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Recent evidence suggests that soil organic matter (SOM) is largely composed of microbial products rather
than plant compounds that resist decomposition. The chemical transformation of leaf litter components
during decomposition is critical in controlling SOM formation. Plant leaf litter tends to decompose faster
in its native environment than when it is placed under other vegetation types. This home-field advantage
(HFA) suggests that decomposer communities are specialized to most efficiently degrade the litter found
in their native environment, possibly through the production of specific enzymes that degrade unique
compounds within that litter. Could this affect the degree to which leaf litter chemistry is altered during
decomposition? We used pyrolysis-molecular beam mass spectrometry (py-MBMS) to analyze whether
the chemistry of aspen and lodgepole pine litter was altered to a greater degree when decomposed in its
home environment compared to an away environment. We had previously reported a 4% HFA for pine
litter decomposition rates in this reciprocal experiment, and attributed that effect to differences in
decomposer communities. Our high-resolution analysis revealed that litter chemistry also changed to
a greater extent in its home environment. The changes in litter chemistry were more pronounced for the
more recalcitrant pine litter, suggesting that decomposer community specialization is more important
for recalcitrant litter. The accumulation of microbial products and microbially-transformed plant
components resulted in an overall convergence in litter chemistry as decomposition proceeded, but the
imprints of both initial litter chemistry and decomposer communities remained evident. The detection of
new compounds in decomposed litter and the HFA effect on litter chemistry suggest that decomposer
communities affect both the rate at which individual compounds within litter are decomposed, and the
chemical nature of compounds that are incorporated into SOM.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Litter decomposition rates typically decrease exponentially
through time, reaching an asymptotewithw10e50% of the original
litter mass remaining (Berg and Ekbohm, 1991; Harmon et al.,
2009). For many decades, it was assumed that this asymptote
represented the proportion of litter composed of resistant
compounds, which were thought to be the major source of soil
organic matter (SOM). However, mass loss values underestimate
u (M.D. Wallenstein).

All rights reserved.
the amount of litter that has undergone decomposition because
remaining mass includes compounds that have been chemically
transformed during decomposition as well as de novo microbial
products (De Marco et al., 2012).

Isotopic tracers indicate that 5e10% of the original litter mass is
eventually incorporated into SOM pools with turnover times
ranging from decades to millennia (Follett et al., 1997), which
could be either resistant plant materials or plant compounds that
have been transformed or metabolized by microbes. High-
resolution chemical analyses of SOM have recently revealed that
resistant plant compounds such as lignin are not a major compo-
nent of SOM (Gleixner et al., 2002), but rather that SOM is largely
composed of microbial products of litter decomposition (Miltner
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et al., 2011). Thus, the importance of litter quality in determining
SOM chemistry needs to be revisited (Schmidt et al., 2011).
Although changes in vegetation cover affect the chemical compo-
sition of SOM (Filley et al., 2008; Nierop et al., 2001; Quideau et al.,
2001), differences between SOM derived from different litter types
appear to diminish with increasingly older fractions (Grandy and
Neff, 2008). Fierer et al. (2009) hypothesized that microbial pro-
cessing of SOM results in convergent chemistry, and the same
mechanism should drive patterns in litter decomposition.

While it has long been known that climate and litter quality are
the primary controls on the rate at which leaf litter is decomposed
(Gholz et al., 2000; Meentemeyer, 1978), recent evidence suggests
that the composition of decomposer communities may also be
important (Hattenschwiler and Gasser, 2005; Wall et al., 2008).
Decomposer communities are often adapted to degrade the type
of leaf litter that they encounter most often, which typically comes
from the plant species above them (Ayres et al., 2009a; Strickland
et al., 2009a,b). This results in litter decomposing more rapidly in
its ‘home’ environment than in an ‘away’ environment (Bocock
et al., 1960; Hunt et al., 1988), which has been termed ‘home-
field advantage’ (HFA) (Gholz et al., 2000). A recent review of litter
mass-loss data from reciprocal litter transplant studies showed
that, on average, 8% more mass was lost from leaf litter when it
decomposed at home rather than away (Ayres et al., 2009c). Soil
biota also affect the chemical nature of metabolic products of
decomposition (Steffen et al., 2007; Wallenstein et al., 2010), and
can influence changes in litter chemistry during decomposition
(Wickings et al., in press, 2011). The most important difference
between decomposer communities may be in the specific ways
they transform litter rather than the rate at which it is
decomposed.

Most studies of the litter-decomposition HFA have assessed
mass loss, C loss, or CO2 production, but have not considered how
community composition affects the complex transformation of
specific plant compounds during the decomposition process. Do
decomposer communities differ in their abilities to decompose
different compounds? Do different decomposer communities
transform compounds into different products? Since the HFA tends
to be greater for litters that differ in overall chemistry (Freschet
et al., 2011), we hypothesize that differences between decom-
poser communities should be greater for specific compounds that
are not ubiquitous. Most major components of litter (carbohy-
drates, cellulose, proteins, hemi-cellulose, and fatty acids) are
shared by a wide range of litter types and should be decomposed at
similar rates by different decomposer communities. Other
compounds may require specific hydrolytic enzymes that are only
produced by specialized taxa to be degraded. The rate at which
specific compounds are decomposed and the microbial products
Table 1
Characteristics of soils and litter in the San Juan Mountains, Colorado, USA CO at 3000 m
et al. (2009a,b).

Soil characteristics

Soil pH Soil C % Soi

Aspen 5.5 3.5 0.1
Pine 6 2.9 0.1

Litter characteristics

Cellulose % Lignin % Li

Aspen 42.1 � 3.0 20.2 � 2.1 24

Pine 50.0 � 1.0 33.8 � 0.5 73
that are formed should differ between decomposer communities.
However, the details of these interactions will require additional
studies of the interactions of soil biota with litter chemistry
(Preston et al., 2009b).

Traditionally, litter chemistry has been described using broad
indicators of quality (e.g. lignin:N), which indicate their overall
decomposability (Melillo et al., 1982). More recently, multiple plant
traits have been shown to provide additional insights into controls
on decomposition (Freschet et al., 2011; Meier and Bowman, 2008).
New high-resolution methods have revealed that plant litter
consists of a large diversity of compounds (Valaskova et al., 2007;
Wickings et al., 2011). For example, analytical pyrolysis applied to
structural studies of synthetic and biologic macromolecules has
revealed a large diversity of products (Hatcher et al., 2001). Mass
spectrometry and other high-resolution techniques will make it
possible to further define these products, and contribute to
a deeper understanding of the linkages between litter chemistry,
decompositionetransformation, and SOM chemistry.

We previously conducted a litter transfer experiment with
aspen and lodgepole pine in the San Juan Mountains of Colorado,
USA, to examine the effect of decomposer community composition
on litter decomposition (Ayres et al., 2009a,b). Bulk soil and litter
chemistry, microbial biomass, site characteristics, and mass loss
following 734 days of field decomposition are provided in Table 1.
The aspen litter, which has a narrow lignin:N ratio, degraded more
rapidly than the pine litter, and both litters decomposed more
rapidly in the aspen stands than in pine stands, presumably due to
a favorable microclimate. However, after accounting for those
effects, Ayres et al. (2009a) calculated a 4% HFA for pine litter after
734 days. The HFA may have been due to differences in bacterial
and fungal community composition, and differences in the abun-
dance of rotifers, collembolans, nematodes and mesostigmatid
mites between soil communities in the pine and aspen stands
(Ayres et al., 2009b). These different decomposer communities also
metabolized the leaf litter into chemically distinct soluble metab-
olites, suggesting that they were decomposing the litter through
different metabolic pathways (Wallenstein et al., 2010). Given these
differences in the chemistry of decomposition products, does HFA
affect the degree to which the chemistry of different litters
converge as they are decomposed and transformed into SOM?

While previous studies have shown an effect of decomposer
communities on decomposition rates and metabolite production,
they have not examined if these observations are driven by differ-
ences in the degree to which specific litter components are
degraded and transformed. To address this, we used py-MBMS to
characterize the molecular structure of the aspen and pine litters
before and after two years of decomposition in both aspen and pine
stands to determine whether the site where decomposition
elevation, 37.71� latitude and 107.74� longitude (�S.E.M, N ¼ 4). Adapted from Ayres

l N % Microbial C
mg C kg�1 soil

Fungi:bacteria rRNA
gene ratio

8 270 1.7
6 220 1.3

gnin:N Mass loss % after 734 days

.1 Aspen in aspen 45.2 � 3.8
Aspen in pine 36.8 � 6.9

.3 Pine in aspen 36.4 � 4.9
Pine in pine 33.0 � 5.2
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occurred affected the chemistry of decomposition products. We
expected to observe greater site effects for relatively recalcitrant
litter (i.e. pine) and relatively recalcitrant compounds (e.g. phenols
& lignin monomers) than for more labile litter (i.e. aspen) and
compounds (e.g. carbohydrates, proteins and lipids). We also tested
the hypothesis that microbial decomposition of litter reduces
chemical differences between litter types, resulting in more similar
molecular structures in decomposed material than in original litter.

2. Methods

The litter decomposition experiment was conducted at
a w3000 m elevation in the San Juan Mountains of southwest
Colorado, USA. In Silverton, elevation 2825m, which is about 11 km
from the field sites, mean annual maximum and minimum
temperature was 23 �C and 3 �C in July and 1 �C and �18 �C in
January (Keen, 1996). Four replicate blocks consisted of stands of
aspen (Populus tremuloides) and lodgepole pine (Pinus contorta) on
similar elevation, slope, aspect, and geological material with the
blocks being located within a 5 km area and stands within a block
no further than 200 m apart (Ayres et al., 2009a,b). At each
sampling site the forest floor of each stand was dominated by leaf
litter derived from the dominant tree species in that stand (EA, HS
personal observation), indicating that nearby stands of other tree
species had little influence on the soil properties. Naturally sen-
esced leaves and needles were collected in traps between late
August and early October 2006 from the aspen and pine stands
within each block, and litter C and N concentrations were deter-
% of Decomposition ¼
�

% Total Ion Intensity litter after decomposition
% Total Ion Intensity of litter prior to decomposition

� 100
�

mined on an elemental analyzer (LECO, St Joseph, MI). Within each
replicate block, litter bags (10 cm � 10 cm, 1 mm mesh) were filled
with 3 g litter and placed on the litter surface of either aspen or pine
stands with litter collected from that block. Initial litter and litter
after decomposition for 734 days in the field (Ayres et al., 2009a)
were collected dried at 65 �C, weighed and analyzed.

2.1. Molecular analysis

Pyrolysis-molecular beam mass spectrometry (Hoover et al.,
2002; Magrini et al., 2002) analysis was performed on each
sample in triplicate using 0.02 g samples weighed into quartz boats.
Py-MBMS produces pyrolysis products generated at atmospheric
pressure, which are then swept into a mass spectrometer by
supersonic jet expansion via rapid pumping that cools the pyroly-
zate products to minimize condensation reactions (Evans and
Milne, 1987). Samples were inserted into a 2.5 cm diameter
quartz tube, filled with a stream of helium flowing at 5 l min�1. The
quartz reactor was heated at 550 �C and connected to the sampling
orifice of the molecular beam-mass spectrometer (MBMS). The
system utilized an Extrel� model TQMS C50 for analysis of the
pyrolysis vapors. Residence time of the vapors was short enough to
minimize secondary reactions in the quartz reactor. Mass spectral
data m/z 20e720 was measured on a Technivent Vector 2� using
22 eV electron impact ionization. Signals from individual samples
were standardized to 100% total ion intensity (TII), which corrects
for differences in sample size and C content. Analytical replicates
were averaged for each sample and all statistical analysis was done
on the four block replicates. The amount of C and N pyrolyzed was
determined by weighing the sample before and after pyrolysis and
measuring the C and N content of the pyrolyzed residues using
a Carlo Erba NA 1500 Elemental Analyzer (Carlo Erba, Milan, Italy).

Interpretation of data such as this must consider that the total
ionization signal (TII) represents normalized values. The loss during
decomposition of larger peaks from cellulose, proteins and lignin
increases the percent TII of the higherm/z, which tend to be the less
dominant ones. This should increase the ability to further interpret
the presence of the higher m/z, which are often still unidentified
and occur to a greater extent after decomposition.

Data for 57e720m/z are shown for sample anddifference spectra
where theTII for the original spectrawas subtracted fromthose used
for comparison. The assignment of individual m/z was based on
literature values (Bracewell et al., 1989; Evans and Milne, 1987;
Gillespie et al., 2009; Hempfling and Schulten,1990; Niemann et al.,
1992; Schulten, 1996; Schulten et al., 1986; Stout et al., 1988; Sykes
et al., 2008; Van Smeerdijk and Boon, 1987) as well as from the
measurement of internal standards on our own instrument.

2.2. Statistical analysis

Differences in total ion intensity between litters for individual
m/z and compound categories were determined using a two-
sample Welch t-test with a significance level of p < 0.05. The
percent of decomposition for the individual m/z values (excluding
m/z < 57) was calculated using the mean values for the analytical
replicates within each treatment as:
A power function fit to the regression of % decomposition at
home versus away was calculated separately for each block to
evaluate whether compounds changed in abundance more rapidly
at home, consistent with a home-field advantage. A power function
was fit to the data from all m/z values, as well as to m/z values
corresponding to each compound category.

Non-metric multidimensional scaling (NMS) was used to
determine correlations between the mass spectral data from the
initial and decomposed litter samples for m/z 57e720 (PC Ord
version 6.0, MjM Software, Gleneden Beach, OR). For NMS, the
Sørensen (BrayeCurtis) coefficient was used for calculating
distance measures with a random seed and 50 runs with real data.

Multi-response permutation procedures (MRPP) were used to
test differences between groups. MRPP is a nonparametric proce-
dure for testing the hypothesis of no difference between groups
(Mielke and Berry, 2001). There were six groups in the analysis:
initial aspen, aspen decomposed in aspen stands, aspen decom-
posed in pine stands, initial pine, pine decomposed in aspen stands,
and pine decomposed in pine stands. PC Ord version 6.0 (MjM
Software, Gleneden Beach, OR) was used for MRPP. The Sørensen
(BrayeCurtis) distance measure was used with a natural weighting
as recommended by Mielke (1984).

3. Results

3.1. Py-MBMS characterization of litter chemistry

Averaged across both litter types, 217 compound features were
greater than 0.1% of the total ion intensity (Fig. 1a and b), and no



Fig. 1. Py-MBMS spectra in percent total ion intensity form/z 57e720 of a) initial aspen litter, b) initial pine litter, and c) the change in relative ion intensity between the initial aspen
litter and the initial pine litter with m/z greater in aspen positive and the m/z greater in pine negative and significantly different m/z (p < 0.05) color coded (N ¼ 4). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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single pyrolysis product represented more than 2% of the total ion
intensity. The two litter types differed in chemical composition,
with 204 features significantly different in relative ion intensity
(p < 0.05) (Table 2, Fig. 1c). We were able to identify 44% of the
pyrolyzate peaks, which account for 82.2% of the total ion intensity
by comparison to the m/z of pyrolyzates from known compounds.
Table 2
Pairwise comparisons of aspen and pine litter for all m/z and compound categories usin

Aspen initial
versus pine initial

Aspen in
versus pi

Pariwise MRPP (A)a 0.42 0.25
Number of m/z significantly

different (p < 0.05)
204 142

a A ¼ 1 indicates all samples are identical within groups, A ¼ 0 indicates that the hete
Of the remaining total ion intensity, 8.4% were from m/z 20e56,
which were excluded from statistical analysis and 9.4% were from
unidentified compounds. Of the total ion intensity detected in
aspen litter, 18.5% can be attributed to carbohydrates including
cellulose, and sugars (Table 3), compared to 20.4% of total ion
intensity in the pine litter (Fig. 1a and b), with the total ion intensity
g MRPP and pairwise t-test comparisons for each individual m/z (N ¼ 4).

aspen
ne in pine

Aspen in aspen
versus aspen in pine

Pine in aspen
versus pine in pine

0.01 �0.02
33 34

rogeneity between groups equals expectation by chance.



Table 3
Tentative compound assignment of py-MS m/z that contribute to litter differences. Some m/z may be associated with multiple compounds.

m/z Assignment Compound class

60 Acetic acida,b,c,d, C6 sugarse Carbohydrates
73 C5 sugarse, C6 sugarse Carbohydrates
82 Methylfurana,b,f, cyclopentenonea,b, cyclopent-3-en-1-onef Carbohydrates
98 Hydroxymethylfuranb,f, C6 sugarse Carbohydrates
105 Acetophenoneb,f, ethylmethylbenzeneb,f Phenols & lignin monomers
110 Methylfuraldehydeb,f, trimethylfuranb, 1,2-dihydroxybenzenea,b,d,e,f Carbohydrates/phenols & lignin monomers
122 Ethylphenolb,d,e,f Phenols & lignin monomers
137 Guaiacylethaneb,e,f, guaicylpropaneb,f, guaiacylpropan-2-oneb,f,

homovanilline, coniferyl alcohole,f
Phenols & lignin monomers

252 Alkene, c18:1g Lipids, alkanes, alkenes, fatty acids
272 c15, napthoflavoneg Lipids, alkanes, alkenes, fatty acids
280 Alkene c20:1g, linoleic acidb Lipids, alkanes, alkenes, fatty acids
300 Lignin dimerh/lipids, alkanes, alkenes, fatty acidsh

302 c16g Alkyl aromatic
390 Ethylcholestapenaeneg Sterol
424 10-Nonacosanolc Lipids, alkanes, alkenes, fatty acids
508 Lipids, alkanes, alkenes, fatty acidsh

536 Lipids, alkanes, alkenes, fatty acidsi

564 Lipids, alkanes, alkenes, fatty acidsi

648 Possible wax esterb Lipids, alkanes, alkenes, fatty acids
649 Lipids, alkanes, alkenes, fatty acids
676 Possible wax esterb,c,j Lipids, alkanes, alkenes, fatty acids
677 Lipids, alkanes, alkenes, fatty acids
678 Lipids, alkanes, alkenes, fatty acids
704 Possible wax esterb,c,j Lipids, alkanes, alkenes, fatty acids
705 Lipids, alkanes, alkenes, fatty acids
706 Lipids, alkanes, alkenes, fatty acids

a Evans and Milne (1987).
b Hempfling and Schulten (1990).
c Schulten et al. (1986).
d Stout et al. (1988).
e Sykes et al. (2008).
f Van Smeerdijk and Boon (1987).
g Gillespie et al. (2009).
h Schulten (1996).
i Tentative assignment based on calculations proposed by Bracewell et al. (1989).
j Niemann et al. (1992).
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of the carbohydrates being significantly different between the two
litters (p ¼ 0.003). The next most abundant components were
proteins, peptides, and amino acids, which represented 17.6% of the
total ion intensity in aspen and 18.2% pine and also differed
significantly between litter types (p ¼ 0.006).

Many of the compounds identified as lignin come from guaiacyl
fragments and syringyl fragments. The large peak at m/z 110
represents a breakdown product of caffeic acid associated with
lignin (Van Doorsselaere et al., 1995). Phenols and other lignin
monomers also differed in abundance between the two litters
(p ¼ 0.02) with this category representing 17.5% of the total ion
intensity in aspen and 16.3% in pine. The C and N showed similar
pyrolysis sensitivity. An average of 73% of the C in the aspen litter
was pyrolyzed relative to 76% in the pine litter (Table 4). The
pyrolyzed N in the aspen litter comprised 75% of the original N
compared to 78% in the pine, which had a lower initial N content.

Differences between pine and aspen in ion intensity for each
detected feature were calculated to evaluate which specific
compounds differed between the litters (Fig. 1). For example, m/z
Table 4
Carbon and N contents before and after decomposition and before and after pyrolysis of

Litter % C before pyrolysis % C after pyrolysis % N before pyro

Aspen initial 51.18 � 0.37 59.12 � 0.82 1.22 � 0.09
Aspen in aspen stand 49.88 � 0.49 51.82 � 1.10 2.00 � 0.11
Aspen in pine stand 50.75 � 0.21 48.31 � 2.12 1.91 � 0.15
Pine initial 54.75 � 0.59 66.09 � 0.46 0.93 � 0.06
Pine in pine stand 52.65 � 0.47 62.13 � 1.14 1.32 � 0.15
Pine in aspen stand 51.92 � 0.81 58.36 � 1.23 1.09 � 0.07
82 (methyl furan) and 105 (acetophenone), 122 (ethyl phenol) from
lignin plus the highmolecular weightm/z 252 (C18 alkene) and 390,
424, 508, 536 and 564 were more abundant in the aspen litter than
in pine (Table 3, Supplemental Table 1). The NMS analysis of allm/z
had two dimensions that accounted for 94% of the variation
between litter types and a final stress of 4.79 (Fig. 2a). We used
multi-response permutation procedures (MRPP) to determine
whether differences between litter types were significant. The
within-group homogeneity compared to the random expectation
(A) was 0.346 which means there was fairly good differentiation
between the litters (McCune and Grace, 2002). A pairwise
comparison between the initial aspen and pine litters resulted in
A ¼ 0.417 (Table 2). The NMS attributed many of the differences
between litter types to the higher m/z compounds (Fig. 2b and c).
For example, m/z 105, 508, 536, and 564 differentiated the initial
aspen and 648, 677, and 705 differentiated the decomposed aspen.
An NMS analysis conducted on individual groups of compounds
also separated the initial aspen and pine litters from each other
(Supplemental Fig. 1).
aspen and pine litter (�S.E.M., N ¼ 4).

lysis % N after pyrolysis C pyrolysis efficiency % N pyrolysis efficiency %

1.26 � 0.09 77.0 � 1.3 79.4 � 1.0
1.91 � 0.09 68.3 � 1.2 70.9 � 1.1
1.84 � 0.08 74.4 � 1.7 74.06 � 1.6
0.98 � 0.06 77.7 � 0.6 80.6 � 1.0
1.54 � 0.10 74.3 � 1.7 74.5 � 1.6
1.05 � 0.16 75.8 � 1.1 79.1 � 1.3
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of scores (a), axis 1 loadings (b), axis 2 loadings (c) for aspen (open) and pine (closed)
initial litter (-), decomposed in aspen stand (C), and decomposed in pine stand (:).
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3.2. Changes in litter chemistry following decomposition

After two years of decomposition in the field, many compounds
were less abundant in aspen and pine litters, but some compounds
increased in relative abundance. The aspen litter was still chemi-
cally distinct from pine litter, but only 142 m/z differed (p < 0.05)
between the two litter types decomposed in their home environ-
ments (Table 2). A pairwise MRPP analysis also confirmed that the
decomposed litters differed in chemistry (A ¼ 0.252), but less so
than the initial litters (Table 2).
A total of 131 aspen litter features differed significantly in
abundance after being decomposed in the aspen stand (Fig. 3a)
compared to 135 when decomposed in the pine stand (Fig. 3b,
Supplemental Table 1). For the pine litter, 71 features were
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significantly different between the initial litter and the litter
decomposed in the pine stand (Fig. 3c) and 77 differed when
decomposed in the aspen stand (Fig. 3d, Supplemental Table 1). The
total relative ion intensity of “peptides, proteins, amino acids, and
nucleic acids” and “phenols and lignin monomers” significantly
declined in the aspen litter (p < 0.034). The total relative ion
intensity of lignin dimers, “lipids, alkanes, alkenes, and fatty acids”,
and unidentified compounds significantly increased (p< 0.05) after
two years of decomposition, likely due to other compound cate-
gories being preferentially decomposed. For the pine litter, the
proportion of “peptides, proteins, amino acids, and nucleic acids”
significantly declined (p < 0.036) and the proportion of lignin
dimers, “lipids, alkanes, alkenes, fatty acids”, sterols, and uniden-
tified compounds significantly increased (p < 0.05) after two years
of decomposition. In the aspen litter, the largest effect of decom-
position was the diminution of the 536 and 564 peaks with
a concurrent increase of 676-8 and 704-6 m/z (Fig. 3a and b). The
pyrolyzates with m/z 82, 105 and 122 that were abundant in the
original aspen litter also declined after two years.

There were 33 different features that differed significantly
(p < 0.05) in relative ion intensity between the aspen litter
decomposed in the aspen stand and the aspen litter decomposed in
the pine stand (Table 2). The majority of these features were in the
unidentified class, with m/z ranging from 223 to 686
(Supplementary Table 1). For the pine litter, there were 34 features
that differed significantly between the pine litter decomposed in
the pine stand and the pine litter decomposed in the aspen stand
(Table 2). Numerousm/z’s identified as fatty acids and N-containing
compounds differentiated the pine litters decomposed by different
communities. At the class level, the only significant change in total
relative ion intensity between stands was in the unidentified
category where the aspen decomposed in the pine stand had
greater total ion intensity than the aspen decomposed in the aspen
stand (p ¼ 0.04).

We evaluated the % decomposition of the individual compounds
for litter at home versus away to determine whether litter chem-
istry changed more rapidly at home. Overall, the chemical
composition of litter that decomposed at home changed slightly
more than litter that decomposed away for both aspen and pine, as
evidenced by the slope of the regression based onpercent change at
home versus away (Table 5). The slopes of the regressions (see
Methods for details) were significantly less than 1 for both species
(p < 0.001), indicating that the chemical constituents were altered
to a greater extent when litter decomposed at home (Table 5). The
slope of the regression for pine (0.45 � 0.03) was significantly
shallower than for aspen (0.61 � 0.02) (p < 0.05) (Table 5,
Supplemental Fig. 2), demonstrating that the effect of decomposi-
tion at home versus away was more pronounced for pine than for
aspen. The gradients of the regressions also differed among
compound classes (p < 0.01) (Table 5). The regression gradients
were significantly greater (indicative of a smaller HFA) for “phenol
& lignin monomers” and “peptides, proteins, amino acids, and
nucleic acids” than for lignin dimers (p < 0.05); the other
Table 5
Mean (1 SE) of the exponent value of the power function regression for litter decomposed
each compound class (N ¼ 4).

Compound class

All AA C LD Lip

Aspen Mean 0.613a 0.644a 0.683 0.583a 0.6
SE 0.024 0.099 0.119 0.059 0.0

Pine Mean 0.456a 0.661a 0.597a 0.235a 0.5
SE 0.034 0.075 0.065 0.035 0.1

a Significantly less than 1 (p < 0.05); AA, alkyl aromatics; C, carbohydrates; LD, lignin
phenols and lignin molecules; S, sterols.
compound classes did not differ significantly from one another
(p > 0.05).

4. Discussion

4.1. How did litter chemistry change during decomposition?

We have previously shown that differences in soil decomposer
communities and microclimate resulted in more rapid decompo-
sition in aspen stands than in pine stands, that aspen litter
decomposed faster than pine litter, and that pine litter decomposed
faster at home versus away (Ayres et al., 2009a). Our high-
resolution analysis of litter chemistry for litter decomposing at
home versus away demonstrates that the chemical composition of
litter also changes to a greater degree when it decomposes at home
versus away. The greater changes in litter chemistry at home likely
resulted from specialization of the aspen and pine decomposer
communities, which allowed them tomore rapidly degrade a larger
proportion of the compounds in the litter they encounter most
often.

The changes in litter chemistry at home versus away were more
pronounced for pine than for aspen, in support of our hypothesis
that HFA should be greater for recalcitrant litter types than for
labile litter (Ayres et al., 2009c; Freschet et al., 2011). The
compounds found in labile litter can probably be degraded bymany
decomposer organisms, whereas the complex compounds found in
recalcitrant litter likely require specialized enzymes in order to be
decomposed (Ayres et al., 2009c). Several studies have provided
support for this prediction (Ayres et al., 2009a; Strickland et al.,
2009a,b). Both traditional measures of litter quality (e.g. lignin:N)
and our py-MBMS data (e.g. the prominence of m/z 137, a lignin
indicator) indicate that the pine litter in our study was more
recalcitrant than the aspen litter. Our findings suggest that HFA not
only applies to rates of mass loss, but also to the rates at which
individual litter constituents are degraded and new compounds are
formed through decomposition.

The same theory developed for bulk chemistry should apply to
individual compounds: resistant compounds that require more
energy or specialized enzymes to degrade should exhibit a greater
HFA than easily degradable and ubiquitous labile compounds. Our
data offer support for this hypothesis. Lignin dimers had the most
pronounced HFA, whereas home-field advantage was weakest for
peptides, amino acids and nucleic acids. This suggests that lignin
degradation is a specialized trait that differs between decomposer
communities, whereas the ability to degrade peptides, amino acids,
and nucleic acids is universal. Freschet et al. (2011) recently sug-
gested that lignin content could be the predominant factor struc-
turing decomposer communities and their ability to degrade litter
mixtures of different quality. The ability to degrade lignin is con-
strained to a relatively narrow group of fungi and some bacteria
(Osono, 2007), and taxa differ substantially in their efficiency at
degrading lignin due to the production of different enzymes
(Baldrian and �Snajdr, 2011). Furthermore, the chemical
at home (independent) versus away (dependent) for allm/z’s andm/z’s representing

ids N Pep Ph & LM S Unclassified

44a 0.688 0.785 0.863 0.603a 0.589a

41 0.125 0.096 0.074 0.042 0.026
85a 0.542a 0.740a 0.705a 0.743a 0.436a

29 0.128 0.049 0.050 0.110 0.035

dimmers; N, N compounds; Pep, peptides, amino acids and nucleic acids; Ph & LM,
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composition lignin varies across plant species, which also appears
to strongly affect decomposition rates (Talbot et al., 2012). Thus, it is
likely that decomposer communities are specialized to degrade the
specific lignin found in their native litter.

In addition to microbial product formation, microbial trans-
formation of plant residues has been often hypothesized but
seldom demonstrated (Horwath, 2007). The 536 and 564m/z peaks
observed in the aspen but not the pine litter represent C2H4 addi-
tion series of long-chain fatty acids. These were transformed during
decomposition by the addition of four C2H4 units (m/z of 112) to 646
and 676 m/z. Long-chain aliphatics are increasingly being found in
SOM (Clapp et al., 2005) and Hempfling and Schulten (1990) had
previously notedm/z 676- and 704 waxy esters in moder forest soil
profiles similar to those in our study.

4.2. Convergence of litter chemistry during decomposition

Wickings et al. (in press) articulated three hypotheses for the
roles of litter chemistry and decomposer communities in the
decomposition and transformation of leaf litter: the “chemical
convergence hypothesis” in which initial differences in litter
chemistry decline through time; the “initial litter quality hypoth-
esis” in which differences in litter chemistry persist as it is
decomposed and transformed; and the “decomposer control
hypothesis” in which decomposer communities influence changes
in litter chemistry during decomposition. In our study, the accu-
mulation of microbial products resulted in an overall convergence
in litter chemistry as decomposition proceeded in support of the
chemical convergence hypothesis. While the chemistry of unde-
composed aspen and pine litters were very different based on both
traditional bulk indices and in the relative abundance of specific
compounds, these differences diminished after two years of
decomposition as illustrated by NMS, MRPP, and pairwise
comparisons of individual m/z, though the effects of initial litter
quality on decomposed litter chemistry were still evident. Finally,
the evidence for an HFA effect on chemistry also supports the
decomposer control hypothesis. Thus, we reach the same conclu-
sion as Wickings et al. (in press), in that these hypotheses are not
mutually exclusive. In our study, while initial litter quality and
decomposer community structure both influence changes in litter
chemistry during decomposition, we found that litter chemistry
tended to converge through time. In contrast, Wickings et al. (in
press) found that the decomposer community effect was strong
enough to cause divergence in the chemistry of some classes of
compounds in corn and grass litter. These findings call for further
research into the factors that affect the relative strength of these
different mechanisms affecting the trajectory of litter chemistry
during decomposition.

Our data are consistent with previous studies suggesting that,
although lignin controls initial degradation rates (Adair et al., 2008;
Meentemeyer, 1978), it is not selectively preserved during decom-
position (Klotzbucher et al., 2011a,b; Preston et al., 2009a) and does
not form significant amounts of SOM (Ekschmitt et al., 2005). As
litter decomposition proceeds, microbial products become an
increasingly dominant portion of the remainingmass. Although the
stoichiometry and chemistry of microbial biomass and metabolites
differs between fungi and bacteria (Strickland and Rousk, 2010),
many biomass constituents are similar among taxa, and thus it may
not be surprising that the chemistry of the mass remaining in litter
bags converged in our study.

5. Conclusions

The development of increasingly high-throughput and high-
resolution analytical techniques provides the opportunity to
explore the relationship between biological communities and their
environments at detailed levels. Py-MBMS provided a high-
resolution characterization of litter compounds, their derivatives,
and the microbial products that lead to SOM formation. The
application of this high-resolution analytical technique to examine
changes in litter chemistry during decomposition revealed specific
differences in the function of decomposer communities. Our find-
ings suggest that the HFA in decomposition rates is due to the
greater ability of decomposer communities to degrade specific
compounds in their native litter, rather than an overall increase in
decomposition efficiency. Despite a clear decomposer effect on the
chemistry of decomposed and transformed litter, litter chemistry
still tended to converge, in support of the paradigm that litter and
soil organic matter become more similar as decomposition
proceeds (Fierer et al., 2009).
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