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Incorporation of shoot versus root-derived *C and °N
into mineral-associated organic matter fractions: results
of a soil slurry incubation with dual-labelled plant material
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Abstract Mineral-associated organic matter
(MAOM) is a key component of the global carbon
(C) and nitrogen (N) cycles, but the processes
controlling its formation from plant litter are not well
understood. Recent evidence suggests that more
MAOM will form from higher quality litters (e.g.,
those with lower C/N ratios and lower lignocellulose
indices), than lower quality litters. Shoots and roots of
the same non-woody plant can provide good examples
of high and low quality litters, respectively, yet
previous work tends to show a majority of soil organic
matter is root-derived. We investigated the effect of
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litter quality on MAOM formation from shoots versus
roots using a litter-soil slurry incubation of isotopi-
cally labeled ('>C and '°N) shoots or roots of Big
Bluestem (Andropogon gerardii) with isolated silt or
clay soil fractions. The slurry method minimized the
influence of soil structure and maximized contact
between plant material and soil. We tracked the
contribution of shoot- and root-derived C and N to
newly formed MAOM over 60 days. We found that
shoots contributed more C and N to MAOM than
roots. The formation of shoot-derived MAOM was
also more efficient, meaning that less CO, was
respired per unit MAOM formed. We suggest that
these results are driven by initial differences in litter
chemistry between the shoot and root material, while
results of studies showing a majority of soil organic
matter is root-derived may be driven by alternate
mechanisms, such as proximity of roots to mineral
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surfaces, greater contribution of roots to aggregate
formation, and root exudation. Across all treatments,
newly formed MAOM had a low C/N ratio compared
to the parent plant material, which supports the idea
that microbial processing of litter is a key pathway of
MAOM formation.

Keywords Soil organic matter - Decomposition -
Litter quality - Mineral-associated organic matter -
Soil incubation - Microbial respiration

Introduction

Soil organic matter (SOM) contains enormous stocks
of carbon (C) and nitrogen (N) (Batjes 2014), is a
major source and sink of atmospheric greenhouse
gases (Leifeld 2006), and plays a key role in soil health
and fertility (Smith et al. 2015). Mineral-associated
organic matter (MAOM) is the largest pool of soil
organic C and N, and often contains the oldest C in a
given ecosystem (Anderson and Paul 1984; Chris-
tensen 2001; Mikutta et al. 2006; K&gel-Knabner et al.
2008). Because the formation of MAOM has the
potential to form a negative feedback to climate
change and provide long-term improvements to soil
quality, interest in the controls on MAOM formation
has increased considerably in recent years (Cotrufo
et al. 2013; Lehmann and Kleber 2015).

Two key controls on MAOM formation are plant
litter chemistry (both initial differences in litter
chemistry, and changes in litter chemistry over the
course of decomposition), and soil texture. Litter
chemistry can control MAOM formation through two
mechanisms: directly, through the amount and type of
soluble plant compounds that may leach from the litter
(Klotzbiicher et al. 2011; Soong et al. 2015) and
interact directly with mineral surfaces or other
MAOM without microbial transformation (see Kra-
mer et al. 2012); or indirectly, by affecting the
efficiency with which microorganisms use the litter
to produce microbial products, which are precursors to
MAOM (Sanderman et al. 2014; Kallenbach et al.
2016; Paul 2016). According to the Microbial Effi-
ciency-Matrix Stabilization (MEMS) framework from
Cotrufo et al. (2013), plant litter that is of higher initial
quality—commonly defined as containing a higher
ratio of labile-to-recalcitrant compounds and a lower
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C-to-nutrient ratio—may be utilized more efficiently
by microorganisms, leading to greater formation of
MAOM and lower production of CO, in soils with
available capacity for MAOM storage (Cotrufo et al.
2013). This idea can also apply to the same plant litter
at different points during decomposition (Cotrufo et al.
2015). MAOM formation by this microbial mecha-
nism may be more efficient early on in decomposition,
when more labile and soluble compounds are present,
than later on when those compounds have been
decomposed and what remains is relatively less labile.

The texture of the soil is also a control on MAOM
formation, as it affects the total area and chemistry of
the surfaces that OM associates with (Torn et al. 1997,
Wattel-Koekkoek et al. 2001; Feng et al. 2005; Kogel-
Knabner et al. 2008; Sanderman et al. 2014) and also
the rate at which MAOM forms (Six et al. 2002;
Stewart et al. 2007). Hassink et al. (1997) and Six et al.
(2002) found close positive correlations between the
percent of soil mass in the silt + clay fraction, and the
amount of C in that same fraction (which we refer to as
MAOM-C). These correlations can be used as a
method to estimate the capacity of a soil to stabilize C,
also known as a soil’s “saturation deficit” (Stewart
et al. 2007). When the saturation deficit is larger, the
rate of storage by the silt and clay is faster, and as the
saturation deficit shrinks, the rate of storage slows.
Castellano et al. (2015) combined the ideas behind soil
C saturation and the MEMS framework to posit that
the effect of litter quality on MAOM formation is a
function of the saturation deficit. They hypothesize
that if the saturation deficit is high, there will be little
or no effect of litter quality on MAOM formation,
because the rate of storage will be high regardless of
litter quality. As the saturation deficit decreases, the
effect of litter quality on the rate of MAOM formation
will become clearer, because the rate of formation of
MAOM becomes less dependent on the saturation
deficit, and more dependent on litter quality. However,
as long as the soils have not yet reached saturation,
soils receiving high quality litters will have more
MAOM than soils receiving low quality litters
(Castellano et al. 2015).

One common way to study interactions of soil
texture and MAOM is by physical separation of silt-
and clay-sized soil fractions (Christensen 2001). Silt
and clay organo-mineral particles (2-53 pum
and < 2 pm, respectively) account for the majority
of MAOM in soils (Anderson and Paul 1984,
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Christensen 2001; Kogel-Knabner et al. 2008), but the
two fractions have different association capacities
(Balesdent et al. 1996; Stewart et al. 2008), and the
SOM associated with them has different chemical
properties (Balesdent et al. 1987; Plante et al. 2006;
Grandy and Neff 2008; Calderén et al. 2011). Given
that silt and clay may saturate at different rates, and
that saturation can determine the effect of litter quality
on MAOM formation (Castellano et al. 2015), we
sought to investigate the interactive effects of litter
chemistry and soil texture on MAOM formation
during different phases of litter decomposition.

In this study, we performed a two-factorial (litter
type and silt or clay) soil slurry incubation using
isotopically labeled (**C and '°N) roots and shoots of
Andropogon gerardii, a grass species common to
tallgrass prairie in the United States. Grass roots and
shoots provide a good opportunity to explore the role
that initial litter quality plays in the formation of C and
N in MAOM because they come from the same plant
grown under the same conditions, but roots tend to
have higher contents of recalcitrant compounds such
as lignin and suberin (Rasse et al. 2005; Abiven et al.
2005). Previous work shows that root material
contributes more to SOM than shoot material, even
when differences in biomass production are accounted
for (Rasse et al. 2005). But the majority of studies
comparing root and shoot-derived SOM have not
specifically examined MAOM, and include several
different mechanisms of SOM formation operating
simultaneously [e.g., particulate organic matter
(POM) formation and aggregation (Tisdall and Oades
1982; Cambardella and Elliott 1992; Six et al. 1999;
Paul 2016)].

A deeper understanding of the mechanisms of SOM
formation from roots and shoots is needed, and this
requires separating the multiple mechanisms that may
confound results. We used a litter-soil-slurry tech-
nique (Wallenstein et al. 2012) to minimize some of
those competing mechanisms—namely aggregation
and spatial separation of decomposers, substrates, and
mineral surfaces—and focus on litter type as a driver
of microbial decomposition and subsequent associa-
tion of litter-derived C and N with silt and clay
particles. Constant shaking in water minimized aggre-
gate formation and promoted equal contact between
organic material and the mineral matrix for both
shoots and roots. We investigated MAOM formation
during two phases of litter decomposition, the “short

term” and the “mid term”. In the short term, non-
structural water-soluble compounds leach from litter
and are processed by microorganisms with very high
efficiency (Cotrufo et al. 2015). Once this initial
leaching has stopped, decomposition enters the mid
term, when microorganisms decompose cellulose and
other insoluble litter compounds (Soong et al. 2015).
This mid term litter processing is less efficient than in
the short term, according to general theory (Manzoni
et al. 2012; Sinsabaugh et al. 2013). We studied the
short term by harvesting a set of samples very early in
the incubation, just after the initial flush of CO, had
ended (at day 7). We harvested a second set of samples
after 60 days of incubation to study the mid term.

We predicted that, if shoots were of higher initial
quality than roots, then: (1) more MAOM would form
from shoots than from roots, (2) MAOM formation
from shoots would be more efficient (more MAOM
formed and less CO, produced per unit of litter
processed) than from roots during both phases of
decomposition, and (3) in both litters, MAOM forma-
tion would be more efficient in the short term than in
the mid term of litter decomposition.

Methods
Growth of isotopically labeled plant litter

Big bluestem (Andropogon gerardii) was grown from
seedling to maturity in a continuous, isotopic labeling
chamber at Colorado State University (Soong et al.
2014). This procedure yielded shoots that were 4.7
atom% ">C and 6.5 atom% 5N, and roots that were 4.5
atom% ">C and 6.5 atom% '°N. When plants reached
early senescence, aboveground biomass (which we
refer to as shoots) was clipped, and belowground
biomass (which we refer to as roots) was separated
from the growth medium (a mixture of sand, vermi-
culite, and profile porous ceramic), and both were air-
dried. Random subsamples of the dried shoots and
roots were clipped to 0.5-1.5 cm in length, and any
pieces that passed through an 800 pm-mesh sieve
were discarded. The aim of sieving was to obtain
pieces of plant litter that could be readily separated
from the silt or clay using a 250 pm sieve after the
incubation. Subsets of root and shoot litter were
further oven-dried at 60 °C, ground, and analyzed for
3!3C, 8"°N, and C and N concentrations on a Costech
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ECS 4010 (Costech Analytical Technologies, Valen-
cia, CA USA) coupled to a Delta V Advantage isotope
ratio mass spectrometer (IRMS) (Thermo-Fisher,
Bremen, Germany).

Chemical characterization of shoots and roots

Hot water extractions were performed on four repli-
cates each of shoots and roots using a procedure
modified from Haddix et al. (2016). Briefly, 0.7 g of
air-dried shoots or roots were combined with 40 ml of
hot, deionized water in a covered test tube and keptin a
digestion block at 100 °C for 3 h. Samples were then
poured over a 20 pm nylon filter to separate extracted
material from the residue. Extracts were analyzed for
organic C and N using a TOC analyzer (Shimadzu
TOC-L, Shimadzu Scientific Instruments, Inc.).

We performed wet chemical fractionation of shoots
and roots using the acid detergent fiber (ADF)
digestion method (Goering and Van Soest 1970).
Subsamples (0.3 g) of shoots and roots were first
digested in cetyl trimethylammonium bromide
(CTAB) and sulfuric acid to remove hemicellulose
and other non-structural carbohydrates and lipids.
Next, they were digested in 73% sulfuric acid to
remove the acid hydrolyzable fiber (AHF), which can
be used as a proxy for cellulose (McKee et al. 2016).
The sulfuric acid digestion left behind the acid-
unhydrolyzable residue (AUR). Both the AHF and
AUR fractions were adjusted for ash content. Ligno-
cellulose index was calculated as [AUR/(AUR +
AHF)] (Soong et al. 2015). Residues of the hot water
extraction and ADF digestion were dried overnight at
105 °C prior to weighing. Previous studies have
shown that the AUR is made up primarily of lignin,
but may also contain significant proportions of plant
waxes, cutin, suberin, and condensed tannins (Preston
and Trofymow 2015). We considered litter with a
lower C/N ratio, higher proportion of hot water
extractable C and N, lower lignocellulose index, and
lower AUR/N ratio to be of higher initial quality.

Fractionation of silt and clay

The soil used in this experiment was collected from
cultivated wheat fields at Waggoner Ranch in northern
Texas, south of the town Vernon in Wilbarger County
(33°50’N, 99°02'W) for a previous study by Haddix
et al. (2011). The soil was collected from O to 20 cm
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after removal of aboveground vegetation and surface
litter. It is a shallow, smectitic, Vernon Series clay
loam (Martin et al. 2003). This soil was chosen for its
high silt and clay content (approx. 80% silt + clay)
and low SOM content (1.02 4 0.04) (Haddix et al.
2011), under the assumption that it would have a large
capacity to stabilize additional MAOM. Silt and clay
were isolated from the whole soil by a physical
fractionation scheme modified from Jagadamma et al.
(2013). Briefly, oven dried (60 °C) bulk soil was
dispersed by shaking for 18 h in DI water with glass
beads. After dispersion, the soil and water mixture was
poured over a 53 pm mesh screen and gently sieved to
remove particulate organic matter and other sand-
sized material. We chose not to disperse using
chemical techniques because chemical dispersants
can denature enzymes and interfere with microbial
activity (Allison and Jastrow 2006; Jagadamma et al.
2013). Similarly, we chose not to employ a density
separation because high density liquids such as SPT
can reduce microbial activity (Crow et al. 2007;
Jagadamma et al. 2013). After sieving, the < 53 pm
material was sonicated to further disperse microag-
gregates. We chose the energy of sonication
(720 J cm™%) based on preliminary testing which
showed the maximum amount of clay that could be
produced from dispersion of silt-sized aggregates by
sonication for this soil. After sonication, silt and clay
were separated by centrifugation at 20 °C according to
Stokes” Law, and oven dried at 105 °C. The high
drying temperature of 105 °C was chosen because silt
and clay fractions retained water after drying at 60 °C.
It is likely to have negatively affected the soil
microbial population, but subsequent tests revealed
significant microbial activity when the dried soil
fractions were rewetted. Dried silt and clay were
gently broken up and homogenized using a mortar and
pestle. Subsamples were then taken, and four repli-
cates of each were analyzed for 83C, 8"°N, Cand N
concentrations on a Costech ECS 4010 (Costech
Analytical Technologies, Valencia, CA USA) coupled
to a Delta V Advantage IRMS (Thermo-Fisher,
Bremen, Germany).

Specific surface area (SSA) of the silt and clay
fractions were measured using the multi-point Bru-
nauer—-Emmett-Teller ~(BET) method on a
Micrometritics Tristar II Series Analyzer (Micromerit-
ics, Norcross, GA) at the University of Minnesota.
SSA measurements were made before and after SOM
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removal, which was achieved by muffling for 18 h at
350 °C. Muffling at high temperatures can alter soil
mineralogy, but all methods for removing organic
matter have drawbacks (see discussion in Appendix
1.7.2 of Fisher 2016), so we chose to employ muffling
and to interpret the results with caution. Iron and
aluminum oxides and oxyhydroxides are thought to
play important roles in formation and persistence of
MAOM (Mikutta et al. 2006); these can be measured
by acid ammonium oxalate extraction, which gives an
estimate of amorphous active Fe (Fe,) and Al (Al,),
and dithionite-citrate extraction, which gives and
estimate of the combined content of amorphous forms
of Fe and crystalline Fe oxides (Fey). The acid
ammonium oxalate extraction was performed accord-
ing to McKeague and Day (1966). Briefly, 0.25 g of
silt or clay was mixed with 25 ml ammonium oxalate
and oxalic acid (0.2 M) at pH 3 in 50 ml conical-
bottom centrifuge tubes. These were shaken in the
dark for 4 h, and then centrifuged at 1520 g for
15 min. The dithionite-citrate extraction was per-
formed according to Mehra and Jackson (1960).
Briefly, 0.25 g of silt or clay was mixed with 25 ml
sodium citrate (0.68 M) in 50 ml conical-bottom
centrifuge tubes, and 0.5 g of dithionite was added.
The mixtures were shaken for 16 h, and then cen-
trifuged at 1520 g for 15 min. Concentrations of Fe
and Al in all extract solutions were measured using
inductively coupled plasma optical emission spec-
troscopy (PerkinElmer Inc., Waltham, MA).

Experimental design and setup

We incubated slurries of silt or clay with roots or
shoots in a full factorial design with four replicates.
We maintained controls, which included silt or clay
that did not receive plant litter (mineral controls), and
shoots or roots with no soil (litter controls), also with
four replicates. Together, the litter-amended mineral
slurries, mineral controls, and litter controls (32 total)
constituted one set. We incubated two sets, allowing
for one destructive harvest partway through the
incubation and another at the end. The first harvest,
at day 7, was timed to coincide with the sharp decrease
in respiration rates early on—a common characteristic
of soil incubations (Voroney et al. 1989; Birge et al.
2015), especially after rewetting (Birch 1958)—and
with the period of maximum loss of water-soluble
constituents from litter (Soong et al. 2015). The aim

was to capture the dynamics within the “short term” of
decomposition, when water-solubles are lost, respira-
tion rates are high, and decomposition is rapid. The
second set of samples was harvested after 60 days.

Slurries consisted of 1 g of either silt or clay, 0.1 g
of shoots or roots, and 20 ml of deionized water in
50 ml conical-bottom centrifuge tubes with plug seal
caps fitted with rubber septa. Following the procedure
of Wallenstein et al. (2012), the slurry components
were combined on day zero of the incubation, the
tubes were capped (airtight), and all samples were
flushed with CO,-free air for 10 min. Samples were
then placed on a horizontal shaker at 25 °C and shaken
constantly to keep the slurries aerated.

CO, flux measurements

CO, concentrations were measured on the set of
samples that were harvested at day 60, by mixing the
headspace with a syringe, taking a 1-ml subsample,
and injecting it manually into an LI-6525 infrared gas
analyzer (LI-COR, Lincoln, NE). A five-point cali-
bration curve using a standard gas of known CO,
concentration was used to determine the CO, concen-
tration of the samples. CO, measurements were taken
daily for the first seven days, and every 2-3 days until
day 58. On a subset of those days (3, 5, 8, 10, 19, 27,
34, 41, 48, and 58), immediately after CO, measure-
ment, the 8'3C of the CO, was measured on the same
subset of samples using a VG Optima IRMS with a
microgas injector and equilibration block (Isoprime
Inc., Manchester, UK). Gas samples for 813 analysis
were taken directly from slurry tubes using a syringe,
and injected into the IRMS without intermediate
storage. For days when 813C—C02 was not measured,
the 8'*C-CO, was estimated using linear interpolation
between the prior and subsequent measurements
(Murage et al. 2007; Stewart et al. 2013). After CO,
measurements were taken, both sets of samples were
flushed with CO,-free air. The fraction of litter-
derived C respired at each CO, sampling occasion was
estimated using the isotopic mixing model, as follows:

_ 5_5.C (1)
oL—0c¢

where 8 is the 8'°C-CO, efflux from the litter-

amended mineral slurries, dc is the average 313¢C-

CO, efflux from the corresponding mineral controls,
and & is the average 8'°C-CO-, efflux from the

Ju
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corresponding litter controls, all at the same time of
sampling. Respiration of litter-derived C in CO,
(CO,) was calculated by multiplying the f; value
by the total CO, efflux:

COyL = fi x (COy) (2)

The remainder of the CO, efflux was assigned to
respiration of soil-derived C (native C present in the
soil prior to incubation).

SOM and plant material measurements

At each harvest, samples were poured over a 250 um
sieve to collect the remaining plant litter, and soil was
collected underneath on a 1.2 pm glass microfiber
filter under vacuum. Each soil sample was rinsed by
passing 100 ml of deionized water through the soil on
the filter, with the aim of rinsing away any dissolved
organic C or N not associated with the silt or clay. We
kept the water used to rinse each sample, and
measured its pH using an Orion Expandable ionAn-
alyzer EA 940 (Thermo-Fisher, Bremen, Germany).
Recoveries of silt and clay were all above 94%. Soils
were dried at 105 °C and litters were dried at 60 °C.
All soil samples were inspected for visible plant
fragments that may have passed through the 250 um
sieve, and a representative subset of samples was
further inspected using a light microscope, but no
visible plant fragments were detected. Oven-dried
soils and litters were ground and analysed for 8'°C,
3'°N, and C and N concentrations on a Costech ECS
4010 (Costech Analytical Technologies, Valencia, CA
USA) coupled to a Delta V Advantage IRMS
(Thermo-Fisher, Bremen, Germany). The C or N
recovered with the soil was defined as MAOM.
Litter-derived C and N in MAOM were calculated
according to the same mixing model used for CO,,
substituting the 8'°C and 3'°N values of solid
materials (soil fractions or plant litter) from litter-soil
slurries and controls. MAOM formation efficiency
(FE) was calculated using the following equation:

__litter-derived Cin MAOM
~ litter-derived C processed

(3)

where litter-derived C in MAOM was defined as that
found associated with either the silt or the clay fraction
and litter-derived C processed was defined as litter-
derived C in MAOM + litter-derived C in CO,. A
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higher value of FE corresponds to more MAOM
formed, and less CO, produced, per unit of litter
processed.

C Saturation calculations

There are multiple regression equations in the litera-
ture to estimate the capacity of the silt plus clay
fraction of a whole soil to store C. The original
equation from Hassink et al. (1997) was calculated
using a smaller size cutoff for their silt 4 clay
fractions than we did (0-20 pm compared to our 0—
53 um). Six et al. (2002), performed a similar analysis,
but they included separate regressions for studies that
used a 0-50 pum size cutoff and showed that the size
cutoff had a significant effect on the best fit regression
equations. We therefore chose to use a regression
equation from Six et al. (2002), rather than from
Hassink et al. (1997). We first used their equation for
cultivated soils, but calculated negative saturation
deficits in some cases, so instead used their equation
for grasslands:

MAOM-C capacity = 16.33 + 0.32 [silt + clay content (%)]
(4)

where silt 4+ clay content is 80.5%, which we mea-
sured when we first fractionated the soil. We then
calculated saturation deficits according to Stewart
et al. (2007):

MAOM-C measured

turation deficit = 1 — 5
saturation defici MAOM.C capacity (5)

where MAOM-C measured is the total C associated
with the silt plus clay fractions (C in the two fractions
combined) at a given time point, and MAOM-C
capacity is from Eq. 4. The saturation deficit is meant
to serve as a rough guideline for the saturation level of
our soil fractions throughout the incubation, but the
results need to be interpreted with caution, as the
regressions were calculated using silt plus clay
fractions combined, and they may not accurately
represent dynamics of the individual silt and clay
fractions.

Statistical analysis

We tested for differences in characteristics of roots
versus shoots and silt versus clay using two-sample
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t-tests. We tested for effects of mineral fraction (i.e.,
silt vs. clay) and litter type (i.e., shoots vs. roots) on
cumulative CO,-C per g total C separately for each
harvest using a two-way ANOVA with Tukey’s post
hoc test. We tested for effects of mineral fraction (i.e.,
silt vs. clay) and litter type (i.e., shoots vs. roots) on
amounts of litter-derived C and N in MAOM, cumu-
lative litter-derived CO,-C, per cent litter C respired,
per cent litter C processed, and pH, separately for each
harvest using two-way ANOVAs with Tukey’s post
hoc test if the interaction was significant (p < 0.05).
We tested for effects of soil fraction, litter type, and
harvest on FE and C/N ratios of litter-derived MAOM
using three-way ANOV As with Tukey’s post hoc test
if one or more factors were significant (p < 0.05).
Before all t-tests and ANOVAs, we tested for homo-
geneity of variance using Levene’s test. All statistical
tests were carried out using the statistical package in
R, version 3.3.2 (R Core Team 2016).

Results

Initial litter chemistry and mineral fraction
characteristics

Shoots had significantly higher C and N concentra-
tions, but significantly less HWE-N, than roots
(Table 1). Shoots also contained more AHF and less
AUR, resulting in lower lignocellulose index and
AUR/N ratios than roots. However, the amount of
HWE-C and the C/N ratios were not significantly
different between the two litters.

The SSA of the clay was an order of magnitude
higher than that of the silt, both before and after SOM
removal by muffling (Table 2). Neither soil fraction
showed an appreciable change in SSA with muffling.
The clay also had significantly higher Feq4, Fe, Al,, C
and N contents than the silt. The estimated C
saturation deficit of the initial whole soil was 0.59
(Table 3).

Respiration (CO, efflux)

In all samples with added litter, respiration rates were
initially high, decreasing rapidly after the first three
days. A comparison of cumulative respiration across
all litter-soil slurries and controls, normalized to total
C at the start of the experiment, is shown in Fig. 1. The

Table 1 Chemical characterization of Andropogon gerardii
shoots and roots, with corresponding p-values from two-
sample t-tests comparing data in each row

Leaves Roots p-value
% C 48.8 £ 047 425+ 047 <0.001
% N 1.8 £ 0.02 1.4 +£0.05 <0.001
C/N 268 £0.17 29.6 £ 1.18 0.059
% HWE-C 157 £ 0.06 144 + 047 0.055
% HWE-N 174 £ 047 399 £+ 1.19 <0.001
C/N of HWE 24.1 £ 056 10.6 £ 0.07 < 0.001
% AHF 330+£0.16 23.6+0.75 <0.001
% AUR 54+020 164 £0.72 <0.001
AUR/N 30+ 011 114 £0.50 <0.001

Lignocellulose index 0.14 + 0.005 0.41 £ 0.02 < 0.001

HWE hot water-extractable, AHF acid hydrolyzable fiber,
AUR acid unhydrolyzable residue. Lignocellulose index is
calculated as [acid  unhydrolyzable  residue/(acid
unhydrolyzable residue + acid hydrolyzable fiber)]. Data are
means =+ one standard error (n = 4 for % C, % N, C/N;n = 3
for % HWE-C, %HWE-N, C/N of HWE; n = 6 for % AHF, %
AUR, AUR/N, lignocellulose index)

vast majority of respired C in all slurries with litter was
litter-derived, and as a result, slurries with native soil
C (litter-soil slurries and mineral controls) had lower
cumulative respiration per g of total C than the litter
controls throughout the experiment (Fig. 1).

In the short term, there was not a consistent effect of
litter type on respiration. Shoot and root litter controls
both respired a little over 10% of their total C
(Table 4). The shoot-silt slurries respired more CO,-
C than the other litter-soil slurries, none of which were
significantly different from one another (Fig. 2a).
There was also no clear effect of soil fraction (silt vs.
clay) on respiration in the short term. However,
slurries with soil respired significantly less than their
litter control counterparts, except in the case of shoot-
silt slurries (Table 4).

By the end of the incubation (mid term), there was a
clear effect of litter type on CO,-C production from
litter-soil slurries, with the shoot-soil slurries respiring
significantly less than root-soil slurries (Fig. 2b). The
shoot-soil slurries respired a significantly lower per-
centage of added litter C than all of the other slurries,
including litter controls (Table 4). However, there was
no significant difference in per cent litter C respired
between shoot and root controls.
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Table 2 Summary data for

Silt Clay p-value
soil fractions prior to
incubation SSA, untreated (m? g~}) 12.24 + 0.14 112.15 £ 1.15 < 0.001
SSA, muffled (m? g™ !) 12.17 + 0.10 114.88 + 0.94 < 0.001
Feq (mg g V) 3.21 £0.26 14.71 £ 0.70 < 0.001
Fe, (mg g 1) 0.21 £ 0.003 0.82 & 0.003 < 0.001
SSA specific surface area, Al, (mg gfl) 0.36 + 0.01 4.07 + 0.04 < 0.001
Fe, dithionite-citrate C(mgg™h 8.39 + 0.28 13.13 + 0.05 < 0.001
z’;g&ctfzzrg o o Ifi‘:‘;ﬁ” N (mg g") 0.83 + 0.05 1.80 + 0.00 <0.001
Al Data are means + one C/N 10.22 + 031 7.29 4 0.03 < 0.001
standard error (n = 3 for 313C (%o) —18.82 + 0.46 —18.58 + 0.04 0.55
Feg, Fe, and Alg; n = 4 for 3N (%o) 3.27 £ 048 9.07 £ 0.09 <0.001

all other measurements)

Table 3 Estimated
saturation deficits of soils
before the incubation, and Initial 0.59
in the short term and mid

term

Saturation deficit

Short term
Shoots  0.47
Roots  0.51

Mid term
Shoots  0.37
Roots  0.47

MAOM formation

Litter-derived MAOM formation occurred in the short
term, with between 5.2 and 7.4% of added litter C
being recovered in MAOM after 7 days (Table 4).
This corresponded to relatively large increases in
MAOM-C. In the most extreme case, shoot-silt
slurries increased from 0.84% C initially to 1.18% C
at day 7, which represents a 40% increase in MAOM-
C (Supplemental Table 1). In the short term, more
litter-derived MAOM-C was recovered from the
shoot-clay slurries, while the other litter-soil slurries
all had similar amounts (Fig. 2a). The estimated C
saturation deficit of the shoot slurries decreased from
the initial 0.59 to 0.47, while that of the root slurries
decreased to 0.51 (Table 3). There was a trend of more
litter-derived N in MAOM in slurries with roots, but
only root-clay slurries were significantly different
from shoot-soil slurries (Fig. 3). The C/N ratios of
litter-derived MAOM in the short term were lower for
slurries with roots than with shoots (Table 5), consis-
tent with there being more root-derived N in MAOM.
There was no effect of soil fraction on the C/N of root-
derived MAOM, but shoot-clay slurries had a
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significantly higher C/N ratio than shoot-silt slurries.
The pH of the litter-soil slurries ranged from 7.1 in the
root-clay slurries to 8.4 in the shoot-silt slurries
(Supplemental Table 1), but pH did not correlate with
MAOM formation in the short term.

Litter-derived MAOM formation continued in the
mid term, and a significant litter effect emerged, with
more shoot-C in MAOM than root-C (Fig. 2b). The
estimated C saturation deficit decreased from 0.47 to
0.37 in slurries with shoots, and from 0.51 to 0.47 in
slurries with roots (Table 3). There was an effect of
soil fraction on MAOM-C in slurries with shoots, but
not in slurries with roots (Fig. 2b). Contrary to the
short term, there was significantly more shoot-derived
N in MAOM than root-derived N, but there was still no
effect of soil fraction on litter-derived N in MAOM
(Fig. 3). The increase in shoot-derived N stabilization
caused the C/N ratios for shoot- and root-derived
MAOM to converge by the end of the incubation
(Table 5). The one exception was the C/N ratio of the
shoot-clay slurries, which did decrease but remained
significantly higher than the others. Compared to the
short-term, the C/N ratio of the shoot-derived MAOM
decreased over time, while the C/N ratio of root-
derived MAOM did not change. There were no
significant differences in pH of the litter-soil slurry
solutions in the mid term; their average pH was 7.6
(Supplemental Table 1).

Total litter processing

In the short term, between 10.4 and 16.6% of added
litter C was processed (sum of litter-derived C respired
and in MAOM), with litter-soil slurries processing
significantly more litter C than litter controls
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Fig. 1 Cumulative respiration by soil fraction and litter type,
including controls, over the 60-day incubation. Values are
calculated on a per g C basis to allow direct comparison between
samples with and without soil, and with and without litter.
Values represent the total amount of CO, respired as a
proportion of total C present at the start of the experiment.

Litter-soil mixtures started with the most total C, followed by
litter controls, and soil controls started with much less total C.
Vertical dashed line shows timing of first harvest (day 7; short
term). Points are means &+ one standard error (n = 4); some
error bars are smaller than the symbols

Table 4 Per cent litter-derived C in respired CO, and mineral-associated organic matter (MAOM), and per cent processed (sum of

CO,-C and MAOM-C) in the short term and mid term

Harvest Litter type Soil fraction % litter-derived C respired % litter-derived C in MAOM % litter-derived C processed
Short term  Shoots Silt 10.7 + 0.2a 59 +0.1a 16.6 + 0.3a
Clay 9.0 £ 0.1bc 74 + 0.2b 16.4 + 0.2a
Litter control 10.9 + 0.6a - 10.9 + 0.6b
Roots Silt 8.7 £ 0.1bd 52 4+ 04a 14.0 + 0.5¢
Clay 7.7 +£0.2 5.3 + 0.04a 13.0 + 0.1c
Litter control 10.4 £ 0.4ac — 10.4 £ 0.4b
Mid term  Shoots Silt 31.3 £ 0.3a 13.1 £ 0.3a 44.4 + 0.6a
Clay 30.4 + 0.6a 15.6 + 0.5b 459 + 1.0ab
Litter control 36.2 & 1.0b - 36.2 + 1.0c
Roots Silt 40.4 £ 1.0c 9.3 +0.7¢c 49.7 £+ 1.4b
Clay 38.6 + 0.5bc 8.5+ 0.3c 47.1 £ 0.6ab
Litter control 39.3 £ 0.9bc — 39.4 £ 0.9¢

Data are means + one standard error (n = 4)

Different letters indicate significant differences (p < 0.05) between treatments for each variable within each harvest (means were not

compared between harvests)

(Table 4). In the litter-soil slurries, more shoot C was
processed than root C, but there was no effect of soil
fraction on total litter C processing.

At the end of the incubation, between 36.2 and
49.7% of the added litter C was processed, and litter-
soil slurries continued to process significantly more
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Fig. 3 Litter-derived N in MAOM in litter-soil slurries in the
short term and mid term. Data are means =+ one standard error
(n = 4). Different letters indicate significant differences
(p < 0.05) between treatments, within each harvest (means
were not compared between harvests)

litter C than litter controls (Table 4). Contrary to the
short term, roots were generally more processed than
shoots, but the only significant difference was between
the shoot-silt and shoot-clay slurries (Table 4). There
was still no significant effect of soil fraction on the per
cent of litter C processed, similar to the short term.

MAOM formation efficiency
In the short term, the relatively large amount of

MAOM-C and low respiration in the shoot-clay
slurries led to a significantly higher FE than the other
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litter-soil slurries (Table 5). There was not a consistent
litter effect, however, as the shoot-silt slurries had the
lowest FE in the short term. FEs were generally higher
in slurries with clay, but the difference was only
significant in slurries with shoots. All of the FEs in the
short term, which ranged from 0.36 to 0.45, were
significantly higher than in the mid term, when they
deceased to between 0.18 and 0.34. There was a
clearer litter effect in the mid term than in the short
term; shoot-soil slurries had significantly higher FEs
than root-soil slurries. However, there was no effect of
soil fraction on FEs in the mid term.

Discussion
Effect of litter quality on MAOM formation

Over the 60-day incubation, more MAOM formed
from shoots than from roots, as we predicted based on
litter chemistry. This occurred despite the fact that the
same amount, or more root C was processed than shoot
C (Table 4). MAOM formation from shoots was more
efficient, with less respired C per g of new MAOM-C,
than from roots (Fig. 2b). We predicted that MAOM
formation from shoots would be more efficient than
from roots in both soil fractions during both phases of
decomposition, and this was true for three cases out of
four (silt slurries during the short term were the
exception). The difference in FE was more pro-
nounced in the mid term, which may be related to the



Biogeochemistry

Table 5 Formation efficiencies (FE) and C/N ratios of litter-derived, mineral-associated organic matter (MAOM)

Harvest Litter type Soil fraction FE C/N of litter-derived MAOM
Short term Shoots Silt 0.36 £ 0.005a 7.7 £0.1a
Clay 0.45 £ 0.01b 93 +£0.2b
Roots Silt 0.38 £ 0.0lac 6.1 &+ 0.4c
Clay 0.41 £ 0.01c 5.6 £ 0.1c
Mid term Shoots Silt 0.3 &+ 0.003d 6.5 £ 0.1c
Clay 0.34 & 0.005d 7.8 £ 0.3a
Roots Silt 0.18 & 0.01e 6.6 = 0.3c
Clay 0.18 & 0.004e 59 £+ 0.1c

Data are means & one standard error (n = 4). Different letters indicate significant differences (p < 0.05) between treatments across

both harvests

saturation deficit (how far a soil is from its maximum
possible C content), or saturation level of the soil
fractions through time (Hassink et al. 1997; Six et al.
2002; Stewart et al. 2007). Castellano et al. (2015)
proposed that the effect of litter quality on MAOM
formation increases as soils move from high to
moderate saturation deficits. In the short term, the
saturation deficit of these soil fractions was relatively
high. We estimated the saturation deficit of our initial
soil to be 0.59, but there was also a lack of change in
SSA with muffling, which suggests ample surface area
available for MAOM formation (Table 2). In the short
term, with a high initial soil C saturation deficit,
differences in FEs between litter types were not very
clear. The addition of new MAOM (increases in
MAOM-C of up to 40% from the start of the
incubation), lowered the estimated C saturation
deficits, at which point clear differences in FEs were
observed.

While we observed more shoot- than root-derived
MAOM, several previous studies have shown more
SOM formation from roots than shoots (Rasse et al.
2005; Jackson et al. 2017). Many of those studies
focus on total SOM (e.g., Balesdent and Balabane
1996; Bolinder et al. 1999 and studies reviewed
therein), which includes fragmented or partially
processed litter such as POM, lumped in with MAOM.
Of the few studies that explicitly measured older, more
processed SOM, their results generally agree with
ours. When Bird et al. (2008) tracked the fate of e
from decomposing pine needles and fine roots in situ,
they observed 28% more total C retained from roots
than from needles. But this difference was mainly due

to greater retention of root-C in the POM; in fact, more
needle-derived C was retained in what they defined as
the humic and humin fractions, which are comparable
to the fractions we measured here. In a similar
study, Hatton et al. (2015) observed less total C and
N retained from needles, but proportionally more from
needles than from roots in stable SOM fractions (those
with longer '*C mean residence times). Steffens et al.
(2015) performed a laboratory incubation using '*C
labeled leaves and roots, and did not find differences in
MAOM (they use “heavy fraction™) after 206 days,
when the percentages of added litter C that had been
respired were comparable to those in our study.
However, they did find a strong correlation between
the litter-C recovered in MAOM and water-ex-
tractable organic C at some time points, which agrees
with our results.

Formation efficiency in the short and mid term

Across all litter-soil treatments, MAOM formation
was more efficient in the short term than in the mid
term. In the litter-soil slurries, roughly 15% of litter C
was processed in the short term (Table 4), which
corresponds to the amount of HWE-C in the two
litters. This supports previous work that has shown
that leaching of soluble plant compounds forms a
rapid, efficient microbial pathway to MAOM (Cotrufo
et al. 2015; Haddix et al. 2016). It is also possible that
some compounds leaching from the litter were stabi-
lized directly by the minerals (see Kramer et al. 2012),
which might explain the higher C/N in the shoot
treatments during the short term, but we cannot
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confirm this with our experimental design. The main
input to MAOM during the mid term was likely
microbial products derived from decomposition of
cellulose (for which AHF can serve as a rough proxy)
and other insoluble plant compounds, assuming the
soluble compounds had already been transformed or
associated directly with the minerals. This shift to
decomposition of less readily degradable compounds
is reflected in the overall decrease in FE during the
later stage. The decrease in FE was larger for roots
than for shoots, which corresponds to their higher
lignocellulose index.

Comparing soil fractions

We observed some differences in C and N dynamics
and MAOM formation between silt and clay, but they
were not as consistent across treatments as we
expected. In general, the mineralogical properties of
the clay were more conducive to MAOM formation
than those of the silt, with the clay showing higher
SSA and greater amounts of Fey, Fe, and Al,. The
amount of MAOM in a given soil has been found to
correlate strongly with poorly crystalline Fe and Al
(Fe, + Al,) (Kleber et al. 2005), or with crystalline
Fe (Feq — Fe,) (Khomo et al. 2017), or both (Mikutta
et al. 2006). In addition, respiration from incubated
soils has been found to correlate negatively with Feg,
Fe,, and Al, (Singh et al. 2017a), suggesting a
stabilizing effect of Fe and Al oxides and oxyhydrox-
ides on SOM (Kogel-Knabner et al. 2008; Singh et al.
2017b). Given the differences in mineral properties
between the soil fractions, we expected clay to have
more MAOM formation than silt throughout the
incubation. This was true for stabilization of shoot-
C, but not for root-C. The two soil fractions accrued
similar amounts of root-C, and it was generally less
than the amount of shoot-C. This aligns with the ideas
in the Castellano et al. (2015) litter quality-saturation
framework. The saturation deficits of the slurries with
roots were consistently higher than those with shoots,
and the saturation deficits may have been high enough
that free surface area was not limiting for MAOM
formation from roots. In other words, the available
surface area for MAOM formation may have greatly
exceeded the amount of MAOM formed. Instead, the
efficiency of microbial processing may have been the
limiting factor for MAOM formation from roots.
Interestingly, the two soil fractions did not differ in
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their stabilization of litter-derived N. In general,
MAOM is enriched in N compared to the plant
material from which it is principally derived (Tipping
et al. 2016), because N-rich compounds show affinity
for mineral surfaces and are especially prone to
stabilization (Sollins et al. 2006; Kleber et al. 2007,
Knicker 2011). As a result, both soil fractions may
have preferentially stabilized available N-rich com-
pounds, resulting in similar amounts of N in each. This
result agrees with a meta-analysis from Tipping et al.
(Tipping et al. 2016), wherein the authors analysed
data from over 2000 samples over a wide range of
soils, and found that when the mineral/SOM ratio is
high, as in our soil fractions, the C/N ratio is low.

Initial quality of the roots and shoots

Our measured values for % AUR and AUR/N are
within the range of those reported for other grasses,
reviewed by Rasse et al. (2005). The relatively high
HWE-N in the roots may have been due to residual
fertilizer remaining on the roots after harvest, which
would explain its rapid transformation to MAOM by
day 7, and the consistency in the C/N ratio of root-
derived MAOM over time. This may also explain why
the initial difference in the C/N ratios of the roots and
shoots was only marginally significant (p = 0.059).
Regardless of their relatively high HWE-N content,
the roots used in this study were of lower initial quality
than the shoots, based on their % AUR, AUR/N and
lignocellulose index (Table 1). Lignocellulose index
and AUR/N have been shown to be reliable indicators
of litter quality which can be used to predict litter
decomposition dynamics (Adair et al. 2008; Soong
et al. 2015).

Conclusion

Our data support the Microbial Efficiency-Matrix
Stabilization hypothesis of Cotrufo et al. (2013),
linking the effects of litter chemistry on microbial
efficiency to SOM formation and mineral-association.
In this study, more MAOM formed from shoots than
from roots, and it is likely because microorganisms
processed the shoots more efficiently, respiring less
CO, and transforming more shoot C and N to MAOM.
We did not characterize the microbial communities
present, but recent evidence suggests that they can
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exert a major control on the formation and stability of
SOM (Kallenbach et al. 2016), and the role that
microbial community composition plays in determin-
ing the efficiency of litter processing and MAOM
formation deserves further study. We focused on
MAOM only, in the absence of many of those natural
processes that might preferentially stabilize root C
and N. In fact, root exudates, which were not included
in this study, could form a rapid pathway of MAOM
formation according to this framework, although they
may also lead to priming of MAOM (Keiluweit et al.
2015). This work adds to a growing body of evidence
that the recalcitrance of litter does not explain the
longevity of litter-derived compounds in soil (Schmidt
etal. 2011; Lehmann and Kleber 2015), but that a host
of other mechanisms are at play. The proximity of
roots to soil surfaces, protection of root material
through aggregation, and root exudation might explain
why many studies find greater contributions of roots
than shoots to total SOM. Despite differences in initial
litter chemistry in the shoots and roots, similar
amounts of the two litters were processed by the end
of the incubation, especially in the litter controls. This
suggests that the difference in initial quality did not
affect the rate at which the litters were processed, but
did affect the efficiency of that processing. “Litter
quality” therefore should be defined as an intrinsic
property of the litter itself, rather than an extrinsic
property determined by the rate of decomposition
(Swift et al. 1997). One broad consistency in our
experiment that applied irrespective of litter type or
soil fraction was the low C/N ratio of the MAOM that
formed, which differed greatly from the C/N ratio of
the source plant material, and points to the importance
of microbial processing as a pathway of MAOM
formation.
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