015). The lack of a relationship
between clay content and HF concentration change
does not imply that texture was not a key factor in
determining total HF storage. On the contrary, the
fine-textured soils in our study stored approximately
twice as much C in the HF compared to the coarser
textured soils. It should also be noted that soil texture
was mostly confounded between our two study sites,
so other unaccounted inter-site factors, such as
climate-driven differences in soil temperature and
moisture, may be implicitly included within the clay
variable in our analysis. Nonetheless, our findings are
supported by SOC aggregate theories and observations
(e.g., Kolbl and Kogel-Knabner 2004), and thus soil
texture is likely the dominant driving factor between
sites.

Implications for bioenergy production

Our results provided strong evidence that litter input
dynamics differentially affected the SOC fractions,
and thus specific land management decisions will
influence SOC storage potential. Maize, switchgrass,
and prairie systems all had similar effects on SOC
fractions, but poplar increased aggregate protected
OLF on the fine-textured soil and increased mineral

associated HF on the coarse-textured soil. Other
studies at these sites have also demonstrated divergent
SOC properties in poplar at these sites, most notably a
larger slow cycling SOC pool compared to the other
cropping systems (Sprunger and Robertson 2018;
Szymanski et al. 2019). Our results indicated that the
contrasting responses of poplar SOC fractions resulted
from the large quantity of low C:N poplar litter inputs.
Thus, increasing the quantity of litter inputs by
harvesting less biomass in the non-poplar systems
may increase the C in protected SOC fractions,
although this may be contingent on the relative
contributions of above- versus belowground biomass
inputs. Planting N-rich leguminous cover crops in
maize, adding legumes to the switchgrass system (e.g.,
Jakubowski et al. 2017), or increasing the proportion
of legumes in the prairie system may enhance short-
term SOC storage (e.g., Fornara and Tilman 2008) so
long as the legumes are able to maintain productivity
among the other species. Concurrently, increasing the
proportion of legumes in prairie or switchgrass
systems may come at the cost of lower total litter
input quantity, which may subsequently reduce short-
term SOC storage (e.g., Lange et al. 2015). Thus, the
balance between litter input quantity and litter chem-
istry (i.e., C:N) is an important consideration for SOC
management.

While we did not specifically address the effect of
tillage, we found that no-till maize, switchgrass, and
prairie all had similar SOC fraction responses within
each site. Several studies have reported increases of
FLF and OLF in no-till verses tilled annual systems
(Wander and Yang 2000; Sequeira et al. 2011) and
increases in the particulate organic fraction in untilled
perennial systems relative to tilled annual systems
(Douet al. 2013; Kantola et al. 2017), but comparisons
between no-till annual and perennial (no-till) systems
are scarce. Our results indicated that the no-till
practice in maize was as effective as the switchgrass
and prairie systems in terms of storing C in the OLF
and HF at both sites. Thus, no-till maize may have a
similar SOC sequestration potential to common
perennial bioenergy cropping systems, at least in the
near-surface soil layer, where relative differences in
root inputs between crop types are expected to be
smallest. However, it is possible that perennial bioen-
ergy cropping systems, which have deeper rooting
profiles than annual systems (Black et al. 2017), would
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have greater long-term SOC sequestration potential
deeper within the soil profile compared to annuals.

The SOC legacy of the previous cropping system is
also an important consideration for future SOC
storage. Although our bioenergy cropping systems
were established following long-term agricultural
management, our findings may have differed if typical
annual row crops, rather than alfalfa, were planted in
the years immediately prior to our study. For example,
if the FLF and OLF concentrations were somewhat
smaller at the beginning of the experiment, as may
have been expected in a regularly tilled, continuously
annual system, then we may have observed overall
increases in those fractions (e.g., Jia et al. 2006; Dou
et al. 2013). This implies that the SOC fraction
responses to cropping systems observed in our study
may not be directly applicable to other locations, and
reiterates that the capacity of soils to accumulate SOC
is partially dependent on previous land use history
(Qin et al. 2016). Experiments with varied SOC
fraction baselines will be required to better understand
how the soil legacy affects the trajectory of SOC
fractions.

Conclusions

Five years after the establishment of bioenergy
cropping systems, we found the most prominent
SOC changes within the aggregate-protected OLF
fraction. The poplar system stood out among the other
cropping systems for its capacity to maintain or build
OLF. The effect of cropping system on the OLF was
driven by the chemistry of litter inputs, with lower C:N
litter promoting greater OLF concentrations.
Increased HF concentrations were also detected under
poplar at the site with coarse-textured soils and was
attributable to high litter quantity and low litter C:N.
No-till maize, switchgrass, and prairie all had similar
influences on SOC fractions, with OLF losses on
coarse-textured soils and no change in OLF concen-
trations on fine-textured soils. All three fractions
trended toward higher C:N, indicating short-term
sensitivity to land-use change. Our empirical, field-
based results largely agreed with contemporary SOC
stabilization theories, thus indicating that density-
based SOC pools can be incorporated into modern
mechanistic SOC models.
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