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Abstract In recent years, litter decomposition stud-
ies have begun to move beyond the concept of mass
loss to consider the fate of fresh and pyrolized
decomposing plant material in the ecosystem. How-
ever, these concepts have yet to be incorporated into
conceptual models of litter decomposition. Under-
standing how fresh and pyrolized plant litter chemical
traits control the partitioning of mass loss to dissolved
organic carbon (DOC) leaching and respiration to CO,
would help to inform models of litter-soil-atmosphere
carbon (C) cycling. To test these controls, we incu-
bated five fresh and one pyrolized leaf litters with
differing chemistry and measured DOC and CO,
fluxes as well as changes in substrate and dissolved
organic matter (DOM) chemistry over time using
Fourier transformed infrared spectroscopy and wet
chemistry. We found that the amount of hot water
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extractable C was a strong predictor of initial DOC
leaching, while the lignocellulose index [Lignin/
(Lignin + o-Cellulose)] was a strong inverse predic-
tor of later stage DOC:CO, partitioning. Changes in
substrate and DOM chemistry indicated a progression
of substrate availability for leaching: from soluble
plant components, to partially decomposed cellulose
and lignin, to microbial products. Based on these
results we developed a new conceptual model that
demonstrates how chemical traits of fresh and py-
rolyzed plant litter can be used to predict the fate of
aboveground organic matter decomposition and form
a better linkage between aboveground decomposition
and terrestrial ecosystem C cycling.

Keywords Leaf litter - Pyrogenic organic matter -
Decomposition - Dissolved organic matter - Dissolved
organic carbon - Leaching - Respiration - FTIR

Introduction

Aboveground plant litter decomposition is a key
component of carbon (C) and nutrients cycling in
terrestrial ecosystems, generating products such as
CO, and microbially processed or partially decom-
posed organic matter (OM) that connects aboveground
plant production to both the atmosphere and soils.
Traditionally, studies of litter decomposition have
focused on measurements of litter mass loss rates
using litter bags (Bocock and Gilbert 1957), or on CO,
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production in laboratory incubations (e.g., Coliteaux
et al. 1991; Li et al. 2011), assuming that litter C lost
during decomposition is oxidized to CO, (Cotrufo
et al. 2009). Within this framework, litter mass is
generally lost until it reaches a non-zero asymptote,
with the remaining indecomposable solid mass pro-
viding the main litter C contribution to soil organic
matter (SOM) formation (Berg and McClaugherty
2003; Chapin et al. 2002). These classic models focus
on mass loss rates, and interpret chemical changes in
the mass remaining as resulting from selective
preservation of individual plant litter components
(Berg and McClaugherty 2003), as well as the
formation of secondary product by microbial decom-
posers (Chapin et al. 2002). However, they do not
consider the fate of the litter mass that is lost, nor do
they capture the potential for interactive controls
between different plant litter components over time. A
new conceptual framework describing the relationship
between plant litter traits, dissolved organic matter
(DOM), and CO, production during fresh and py-
rolized plant litter decomposition will help to link
litter decomposition to soil and ecosystem C cycling.

New evidence suggests that 6-39 % of C loss
during leaf litter decay enters the soil in the form of
dissolved organic C (DOC) during the early phases of
decomposition (Qualls and Haines 1991; Magill and
Aber 2000; Don and Kalbitz 2005), and plays a
significant role in SOM formation and long-term soil
C sequestration (Kaiser and Kalbitz 2012; Cotrufo
et al. 2013). The ability to estimate the partitioning of
litter mass loss between DOC:CO, during decompo-
sition would greatly improve our ability to predict
aboveground litter contributions to SOM formation
across different ecosystems and under future global
change scenarios. What controls this partitioning?
Beside climate, litter chemistry is the main controlling
factor of litter mass loss rates (Aber et al. 1990; Li
et al. 2011) and CO, efflux from litter decomposition
(Hessen et al. 2004). In particular, lignin and nitrogen
(N) content (Melillo et al. 1982; Berg and Matzner
1997), as well as the Lignocellulose index (LCI)
[lignin/(lignin + o-cellulose)] (Osono and Takeda
2005), have been shown to be good predictors of litter
mass loss rates and carbon use efficiency (CUE)
(Manzoni et al. 2012; Moorhead et al. 2013).

Plant litter can broadly be categorized into a soluble
fraction, cellulose and hemicellulose (otherwise re-
ferred to as carbohydrates), and lignin, as in the classic
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models presented by Berg and McClaugherty (2003)
and Chapin et al. (2002), with secondary compounds
being produced by microbes over time and accumu-
lating in the litter residue. Although lignin is known to
control litter mass loss rates, it is still not fully
understood whether lignin is selectively preserved
(Berg and McClaugherty 2003), continuously degrad-
ed (Preston et al. 2009b) or preferentially degraded
(Klotzbucher et al. 2011) during the decomposition
process, nor how it may interact with other litter
components to control mass losses to DOC:CO,
(Kalbitz et al. 2006; Klotzbucher et al. 2011). Beyond
lignin, other chemical characteristics of plant residues
such as their lignin-to-N ratio (Adair et al. 2008) or
functional group biochemistry (Gallo et al. 2005) may
affect C dynamics during decomposition.

Fourier transformed mid-infrared (FTIR) spec-
troscopy can be used to identify the functional group
chemistry of fresh or pyrolyzed plant material and
DOM, and thus provide a sensitive and inexpensive
method for analyzing the chemical changes of litter
and DOM over the course of decomposition (Lammers
et al. 2009; Strobel et al. 2001; Gallo et al. 2005;
Soong et al. 2014). FTIR has been used to detect
several absorbance bands in litter extracts including:
3400 cm™! for O-H or N-H, 2850-2930 cm™! for
aliphatic C-H, 1605 cm ™! for aromatic C=C, and at
1070 cm™" for polysaccharides (He et al. 2009). FTIR
analysis of forest floor litter, litter fiber and lignin
fractions showed the following informative bands:
carbonyl absorption bands at 1724 cm™" (esters) and
1659 cm™! (proteins), as well as the 1603 cm™ ! band
assigned to lignin from aromatic skeletal vibrations
(Galletti et al. 1993). Thus, FTIR functional group
chemistry can be used to study differences in plant
input chemistry between species and in litter residues
over the course of decomposition.

If litter chemistry controls not only mass loss rates,
but also the partitioning of C losses between CO, and
DOC leaching to the soil, we can expect large changes
in litter-soil C fluxes to occur as a consequence of
global changes, for example as plant species ranges
shift with climate and land use change (Thomas 2010;
Kelly and Goulden 2008). The projected increases in
the frequency and severity of fire (Stocks et al. 1998;
Flannigan et al. 2000) will also change the chemical
composition of the plant litter inputs to the soil surface,
with larger inputs in the form of pyrogenic organic
matter (py-OM). Py-OM is partially combusted plant
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material, and is generally considered a chemically
recalcitrant substance (Knicker 2011) with estimated
overall turnover times on a centennial scale (Singh
et al. 2012). However, py-OM has a measureable
soluble component that can leach into the soil (Novak
etal. 2009) and is partially mineralizable (Stewart et al.
2013; Santos et al. 2012). DOM leaching from fresh
litters and py-OM may therefore both be controlled
by similar chemistry changes as decomposition
progresses.

The objective of this study was to develop a new
conceptual model on the relationship between chemi-
cal traits and DOC:CO, partitioning during the
decomposition of fresh and pyrolized plant litter based
on: (1) the identification of chemical traits that can be
used to predict how much mass is lost as leached DOC
and respired CO, during decomposition, and (2)
evidence from changes in the chemical composition
of litter and DOM leachate over the course of
decomposition. The study we conducted in order to
build the conceptual model was designed to specifical-
ly test two hypotheses. (H1) DOM leaching represents
a significant fraction of mass loss, which is not directly
proportional to CO, production but rather is controlled
by litter chemistry. We hypothesize that plant litters
with a large fraction of structural components (e.g.,
cellulose and lignin) decompose more slowly due to
the low CUE of their breakdown (Moorhead et al.
2013), and thus lose more C as CO,, while litters with
a large fraction of soluble, non-structural, components
decompose quickly and lose more C as DOC due to a
higher proportion of water soluble compounds. (H2)
DOM chemical composition changes over the course
of decomposition, reflecting the interactive and se-
quential leaching of different soluble plant and
microbial products as decomposition progresses. We
hypothesize that initial DOM leaching reflects the
soluble material of the substrates, and then shifts
toward partially broken down cellulosic and structural
materials and microbial products. Our conceptual
model summarizes significant advancements in the
field of litter decomposition moving from studies
focused solely on decay rates and chemical composi-
tion of the remaining litter residue toward those
concerned also with the fate and chemical composition
of the matter being degraded or lost.

To test the above hypotheses we incubated six
substrates, one py-OM and five leaf litters that varied
in initial chemistry, and measured DOC and CO,

losses during their decomposition. We characterized
substrate chemistry based on C:N, % structural
material as % cellulose and % acid unhydrolyzable
residue (AUR), % non-structural material [total mass-
neutral detergent fiber (NDF) mass], % hot water
extractable C (HWE-C) and FTIR spectroscopy. We
characterized DOM throughout the incubation based
on DOC, total dissolved nitrogen (TDN), NH, ", NO;~
and FTIR spectroscopy.

Methods
Fresh and pyrolized litter samples

For this study we used six substrates: five above
ground leaf litters and one py-OM sample. We
collected ash (Fraxinus excelsior), big bluestem
(Andropogon gerardii), oak (Quercus macrocarpa)
and pine (Pinus ponderosa) leaf litter in the fall of
2011 as freshly senesced litter that had neither hit the
ground nor been rained on since abscission. Alfalfa
(Medicago sativa) leaves were collected standing
green at crop maturity. Plant types were selected to
cover a range of chemical characteristics such as C-to-
N ratio (C:N) and LCI. Abscised ash leaves and pine
needles were collected from separate raised litter
traps. Senesced oak leaves were shaken off of a tree
and collected in a litter trap. Senesced, standing big
bluestem grass blades were hand cut from a native
tallgrass prairie. We removed all stems and petioles
from the leaves, and pooled them each by species. We
air dried all litter samples, cut them into 1 x 1 cm
pieces or 1 cm lengths, and homogenized them. We
did not cut the alfalfa litter, whose leaves were already
approximately 1 x 1 cm. To produce a py-OM sam-
ple, we placed ground big bluestem grass litter into
porcelain crucibles, which were heated at 300 °C for
4 h in a muffle furnace with ultra-high purity nitrogen
flow as described by Rutherford et al. (2012). Three
subsamples from each litter and py-OM pool were
oven dried at 105 °C for dry weight correction,
ground, and used for elemental and chemical analysis
as described below.

Laboratory incubation

Three replicates of each substrate, i.e. all five litter
types and the py-OM, were incubated for 1 year
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(365 days) under optimal laboratory conditions. We
incubated an additional set of three replicates per each
substrate for 95 days, for destruction at an intermedi-
ate time point. For each sample, 2 g of litter or py-OM
was placed in leaching cups, 3 cm in diameter
(CellSmart Vaccum Filtration Systems, Argos Tech-
nologies) fitted on the bottom with a 20 um nylon
filter. Initially, we leached the samples with deionized
water on day 0, and then inoculated them with 1 ml of
microbial inoculum. We created the inoculum by
mixing 1 g of a partially decomposed mixture of grass
and deciduous tree litter, collected from a nearby creek
bank, with 100 ml deionized water for 2 h. The
mixture was left to settle, filtered over a 20 pm nylon
filter, and then 1 ml of the filtrate inoculum was added
to each sample. We had three blank samples consisting
of a leaching cup that was inoculated, with which we
quantified any potential microbial degradation of the
plastics in the leaching cup, and subtracted this from
all DOC and TDN results. Each leaching cup was
sealed in an airtight 3.8 1 jar fitted with a rubber
septum for gas sampling throughout the entirety of the
incubation. The jars were periodically checked to
ensure air tightness. A thin layer of water at the bottom
of the jars maintained constant humidity, and the jars
were incubated at a constant temperature of 25 °C in
the dark.

We measured CO, and DOM leaching periodically
throughout the incubation. We used a gas tight syringe
to sample air in the headspace of the jars through the
septum, and analyzed it on an infrared gas analyzer
(IRGA, Li-Cor 800, Li-Cor, NE) for CO, concentra-
tion (Stewart et al. 2013). After CO, collection, we
opened the jars and placed the leaching cups on a
250 ml flask for leachate collection. We dispensed
30 ml of deionized water evenly over the litter
samples and allowed the leachate to drain through
the leaching cup filter and into the collection flask.
After 20 min of leaching, we used a light vacuum line
to drain out any remaining leachate from the cups. We
subsampled the leachate for FTIR analysis as de-
scribed below, then immediately froze them until
further analysis.

After leachate collection, we placed each leaching
cup back in the airtight jars and flushed them with soda
lime scrubbed air to minimize initial CO, concentra-
tions. We measured this initial CO, concentration to
accurately quantify the amount of CO, produced
during each incubation period. Jars were then returned
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to the constant temperature room until the following
sampling. We wanted to prevent CO, from building up
to toxic levels in the jars (>2 %), so sampling
frequency was determined by the maximum rate of
CO, production, with more frequent initial sampling
tapering off through the duration of the experiment.

Chemical analysis

We characterized three replicates of initial (day 0), day
95 and day 365 substrate chemistry based on mass
remaining, % C, % N, % acid-unhydrolyzable residue
(AUR), % acid soluble fiber (a-cellulose), % neutral-
detergent fiber (NDF) and their FTIR spectral prop-
erties. For some of the day 365 substrates, not enough
mass remained for replicate analysis so the remaining
substrate mass was aggregated and analyzed as one
replicate sample. All samples were analyzed for % C
and % N on an elemental analyzer (LECO tru-SPEC,
Leco Corp., St. Joseph, MI). Percent cellulose and
AUR were determined using the acid detergent fiber
(ADF) digestion method (Van Soest and Wine 1968).
In brief, an initial heated digestion in Cetyl trimethy-
lammonium bromide (CTAB) and sulfuric acid re-
moves hemicellulose and other non-structural
carbohydrates and lipids, and then the samples are
digested in 73 % sulfuric acid. The fiber from this
73 % sulfuric acid digestion will be referred to as
cellulose, as it is a proximate estimate of a-cellulose
content, while AUR is a proximate estimate of lignin
content (Rowland and Roberts 1994), with both
fractions corrected for ash content. Using this
proximate analysis, day O LCI is calculated as
[AUR/(AUR + a-cellulose)]. Additionally, we char-
acterized the initial % non-structural material on three
replicates of the day 0 samples using a neutral
detergent fiber (NDF) digestion (Van Soest et al.
1991). We also characterized the initial substrates
based on HWE-C on three replicates of the day 0
samples, following Tappi (1981). All three replicate
samples of the dried, ground samples from day 0, 95
and 365 were also scanned using a Digilab FTS 7000
spectrometer (Varian, Inc., Palo Alto, CA) with a Pike
AutoDIFF sampler (Pike Technologies, Madison, WI)
for FTIR spectral analysis. The spectrometer had a
deuterated, Peltier-cooled, triglycine sulfate detector
and potassium bromide (KBr) beam splitter. KBr was
used as background. Data were obtained as pseudo-
absorbance [log (1/Reflectance)]. Each spectrum was
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collected at 4 cm™! resolution, with 64 co-added scans
from 4000 to 400 cm ™.

All leachate samples were thawed and analyzed for
total organic carbon (TOC) and TDN on a TOC
analyzer (Shimadzu TOC 5000). Inorganic NH," and
NO;™ of the leachate were measured on days O, 1, 4, 7,
10, 15, 20, 28, 39, 64, 76, 95, and 284 using an Alpkem
Flow Solution IV Automated wet chemistry system
(O.I. Analytical, College Station, TX). We also
analyzed the leachate chemistry on days O, 1, 4, 7,
10, 95, 118, 228 and 365 by FTIR analysis. An aliquot
(0.5 ml) of leachate was added to 250 pg of KBr and
freeze-dried. The dried KBr-leachate samples were
scanned using the same spectrometer and settings as
the litters.

Data analysis

We tested the effect of substrate type and incubation
time on mass loss, changes in C:N ratio, % o-cellulose
and % AUR by means of a generalized linear mixed
model. We included substrate type, time and their
interaction as categorical fixed effects. The effects of
substrate chemistry on CO, efflux, DOC leaching and
the DOC:CO, ratio over time was tested by means of a
repeated measures test within a generalized linear
mixed model containing incubation day, with sub-
strate type and their interaction as categorical fixed
effects. Individual samples were treated as random
effects within each substrate type. These analyses
were carried out using the SAS® software version 9.3.
The data passed our tests for normality and homo-
geneity of variances of the residuals. In all cases we
used type III tests of fixed effects.

The FTIR spectra from duplicate scans of the time O
substrates were averaged using GRAMS version 9.1
software with the GRAMS IQ package (Thermo
Fisher, Woburn, MA). All spectra were mean-centered
before statistical analysis. We utilized a distance-
based redundancy analysis (dbRDA) for statistical
assessment of the overall differences in FTIR spectral
chemistry among substrates and leachate composition
over time using the R: Vegan package (Oksanen et al.
2013). Briefly, we chose the dbRDA analysis over
other multivariate statistical approaches due to its non-
linear distance-metric options, which have robust
multi-dimensional resolution to assess categorical
variables. Distance based RDA is a three step ordina-
tion technique that tests the effects of response

parameters (i.e. absorbance intensity in cm™') on
defined groups (i.e. litter or leachate type at a given
incubation time). First, a dissimilarity or distance
matrix is calculated for the different litter/leachate
types. We chose the Bray—Curtis dissimilarity (non-
linear) measure to model the species matrix as
suggested by Legendre and Anderson (1999). For
steps two and three of the dbRDA, a principal
coordinate analysis (PCoA) was calculated based on
the distance matrix, from which the eigenvalues
(obtained in the PCoA) were applied to a redundancy
analysis (RDA). Principal components analysis (PCA)
of the spectral data and spectral subtractions were
carried out using GRAMS/AI Ver. 9.1 (Thermo Fisher
Scientific Inc.). The default autoscale, optimal factor,
and tolerance values calculated by the software were
used for the substractions. The spectral data was mean
centered before the PCA analysis.

Results
Mass loss, DOC and CO, dynamics

At the two destructive harvests on day 95 and 365,
alfalfa had lost 77 and 83 % of its initial mass
respectively; ash 44 and 62 %, oak 45 and 58 %,
bluestem 21 and 46 % and pine 18 and 28 %
(Table 1). The py-OM lost 4 % of its mass by the
end of the incubation and DOC and CO, fluxes were
detected, however due to high variance this change in
mass was not statistically significant (Fig. 1,
p > 0.05). We used our measured DOC and CO,
values to calculate cumulative DOC and CO,-C
losses, relative to the initial litter C basis. At the end
of the 365 day incubation, 15 % of the initial C from
alfalfa was lost as DOC, 16 % for ash, 10 % for
bluestem, 8 % for oak, 3 % for pine, and 1.57 % for
the py-OM. For alfalfa, 37 % of the initial C was lost
as CO,, 25 % for ash, 18 % for bluestem, 35 % for
oak, 15 % for pine, and 2.59 % for py-OM (Table 1).

We also tracked the dynamics of substrate C loss to
DOC and CO, over the course of the incubation
(Fig. 1). By the end of the experiment the total
DOC:CO, ratios ranged between 0.20 and 0.65
(Fig. 1). As expected, most of the DOC and CO,
fluxes occurred during the initial period of the
incubation, with alfalfa decomposing much more
rapidly than the other litter types. Ash and bluestem
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litters continued to leach some DOC after the initial
period in contrast to the other litter types, which
tended to level off in DOC leaching after approximate-
ly day 15 (Fig. 1).

Three phases of DOC and CO, dynamics

Three distinct phases of decomposition were observed
across all substrate types, on the basis of the DOC:CO,
dynamics. The early phase, up to day 15, was
characterized by very high DOC losses (~70 % of

300 400 0 100 200 300 400
Incubation day

total DOC lost) and high DOC:CO, ratios (aver-
age = 2.49, standard error = 0.830), a second or mid
phase (days 16-65) was characterized by declining
DOC:CO; and a third or late phase, where very little
DOC was produced, was characterized by a constant
DOC:CO, ratio (average = 0.370, standard er-
ror = 0.165). In examining the early decomposition
phase, we found a highly significant correlation
between the % HWE-C of the initial substrates and
the total amount of DOC leached in the first 15 days of
the incubation (p = 0.0017, Fig. 2a). The % non-
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Fig. 2 a Average total DOC from the early phase leaching
events versus % hot water extractable carbon (HWE-C) for all
five litter types and py-OM. Bars are standard errors (n = 6 for
DOC, n = 3 for HWE). b Average DOC:CO, ratio versus initial
litter LCI [lignin/(lignin + a-cellulose)] for all litter types,
except alfalfa, where we used the day 95 LCI (n = 3). Closed
circles are average DOC:CO, for days 1664 (mid phase), open
circles are average DOC:CO, for days 65-365 (late phase)

structural material also correlated strongly with the
amount of initial DOC leaching in days 0-15 for all
litter types and the py-OM, with the exception of pine
litter (R* = 0.912 without pine, R* = 0.767 with
pine).

For the mid and late stages of the incubation (days
16-64 and days 65-365) we tested several initial
chemical characteristics against DOC:CO, partition-
ing (Table 2). We found the strongest correlation
between initial LCI and the ratio of DOC:CO, losses
during these phases, with the exception of day 95 LCI
for alfalfa (Table 2; Fig. 2b). We assumed that the day
95 LCI for the alfalfa would better characterize the
litter structural composition starting at day 16 due to
its rapid decomposition, which reached its asymptote
for CO, and DOC fluxes by day 15. The initial LCT still
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fit for the other litter types who had not reached their
asymptote for CO, and DOC fluxes by day 16. We
divided the mid and late phases of decomposition
based on the different offsets of the DOC:CO,
versus LCI curves for these two phases (Fig. 2b).
We omitted the py-OM in Fig. 2b because we did not
have enough sample for the day 0 AUR and cellulose
determination.

Litter and py-OM chemistry

The substrates studied spanned a broad range of initial
chemistries based on C:N, % o-cellulose, % AUR, %
non-structural material and % HWE-C (Table 1).
Alfalfa represented the most labile litter type due to its
rapid mass loss, high N content, low AUR content and
low LCI of 0.24. Oak and pine had a high initial LCI of
0.46 and 0.51 respectively, while ash and bluestem
both had a low LCI of 0.34 and 0.20 respectively. The
initial substrates also ranged in their initial % non-
structural composition, from 73.62 % (alfalfa) to
11.46 % (py-OM) (Table 1). The initial % HWE-C
varied proportionally to the % non-structural compo-
sition (R2 = 0.99, p < 0.0001; Table 1).

The C:N of alfalfa and py-OM did not change
significantly throughout the incubation, while the C:N
of ash, bluestem and oak significantly decreased
between day O and 95 but then remained constant
between day 95 and 365. The only litter type whose
C:N continued to decrease both from day O to 95 and
from day 95 to 365 was pine (p < 0.01).

Results from the ADF digestion of the litter at all
three time points revealed an increase in the AUR
fraction over time, in both absolute terms and in terms
of its relative contribution to the mass remaining
(Table 1). Alfalfa was the only litter type whose
absolute amount of the AUR did not change over time.
For ash, bluestem, oak and pine the absolute mass of
AUR increased on average by 190 % from day 0 to 95,
and then decreased by on average 69 % from day 95 to
365. The a-cellulose fraction decreased over time,
both in relative and absolute amounts for all substrates
(Table 1). The three replicates of the pine sample had
to be aggregated for the day 365 ADF digestion, so
there was no statistical power to the increase in o-
cellulose for pine from day 95 to day 365 (Table 1).
There was not enough day O py-OM for initial AUR
and o-cellulose determination, but from day 95 to 365
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Table 2 Regression results from the average day 16-365 proportion of C lost as DOC:CO, against various initial litter chemistry

parameters on three replicates

R? F-value p value
Day 0 LCI, with day 95 LCI for alfalfa* 0.9724 105.626 0.001964
Day 0 % o-cellulose 0.6172 4.837048 0.115244
Day 0 % non-structural 0.3479 1.600248 0.295198
Day 0 LCI 0.317 1.392538 0.323027
Day 0 %N 0.3066 1.326557 0.332878
Day 0 % lignin 0.1186 0.403701 0.570334
Day 0 lignin:N 0.0128 0.039007 0.856059
* This is the regression shown in Fig. 2b
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the absolute mass of the a-cellulose fraction decreased
by 50 %, while the absolute mass of the AUR fraction
decreased by 3 %.

Although we did not use FTIR to quantify changes
in litter chemistry, results from the FTIR analysis of
the substrates at day 0, day 95 and day 365 revealed
shifts in chemical composition among the substrates
and over time. Initially, the py-OM samples differed
significantly in chemical composition from the five
litter types (p < 0.05, Fig. 3). When we removed the
py-OM from our initial sample dbRDA analysis, there

was still a statistically significant difference between
the five remaining litter types (p < 0.05). This differ-
ence was mainly driven by the differences between the
alfalfa and bluestem litters. At time zero, the litters had
defined bands at ~ 3400, 2950-2850, 1650-1580,
1435, 1100, and 897 cm™' (Fig. 3). The region
between 3600 and 2850 was very similar between
the litters, except for the more pronounced absorbance
of the pine litter at the aliphatic CH band
(2950-2850 cm™ "), possibly because of the presence
of resinous material. The py-OM had reduced
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absorbance at ~3400 cm due to the loss of OH and
NH groups during pyrolysis. Oak and pine had the
most marked carbonyl peaks at 1740 cm™'. The peak
between 1650 and 1580 narrowed towards 1610 in the
py-OM and the pine indicating higher aromatic
skeletal vibrations, whereas the alfalfa had a peak
towards 1655 consistent with esters in proteins
(Galletti et al. 1993). Between 1500 and 1510 cm !,
the lignin peak (White et al. 2011) was absent in the
alfalfa spectrum, consistent with the high non-
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400
Incubation day

structural character of this litter (Table 1; Fig. 3).
Spectral subtractions showed that for all of the
substrates, except for pine, there was a loss in
absorbance during the incubation at ~ 3470,
2925-2850, 1740 and 1080 cm™', consistent with
the loss of carbonyl-containing moieties and aliphatic
CH (Fig. 4). Pine, in contrast, showed a reduction in
absorbance at 3570 and 2940-2850 cm™' during
incubation. The substrates tended to gain absorbance
at 1680 and 1545 cm™" during the incubation, which
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Fig. 6 PCA scores (a), and component loading (b) results of
FTIR functional group chemistry of all litter DOM leachates
over time labeled by incubation day number. The percent
variation accounted for by each component is in parenthesis

suggests an increase of amide and aromatic C=C
during decomposition (Calderon et al. 2006).

Litter and py-OM chemistry controls on DOM
composition over time

In addition to quantifying the substrate chemistry
controls on the amount of DOC leached over time, we
also measured changes in DOM DOC:TDN, organic
and inorganic N composition, and functional group
chemistry over time. Initially, the DOC:TDN of the
DOM significantly correlated to the C:N of the initial
litter (R* = 0.7967, p = 0.017). All of the DOC:TDN
ratios of the DOM decreased exponentially until they
reached a constant level, with the DOC:TDN of alfalfa
DOM leveling off at 2.9 by day 4, oak at 18.9 by day
20, ash at 30.2 by day 64, bluestem at 66.2 by day 64,
py-OM at 15.1 by day 64 and pine at 31.0 by day 64

(Fig. 5a). These ultimate DOC:TDN values of the
DOM also correlate strongly with initial substrate C:N
(R2 = 0.9906), when the pine litter is excluded
(Fig. 5b). Throughout the incubation over 80 % of
the TDN in the DOM was organic, i.e. not NH," or
NO;™, except for alfalfa, whose DOM contained
40-60 % inorganic N from day 28 to 365 (data not
shown).

We analyzed the FTIR spectral data from nine of
the leaching events during the incubation, on days 0, 1,
4,7, 10, 95, 118, 228 and 365, by dbRDA and PCA.
When we compiled the leachate FTIR data by
substrate over time, we found no significant differ-
ences in the overall composition of the leachate
between the different substrates according to dbRDA
(p = 0.074). The leachates showed absorbance peaks
at 330, 2926, 1590, and 1060 cm ™. Instead, across all
litter types (excluding the py-OM), dbRDA analysis
showed that there was a statistically significant shift in
the chemical composition of the leachate over time
(p = 0.005). Analysis of the FTIR spectra data shows
that the absorbance at 3400 (OH/NH), 2070 and
1622 cm ™' (aromatic, carboxylate, conjugated ketone
C=0) decreased from days 0 and 4 to days 7 and 10
according to component 1 of the PCA (Fig. 6).
Absorbance at wavenumber 2926 (aliphatic CH),
1590 (amide II) and 1060 cm™' (polysaccharide)
decreased later in the incubation. The day 1 leachate
resembled the day 7 and 10 leachate more closely than
the day O and day 4 leachates (Fig. 6). We speculate
that this is due to the presence of excess inoculum-
derived DOM at day 1, which was added after the
initial day O leaching event, being leached out along
with the day 1 substrate leachate.

Discussion

DOM production and DOM:CO, partitioning
during decomposition

After 365 days of incubation, we found that a
significant fraction of the mass lost from the fresh
and pyrolized litters was lost as DOM. Total DOC
losses ranged from 2 to 16 % of the initial C, and did
not correlate with rates of mass loss. This range of
DOC leaching falls at the lower end of those found in
previous laboratory leaching studies (Magill and Aber
2000; Kiikkila et al. 2012). It is important to note,
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Fig. 7 A new conceptual
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however, that laboratory litter leaching estimates may
differ based on the method of leaching employed
(Soong et al. 2014), and provide a measure of potential
DOC leaching rather than a measure of actual DOC
leaching in situ. Confirming our first hypothesis, DOC
leaching rates did not correlate with CO, production
rates when examined over the entire course of the
incubation (Fig. 1). Similar results were found by
Klotzbucher et al. (2011), who proposed that excess
soluble C in the early stage accounts for the disconnect
between DOC leaching and C mineralization, and that
soluble C availability limits CO, production in the
later stages of decomposition. We also found that the
direct leaching of soluble C in the early decomposition
stage accounts for the disconnect between DOC and
CO, production, but we propose that litter chemistry,
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Late phase

Time

in particular the initial litter LCI and potentially N
availability, control the relationship between DOC
leaching and C mineralization in the later stages of
decomposition.

The results of our incubation suggest that substrate
chemistry controls the amount of litter-C lost to DOC
leaching and CO, efflux during decomposition. In
Fig. 7, we present our conceptual model of decompo-
sition that describes changes in litter chemistry
controls on the early, fast phase of decomposition
(based on days 0—15 of our incubation) characterized
by high DOC and CO, fluxes, and the mid and late
slow phases (based on days 16—64 and 65-365 of our
incubation) characterized by lower DOC and CO,
fluxes (Fig. 1). Solid sections represent leaf litter
components, while dotted sections represent the fate of



Biogeochemistry (2015) 124:27-44

39

that mass into DOC (blue) or CO, (grey). “Non-
structural plant material” represents the initially
leachable fraction of the litter that correlated with
HWE-C in our incubation (based on Fig. 2a). “Mi-
crobial products” and “Lignin” together represent the
AUR dynamics found in our study, assuming that
initial day 0 measures of AUR did not contain any
microbially produced secondary compounds, while
measurements at day 95 and day 365 did. We divided
the a-cellulose fraction that we measured using the
ADF method into “Free cellulose” and “Lignin
protected cellulose” based on the initial lignocellulose
index of the substrates.

During the early phase (day 0—15) of the incubation
the amount of HWE-C, or non-structural material, in
the initial substrates predicted DOC leaching
(Fig. 2a). On average, 22 % of the HWE-C was
leached out in the early phase. HWE-C is a measure of
the water-soluble fraction of litter and has been
suggested to be readily mineralizable, and consist
mainly of soluble carbohydrates (Landgraf et al.
2006). HWE-C may be a more applicable metric than
% non-structural material as measured by the NDF
procedure for estimating the early phase DOC leach-
ing, due to the wide range of NDF procedure
modifications throughout the literature and the inclu-
sion of lipids in the NDF fraction (Van Soest et al.
1991). In our study, %HWE-C did not correlate as well
with CO, mineralization during the initial phase
(R2 =0.67) as it did with DOC leaching
(R2 = 0.914), and so should be considered an even
better predictor of leachable C than of readily
mineralizable C in fresh litter samples. The reflection
of initial litter C:N in the initial high DOC:TDN ratios,
as well as the lack of correlation between DOC and
CO, during the early phase of decomposition, provide
evidence that in this early phase DOM consists of
soluble plant material, not microbial products (Fig. 5).

During the mid and late phases of decomposition
(day 16-64 and day 65-365), the initial litter LCI
controlled partitioning of C loss to DOC and CO,
fluxes (Fig. 2b). The LCT has historically been a good
predictor of litter mass loss rates (Preston et al. 2009a),
but to our knowledge this is the first time it has been
shown to control the ratio of mass lost to DOC:CO,.
We propose that the higher DOM leaching from litters,
such as bluestem and ash with alow LCI, is mainly due
to leaching from unprotected cellulose, whereas the
higher CO, production from litters, such as pine and

oak with high LCI, is due to lignin protection of
cellulose decomposition (Fig. 7). The mid and late
phases showed different DOC:CO, losses, with higher
DOC:CO; losses during the mid phase (Fig. 2b). The
higher intercept of the curve for the mid phase (days
16-64) is likely due to the availability of unprotected
cellulose (Figs. 2b, 7), which has a high CUE leading
to more DOC production (Moorhead et al. 2013).
During the late phase (days 65-365) there is more CO,
production relative to DOC than the mid phase due to
the lower energy yield from the decomposition of
remaining lignin and lignin-protected cellulose
(Moorhead et al. 2013) (Figs. 2b, 7). The similar
slope of the relationship between LCI and DOC:CO,
losses during the mid and late phases demonstrates the
LCI controls on DOC:CO, partitioning once the initial
plant soluble fraction has been leached (Figs. 2b, 7).
For low LCI material, as free cellulose is broken down
and leached during the mid-phase the remaining
residue begins to resemble the high LCI material, so
CUE is lower during the late phase as lignin and lignin
protected cellulose are degraded resulting in higher
CO, losses (Fig. 7).

Our results are consistent with the Moorhead et al.
(2013) model of the relationship between LCI and
CUE during litter decomposition. In accordance with
their model, our results show that at a higher LCI there
is a higher energetic cost to the breakdown of the litter
structural material and more C is lost as CO,, whereas
at lower LCI the excess energy from unprotected
cellulose breakdown causes more C to be leached as
DOC. Ash and bluestem, both characterized by low
LCI, continued to have high DOC leaching throughout
the mid and late phases of the incubation, likely due to
the high availability of unprotected cellulose (Figs. 1,
7). The alfalfa litter was the one exception to this
trend; when using the initial LCI value, alfalfa did not
fit the DOC:CO, trend exhibited by other litters in later
stages of decomposition, however alfalfa did fit this
trend when its day 95 LCI was used (Fig. 2b; Table 2).
This can be explained by the fact that alfalfa was the
only litter type in our study that is not N limited
(Table 1). Abundant N availability can reduce DOC
leaching due to higher C immobilization in microbial
residues (e.g., higher microbial CUE), leading to a
lower DOC leaching than would be expected based on
LCI (Sinsabaugh et al. 2013; Manzoni et al. 2012). For
N-limited material such as ash, bluestem, oak and
pine, N did not control DOC leaching, rather LCI
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controlled CUE and the partitioning between DOC
and CO, fluxes. Under field conditions external N
inputs could add N to decomposing plant material, and
thus the interaction between N availability and LCI
controls on DOC leaching in situ is an important area
of future research.

Approximately 30 % of the C lost from all of the
litter types in our incubation was not accounted for as
DOC or CO,. This could be due to a leaking of
unaccounted for CO, from the jars, or possibly from
the emission of unmeasured volatile organic com-
pounds (Gray and Fierer 2012) and methane from the
decomposing litter. We could not confirm that all of
the missing C was lost as CO,, so did not include it in
our measurements of CO, flux, but when added to the
CO, flux we found the same significant LCI control
over the ratio of DOC:CO, losses during the mid and
late phases (R? = 0.85 for day 16-64, and R* = 0.96
for day 65-365).

DOC and CO, fluxes from pyrogenic organic
matter

Depending on feedstock and pyrolysis conditions,
chemical properties and biodegradability of py-OM
may differ significantly (Baldock and Smernik 2002).
During our incubation of py-OM produced from
pyrolysis of A. gerardii at 300 °C for 4 h, we found
an overall non-statistically significant mass loss of
4 %. Of the initial C in the py-OM, 1.57 % was lost as
DOC and 2.59 % was lost as CO,. These values are
similar to the 1 % DOC and 2.2 % CO, losses found in
a field study from py-OM leaching in a savanna Oxisol
(Major et al. 2010). Similarly to non-pyrolyzed litters,
nearly all the DOC leached from py-OM in the early
phase of decomposition (day 0-15). This points
toward the need for a two-phase model of py-OM
decomposition with a fast early stage and a much
slower later stage (Foereid et al. 2011). The implica-
tions of py-OM DOM inputs to the soil after a fire
depend on complex DOM-soil interactions, but could
increase soil fertility in some circumstances (Novak
et al. 2009). HWE-C is a good measure of the
leachable fraction of py-OM, with 75 % of the total
DOC leaching from py-OM occurring in the early
phase, accounting for 20 % of the HWE-C, similar to
the litter dynamics (Fig. 2a). By day 95, the LCI of the
py-OM was 0.97, with CO, fluxes greatly outweighing
DOC fluxes (Fig. 1). Although py-OM decomposition
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is slow, this study confirms the idea that, in soils, py-
OM may behave similarly to non-pyrolyzed litter
(Knicker 2011). Thus, py-OM chemistry could be used
to predict the proportional loss of py-OM to leaching
or respiration, and may help explain the variable
estimates of py-OM mean residence times in soils
(Schmidt et al. 2011), as well as better inform
projections of fire impacts on ecosystem C cycling.

Substrates and DOM chemistry changes
during decomposition

The cellulose and AUR chemistry of the different
substrates changed progressively throughout the incu-
bation (Table 1). Alfa-cellulose content declined
throughout the incubation, while AUR content in-
creased from day 0 to 95 then decreased from day 95 to
365 (Table 1). Our observations of increasing absolute
AUR amounts are consistent with the concept of AUR
as a measurement that contains not only lignin but also
secondary compounds, or microbial products, pro-
duced during decomposition (Preston et al. 1997;
Johansson et al. 1986). We took efforts to ensure that
our litter samples had not touched the ground or been
rained on prior to collection, so the initial AUR values
used to calculate the initial LCI are a good estimate of
initial lignin content. The increase in AUR at day 95
(Table 1) could be due to the production of secondary
compounds from high microbial activity (i.e. CO,
flux) during the early and mid-phases of decomposi-
tion (Fig. 7). While the AUR fraction cannot be used
to infer lignin dynamics during decomposition (Cotru-
fo et al. 2013), our results suggest that this recalcitrant
fraction is a key regulator of DOC:CO, partitioning
from decomposing plant material, and that the AUR
fraction is relevant to calculating LCIL.

The leachate chemistry changed during the course
of the incubation reflecting the progressive loss of
non-structural plant material followed by the break-
down products of cellulose and microbial products
(Fig. 6). The decline in DOC:TDN throughout the
incubation indicates that leaching is initially plant-
derived and later is comprised of a mixture of plant
decay products and some microbial products (Fig. 5).
Although microbial products were being produced
during the incubation, as indicated by the accumula-
tion of AUR, these low C:N microbial products
(Cleveland and Liptzin 2007) did not appear to be
the dominant component of DOM due to the high
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asymptote of the DOC:TDN ratios toward the end of
the incubation and their correlation with litter C:N
(Fig. 5). Substrates such as bluestem and ash, with a
large cellulose fraction and higher rates of DOM
leaching in the mid and late phases, had the highest
DOC:TDN ratios at their asymptotes reflecting the
continual leaching of the cellulose degradation products
from these low LCI litter types (Fig. 5a). The leachate
from all of the substrates except alfalfa contained
mainly organic N with very little NH,* and NO; ™. The
low C:N of the alfalfa leachate, along with the presence
of NHst and NO5 ™, provide evidence that the all of the
substrates except alfalfa were N limited, and thus fit the
proposed LCI model (Fig. 7). Over time, all of the
litters except pine lost absorbance at ~ 3400,
2925-2850, 1740 and 1080 cm™', consistent with the
loss of carbohydrates, aliphatic CH, and progression of
decomposition state (Haberhauer et al. 1998).

The functional group chemistry of the DOM
reflects the sequential changes in substrate chemistry
over time (hypothesis 2). DOM functional group
chemistry changed significantly with time across all
substrate types. DOM functional group chemistry
became more similar over time (Fig. 6), indicating
that the effect of initial substrate chemistry (Fig. 3) on
DOM composition decreases as litter chemistry con-
verges with increasing decomposition (Preston et al.
2009a). Initially (day 0-10), the DOM showed high
absorbance of OH/NH (3400 cm_l), aromatic, car-
boxylate and conjugated ketone C=0O (2070 and
1622 cm™ ") functional groups (Fig. 6). This is also
when most of the leaching occurred. Although micro-
bial degradability of DOM is high (Don and Kalbitz
2005), it is possible that some leachate from above-
ground plant materials could reach mineral soils
without being transformed (Kalbitz et al. 2005).
Carbohydrates (—OH) in the initial DOM have limited
sorption potential to mineral components in the soil
(Oren and Chefetz 2012). Carboxylic groups at
1622 cm™', however have been shown to play a
major role in the binding of OM to metal oxides, and
could be directly stabilized onto the minerals in the
soil, especially under high pH conditions (Oren and
Chefetz 2012; Kaiser and Guggenberger 2000). Later
(day 95-365), the DOM showed absorbance indicative
of mainly aliphatic CH (2926 em™Y), amide II
(1590 cm™") and polysaccharide (C-O, 1060 cm™")
functional groups (Fig. 6). These DOM functional
groups may be indicative of later stage decomposition

products such as waxes [2926 cm ™!, (White et al.
2011)], lignin degradation products [1590 cm™',
(Calderon et al. 2006)] and polysaccharides with
limited mineral sorption potential [1060 cm ™', (Oren
and Chefetz 2012)]. Therefore leaching of aromatic
structures and carboxyl groups (1622 cm™') in the
early phase of decomposition could contribute sig-
nificantly to soil C stabilization through ligand
exchange reactions with metal oxide surfaces in the
soil (Kaiser and Guggenberger 2000). Since HWE-C
correlates strongly with early phase DOC leaching,
HWE-C could be a good metric for estimating litter
leachate contributions to SOM formation across
different plant species.

Implications and conclusions

During our 365 day incubation, we found that up to
16 % of litter mass was lost as DOC, up to 37 % was
lost as CO,, and that litter chemistry controlled this
partitioning (hypothesis 1). The large amount of DOM
leaching from decomposing fresh and pyrolyzed plant
litters can be used to help estimate aboveground plant
inputs to the soil and SOM formation. Our finding that
substrates with a larger HWE-C fraction and faster
mass loss lose proportionally more mass to DOC than
CO,, as compared to slower decomposing substrates,
provides evidence of the potential for fast decompos-
ing litter types to contribute relatively more OM to the
soil than litters that decompose more slowly (Cotrufo
et al. 2013). Litter DOM inputs to the soil may also
contribute more to soil C sequestration due to their
high biodegradability by soil microbes (Kalbitz et al.
2003), whose metabolic products contribute to the
most persistent SOM pools (Grandy and Neff 2008). If
not immediately transformed by soil microbes, the
sequential shift in functional group chemistry of DOM
over the course of decomposition found here has
important implications for its fate once in the soil
(Oren and Chefetz 2012). A sequential change in litter
chemistry during decomposition appears to control the
composition of DOM leaching from litter over time
(hypothesis 2). Non-microbial transformed soluble
plant components from the partial breakdown of
cellulose and lignin appear to leach out even during
the later phases of decomposition for litters with a
large cellulose fraction. The fate of DOM leached
from aboveground plant material once in the soil,
however depends on several factors such as pH (Oren
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and Chefetz 2012), microbial community (Cleveland
et al. 2007) and clay content (Wang et al. 2003) and is
beyond the scope of our study.

Substrates with a high amount of non-structural
material leached more DOC initially during the high
leaching period, and litters with a low LCI leached
more DOC relative to CO, during the later lower
leaching period (Fig. 2). These relationships provide
the basis for our new conceptual model on how litter
chemistry can be used to predict the fate of litter mass
loss (Fig. 7), which is an advancement over previous
models focusing only on controls of mass loss rates
(Berg and Matzner 1997; Chapin et al. 2002). Under
field conditions, climate largely controls litter decom-
position rates (Aerts 1997) and we did not test the role
of climate in the DOC:CO, partitioning. However the
specific litter chemical mechanisms controlling DOC
and CO; fluxes found here can be used to start building
and testing models of litter decomposition and
aboveground plant material-soil-atmosphere C cy-
cling under field conditions. We propose that these
highly significant litter chemistry controls on DOC
leaching and CO, efflux should be incorporated into
mathematical models of ecosystem C cycling to
account for the fluxes of C from decomposing plant
material to the soil and atmosphere.
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