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Interactions among lignin, cellulose, and nitrogen drive litter

chemistry—decay relationships
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Abstract.  Litter decay rates often correlate with the initial ratios of lignin : nitrogen (N) or
lignin : cellulose in litter. However, the chemical and microbial mechanisms that give rise to
these patterns are still unclear. To identify these mechanisms, we studied the decomposition of
a model plant system, Arabidopsis thaliana, in which plants were manipulated to have low
levels of lignin, cellulose, or litter N. Nitrogen fertilizer often increases the loss of cellulose, but
it suppresses the breakdown of lignin in plant litter. To understand the mechanisms driving
these patterns, we decomposed plants in litterbags for one year in control and N-fertilized
plots in an Alaskan boreal forest. We found that litter N had a positive effect on total mass
loss because it increased the loss of lignin, N, and soluble C. Lignin had a negative effect on
rates of total litter mass loss due to decreases in the loss of cellulose and hemicellulose.
Cellulose had a positive effect on lignin loss, supporting the concept of a “priming effect” for
lignin breakdown. However, the low-cellulose plants also lost more of their original cellulose
compared to the other plant types, indicating that decomposers mined the litter for cellulose
despite the presence of lignin.

Low-lignin litter had higher fungal biomass and N-acetyl glucosaminidase (NAG, a
chitinase) activity, suggesting that lignin restricted fungal growth and may have influenced
competitive interactions between decomposers. Nitrogen fertilization increased NAG activity
in the early stages of decay. In the later stages, N fertilization led to increased cellulase activity
on the litters and tended to reduce lignin losses. The transition over time from competition
among decomposers to high cellulase activity and suppressed lignin loss under N fertilization
suggests that, in N-limited systems, N fertilization may alter decomposer community structure

by favoring a shift toward cellulose- and mineral-N users.
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INTRODUCTION

One of the most well-established patterns in ecosystem
ecology is that litter decay rates are correlated with the
initial ratios of C:N, lignin: N, or lignin:cellulose in
litter (e.g., Melillo et al. 1982, Aerts 1997, Hobbie 2008).
These chemical traits are strong predictors of litter
decay, accounting for over 73% of the variation in litter
decomposition rates worldwide (Zhang et al. 2008).
However, the chemical and microbial mechanisms that
give rise to these relationships are still unclear. Are these
correlations a product of physical or chemical interac-
tions among lignin, cellulose, and N-containing com-
pounds; shifts in resource allocation by decomposers;
changes in the community composition of decomposers;
or a combination of these factors? It is rare that we
identify factors that consistently predict ecological
processes across a diversity of ecosystems; the C:N and
lignin: N ratios are two of them. Identifying the
mechanisms by which these factors control decay is a
critical step towards explaining a large portion of
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variation in energy and nutrient flow—both within and
among ecosystems—across the globe.

Many hypotheses have been invoked to explain lignin,
cellulose, and N effects on litter decay rates. For
example, litter N is hypothesized to control rates of
decay by alleviating N limitation of litter C degradation
(Berg and Staaf 1980). Lignin is hypothesized to protect
labile litter components from microbial attack because
lignin resists degradation and surrounds cellulose,
hemicellulose, and protein in plant cell walls (Berg and
McClaugherty 2003). While cellulose can be used as a
sole C source by decomposers (primarily fungi; Waks-
man and Starkey 1924), lignin generally is not, because
the C return on investing in lignin-degrading enzymes is
hypothesized to be low or negative (Kirk and Farrell
1987). Therefore, the release of labile compounds from
protection is often assumed to drive lignin breakdown
by decomposers. This idea forms the basis for repre-
senting lignin dynamics in conceptual models (Berg and
Matzner 1997) and predictive models of litter decay
(Moorhead and Sinsabaugh 2006). It is challenging to
test these hypotheses, because this requires that we
isolate the effects of lignin, cellulose, and N on the decay
of individual litter chemicals. As a result, our current
conceptual model of litter chemistry controls over
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decomposition (Berg and Staaf 1980) has remained
unchallenged for over three decades.

Nitrogen fertilization has contrasting effects on
cellulose and lignin loss in decomposing litter. Nitrogen
fertilization often stimulates decomposition of “high
quality” (i.e., low-lignin) litter (Hobbie 2000, Knorr et
al. 2005) and increases cellulase activity by decomposer
microbes (e.g., Fog 1988, Carreiro et al. 2000, Keeler et
al. 2009), but tends to decrease the activity of lignolytic
enzymes (e.g., Fog 1988, DeForest et al. 2004, Frey et al.
2004) and inhibit decomposition of “low quality” (i.e.,
high-lignin) litter (Knorr et al. 2005). It is unclear why N
fertilization often slows lignin degradation during litter
decay. One hypothesis is that N fertilization causes a
shift in decomposer-community composition, where
microbes with high N-assimilation efficiency and cellu-
lolytic capability outcompete lignin decomposers (Cou-
teaux et al. 1995). Another possibility is that lignin
degradation is a mechanism of releasing N from the cell
wall, so that microbes break down lignin to access
protected N (i.e., “microbial N mining”; Craine et al.
2007). If N is readily available in mineral forms, there is
less incentive for lignin degraders to invest resources in
producing lignolytic enzymes. Finally, N fertilization
may induce “browning” (i.e., production of melanoidins
and other brown, recalcitrant compounds) of plant
material, leading to the accumulation of compounds
that are toxic to lignin-degrading microbes (Fog 1988).

Model plant systems provide the opportunity to
identify the mechanistic effects of lignin, cellulose, and
N on litter decomposition. In these systems, the
concentrations of lignin, cellulose, or N in plant tissues
can be altered without effects on other characteristics of
the litter. Many laboratory studies have used genetically
or chemically modified plants to examine lignin effects
on litter degradation in the rumen (e.g., Grabber et al.
2009) or in soils (e.g., Hopkins et al. 2001, Webster et al.
2005, Yanni et al. 2011). These studies have found that
plants with reduced levels of lignin consistently have
faster degradation rates, and there is evidence that
chemical protection of labile litter components is an
important mechanism of lignin control over decompo-
sition (Grabber et al. 2009, Talbot et al., in press).
Understanding the importance of this control relative to
others may provide insight into why lignin:N or
lignin : cellulose ratios in litter consistently correlate
with decomposition rates in ecosystems across the globe.

To identify the suite of mechanisms by which lignin,
cellulose, and N control litter decay, we studied the
decomposition of Arabidopsis thaliana mutants that
were manipulated to vary in concentrations of lignin,
cellulose, and N. Our study is the first to isolate the
effects of each of these components, independently of
other controls, on decomposition dynamics in a natural
ecosystem. We used three Arabidopsis plant types: a low-
lignin mutant, a low-cellulose mutant, and a wild-type
plant. Each plant was grown to have high or low
amounts of litter N. Plants were used in two different
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litterbag decomposition experiments, one designed to
test the mechanisms of lignin, cellulose, and litter N
effects on decomposition, and a second to test the effects
of litter N compared to N fertilizer over time. We had
several hypotheses of how the interactions between litter
chemicals would control decay rates:

Hypothesis 1) Litter N should alleviate N limitation
of decomposer activity. Therefore, we expected the low
N plant to have low percentage mass loss due to lower
losses of all litter C sources.

Hypothesis 2) Cellulose should alleviate C limitation
of decomposer activity. We predicted that the low-
cellulose plant would have lower total percentage mass
loss due to lower losses of lignin, cellulose, and N during
decay.

Hypothesis 3) Plants with low lignin would offer less
protection of cell-wall polysaccharides and protein.
Therefore, we expected that the low-lignin plant would
have higher percentage mass loss during decomposition
due to greater losses of cellulose, hemicellulose, and N.

Hypothesis 4) Adding fertilizer N should increase
cellulose losses by alleviating any N limitation of
decomposition and should reduce lignin losses by
eliminating the need for microbes to access litter N.
We also expected an interaction between N fertilization
and Arabidopsis plant type, such that the low-cellulose
plant decomposed slower under N fertilization, but the
low-lignin plant decomposed faster due to more easily
available C sources.

METHODS
Study system: Arabidopsis thaliana

We examined the role of lignin, cellulose, and N in
controlling litter decay rates using Arabidopsis thaliana
mutants that were manipulated to vary in the concen-
tration of each of these chemical components. To isolate
lignin and cellulose effects on decay, we used two
mutant Arabidopsis plants that had low levels of either
cellulose or lignin in their tissue. The low-lignin plant
had a single nucleotide polymorphism in the gene
AT1G15950.1, which codes for cinnamoyl-CoA reduc-
tase (CCR) (Jones et al. 2001), and the low-cellulose
plant was deficient in AtCesA7, which codes for cellulose
synthase catalytic subunit 7 (Turner and Somerville
1997). Both plants were derived from the Landsberg
erectica ecotype. To examine the effects of litter N on
decomposition, we grew Arabidopsis plants to have one
of two N levels in stem tissue by watering the plants with
either high-N (15 mmol KNOj3/L) fertilizer or low-N (3
mmol/L KNO;) fertilizer.

Arabidopsis plants were germinated from seed accord-
ing to the procedure in Talbot et al. (in press). Every
seven days, pots were watered with a solution containing
calcium chloride (0.5 mmol/L), magnesium sulfate (0.25
mmol/L), sodium phosphate (0.25 mmol/L), and potas-
sium nitrate (15 mmol/L). Low-N plants were grown
with 3 mmol/L potassium nitrate. At the seven-week



February 2012

harvest date, stem tissue was isolated from each plant
and dried at 60°C for 48 h. All stems of a plant type were
pooled and subsamples were taken for litterbag con-
struction and initial chemical analyses.

Study site

Litterbag decomposition experiments using the Arabi-
dopsis plants were conducted in a mature black spruce
(Picea mariana (P. Mill.) B.S.P) forest in an upland
boreal ecosystem in central Alaska, USA (Treseder et al.
2007). This site was chosen because of the critical need
to understand chemical controls over decomposition
rates in boreal systems (Talbot et al., in press). Soils at
this site are gelisols and have an O-horizon thickness of
9.8 cm with a soil pH of 4.9. The vegetation understory
is dominated by mosses, lichens, ericoid shrubs, and
ectomycorrhizal shrubs. The growing season begins with
bud break in mid-May and extends until leaf senescence
in mid-September. The local climate is cold and dry,
with a mean annual temperature of 2°C and a
precipitation rate of 303 mm/yr (Treseder et al. 2007).

Lignin, cellulose, and litter-N effects on decomposition:
Litterbag experiment 1

To test for the direct effects of lignin, cellulose, and
litter N on decay rates, we studied the decomposition of
four plant types: the wild-type Arabidopsis (Columbia
ecotype), the low-lignin mutant, the low-cellulose
mutant, and the wild-type Arabidopsis with low N
content. Plants were grown from February to April
2008. Approximately 1000 plants were cultivated to
maturity (~250 individuals/plant type) and stem tissue
was isolated and dried as described above.

Whole stems from each plant type were placed in 10 X
10 cm double-layered 1 mm mesh litterbags constructed
from a layer of nylon mesh inside a layer of fiberglass
mesh. One gram of stem tissue from a given Arabidopsis
plant type was placed into a litterbag. Litterbags were
sterilized overnight via gamma-irradiation (Talbot et al.,
in press). Replicate bags of each plant type were affixed
to the top of the forest floor in each of four plots, spaced
10 cm apart, resulting in a total of 16 litterbags
deployed. All litterbags were deployed at the site in July
2008 and retrieved in July 2009. The retrieved litterbags
were placed on ice and transported to the University of
California at Irvine campus, where a portion of each bag
was either frozen at —80°C or freeze-dried within 48 h.

Litter-N and fertilizer-N effects over time:
Litterbag experiment 2

To test for effects of litter N and N fertilization on
decay, we conducted a second experiment in which we
manipulated the litter N content of each Arabidopsis
mutant, as well as the mineral-N content of soil. To
manipulate litter N, we grew two batches of Arabidopsis
plants; one with low-N fertilizer to produce low-N litter,
and another with high-N fertilizer to produce high-N
litter. Each batch included the wild-type Arabidopsis (L.
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erectica ecotype), the low-cellulose mutant, and the low-
lignin mutant, for a total of six different litter types.
Plants were grown from January to June 2009 in seven-
week batches. In total, ~3000 plants were cultivated to
maturity as described above (~500 individuals/plant
type). In this experiment, we focused on the decompo-
sition of cell-wall components by pre-extracting stems
with warm deionized water prior to placing into
litterbags. Litterbags were sterilized by gamma irradia-
tion and placed in either N-fertilized or unaltered
(control) plots at the site.

Nitrogen-fertilized plots were established at the site in
May of 2009. N fertilizer was applied as ammonium
nitrate to replicate plots in May 2009 at a rate of 200 kg
N/ha, followed by an application in May 2010 at a rate of
100 kg N/ha. Each N-fertilized plot was paired with a
control plot. Plots were 1.5 X 1.5 m, and paired plots were
separated by at least 8 m to avoid leaching of fertilizer N
into control plots. Litterbags of each plant type and litter
N level were placed in each plot. To examine treatment
effects at different stages of decay, sets of litterbags were
harvested at two different time points, after two months
of decay (to represent an early stage of decay) or after one
year of decay (to represent a mid-to-late stage of decay).
After two months, sets of the low-lignin and wild-type
Arabidopsis litterbags were collected. After one year,
litterbags of all six plant types were collected. The design
was replicated 3 times, resulting in a total of 58 litterbags
placed into the field in July 20009.

Chemical analyses of initial and decomposed litters

Initial and decomposed stem tissue samples from
Experiments 1 and 2 were processed for total C and N,
soluble C, hemicellulose, cellulose, and lignin content.
Freeze-dried samples were ground on a Spex SamplePrep
8000D mixer/mill (Spex SamplePrep, Metuchin, New
Jersey, USA) using stainless steel vials and grinding
media. Total C and N were determined by combustion on
an elemental analyzer (Flash EA 1112; Thermo Scientific,
Waltham, Massachusetts, USA). Samples were then
fractionated following the International Association of
Analytical Communities (AOAC) official Uppsala meth-
od (Theander et al. 1995). Concentrations of lignin,
cellulose, and hemicelluloses in the cell walls were
analyzed by standard spectrophotometric methods. Total
lignin content was determined by the acetyl bromide
method (liyama and Wallis 1990). Total cellulose and
hemicellulose content of cell walls was determined by the
Updegraf method (Updegraf 1969). Soluble C was
calculated as total C content of stem tissue minus C
content of the cell-wall fraction. For initial samples,
results are the means of three subsamples of stems from
each plant type. For final samples, results are the means
of 3—4 replicate litterbags for each plant type.

Extracellular enzymes

We assayed the potential activities of six extracellular
enzymes involved in litter C and nutrient cycling:
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TasLe 1. Initial litter-chemistry traits of Arabidopsis plants used in Experiment 1.
Cellulose Lignin Hemicellulose Soluble C
Plant type (pg/mg stem) (ng/mg stem) (pg/mg stem) (ng/mg stem) N (pg/mg stem)

242.40° (12.8)
79.09° (6.93)
193.89 (16.12)
241.72* (19.89)

79.72% (6.54)
84.37% (3.77)
54.60° (1.38)
93.46" (5.24)

Wild-type control
Low cellulose
Low lignin

Low N

170.24° (12.51)
253.20° (6.89)
205.89° (7.94)
208.25° (12.51)

83.24% (1.05)
98.66% (6.93)
94.36 (4.36)
96.73* (5.52)

29.27* (1.40)
27.63% (0.52)
31.52% (0.87)
14.04° (0.58)

Notes: Data are means with SE in parentheses. Significant differences (P < 0.05) among plant types are designated by different
lowercase letters superscripted on the means (from Tukey’s multiple comparisons test; n =3 replicate litterbags for each plant type.

cellobiohydrolase (CBH, an exocellulase), B-glucosidase
(BG, which hydrolyzes cellobiose into glucose), [-
xylosidase (BX, which degrades the xylose component
of hemicellulose), polyphenol oxidase (PPO, which
oxidizes phenols) and peroxidase (PER, including
oxidases that degrade lignin), N-acetyl-glucosaminidase
(NAG, which breaks down chitin), and leucine-amino-
peptidase (LAP, which breaks down polypeptides).
Potential enzyme activities were assayed on a subsample
of each litterbag that was stored frozen at —80°C after
litterbag harvest. Samples were processed within six
months using either a fluorometric or colorimetric
procedure on a microplate reader following Allison et
al. (2008).

Hyphal length

Lengths of fungal hyphae were determined on stained
litter samples using the gridline intersect method
following McGonigle et al. (1990). Whole litter samples
were thawed and cleared with 10% potassium hydroxide
for 48 h and 1% HCl for 24 h. Samples were then stained
with acid fuchsin (0.1% in lactoglycerol) for 24 h and
stored in destain (14:1:1 lactic acid: glycerol: water).
Approximately 20 pieces of litter (each 1-2 cm in length)
in each sample were mounted on glass slides with
polyvinyl lactic acid (PVLG) and covered with a glass
coverslip. Litter was examined for the presence of fungal
hyphae at 200X magnification using a Nikon phase-
contrast microscope (Nikon Eclipse e400; AG Heinze,
Lake Forest, California, USA).

Data analysis

In Experiment 1, we tested for differences in initial
litter chemistry among plant types by conducting
ANOVA with plant type as a fixed effect (wild-type
plant, low- lignin plant, low-cellulose plant, and low-N
wild-type plant) and the chemical components of stem
tissue as dependent variables (concentrations of lignin,
cellulose, hemicellulose, soluble C, and total N). To test
for plant-type effects on decay dynamics, we conducted
one-way ANOVA with plant type as main effect and
percentage total litter mass loss, percentage loss of litter
chemicals, hyphal length, and extracellular enzyme
activities as the dependent variables.

Data analysis for Experiment 2 was similar to that for
Experiment 1. To test for differences in initial litter

chemistry among plants, we conducted two-way
ANOVA with plant type (low-lignin plant, low-cellulose
plant, wild-type plant) and litter N level (high litter N,
low litter N) as fixed effects and the chemical
components of stem tissue as dependent variables. To
test for litter-chemistry and N-fertilization effects on
decay dynamics, we conducted three-way ANOVA with
plant type, litter N level, and N-fertilization treatment
(control vs. N fertilized) and their interactions as main
effects and percentage total litter mass loss, percentage
loss of litter chemicals, hyphal length, and extracellular
enzyme activities as the dependent variables. All
percentage mass-loss and hyphal-length data met
assumptions of normality and homogeneity of variance.
In cases where enzyme-activity data did not meet these
assumptions, data were log-transformed prior to anal-
ysis. Comparisons among means were analyzed by
Tukey HSD post hoc contrasts. All data were analyzed
using JMP statistical software (JMP version 8.0; SAS
Institute 2009).

REsuLTS
Experiment 1: Lignin, cellulose, and N controls

In Experiment 1, modified Arabidopsis thaliana plants
differed from the wild type in concentrations of lignin,
cellulose, or N, with little variation in other traits. There
was a significant effect of plant type on total N content
(P < 0.0001), such that the low-N plant had 52% less N
than the high-N wild type. There was also a significant
effect of plant type on cellulose concentration (P =
0.0001), in which the low-cellulose plant had 67% less
cellulose compared to the wild type. Finally, there was a
significant effect of plant type on lignin concentration (P
= 0.0020), such that the low-lignin plant had 32% less
lignin relative to the wild-type plant (Table 1). These
chemical differences resulted in plant type effects on
initial C:N, lignin: N, and LCI of stem tissue (Table 1).
Plant types did not differ in hemicellulose content (P =
0.2037), but the low-cellulose plant had significantly
higher levels of soluble C in stem tissue compared to the
other plant types (P = 0.0021).

After a year of decomposition at the field site, there
was an average of 57% total litter-mass loss across all
the Arabidopsis plants. Percentage mass loss was
significantly different among the plant types (P =
0.0005), due to differences in percentage loss of lignin
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TasLE 1. Extended.
Lignocellulose index,
LCI (lignin/[lignin +
C:N Lignin: N cellulose])
12.47° (0.79) 2.76° (0.36) 0.21% (0.015)
13.87° (0.32) 3.06° (0.17) 0.37* (0.007)
11.65° (0.32) 1.73° (0.04) 0.17° (0.007)
29.64% (1.29) 6.65* (0.21) 0.24° (0.018)

(P < 0.0001), cellulose (P < 0.0001), hemicellulose (P =
0.0040), soluble C (P = 0.0013), and total N (P <
0.0001). The low-N plant retained more mass after one
year of decay than the wild type with higher N due to
lower percentage loss of lignin, soluble C, and N (Fig.
1). However, litter N did not have a significant effect on
percentage hemicellulose loss or percentage cellulose
loss. The low-cellulose plant had similar percentage total
mass loss compared to the wild type, but differed from
the wild type in litter chemistry dynamics during decay.
The low-cellulose plant lost no lignin and less soluble C
relative to the wild type, but lost a significantly higher
percentage of its original cellulose (Fig. 1). Like the low-
cellulose plant, the low-lignin plant had a percentage
total mass loss that was similar to the wild type.

LIGNIN, CELLULOSE, AND N DRIVE DECAY 349

However, the low-lignin plant lost significantly more
mass than the low-N plant and the low-cellulose plant
(Fig. 1) and lost more cellulose and hemicellulose
relative to all other plant types. This plant also had
higher fungal activity relative to the other plant types;
fungal biomass was significantly greater in the low-lignin
plant (P = 0.0022), as was N-acetyl-glucosaminidase
(NAG) activity (P < 0.0001) (Fig. 2). The low-lignin
plant also had significantly higher activity of CBH
(cellohydrolase) and BG (B-glucosidse) relative to the
low-N plant, and lower activity of PPO+PER (poly-
phenoloxidase and peroxidase) compared to other plant
types (Appendix A).

Experiment 2: Litter-N and fertilizer-N effects over time

Plants used in Experiment 2 had differences in litter
chemistry that were similar to differences between plants
used in Experiment 1 (Appendix B). However, there was
a significant effect of Arabidopsis plant type on litter N
content (P < 0.0001), such that the low-lignin and low-
cellulose plants accumulated more N in their tissues
relative to the wild-type plants (Appendix B).

After two months of decay, there was an average of
9% total litter-mass loss across all plant types. During
this early stage of decomposition, percentage mass loss
was controlled by N fertilizer; litter decomposed
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significantly faster in N-fertilized plots than in control
plots (P = 0.0244; Fig. 3). Higher rates of litter decay
under N fertilization were due to increased losses of
cellulose compared to litter decomposed in control plots
(P = 0.0153). Plants decomposed in N-fertilized plots
also had higher NAG activity compared to plants
decomposed in control plots (P = 0.0307) but did not
have higher fungal biomass (data not shown; P =
0.8004). At this stage of decay, plant type, litter N level,
N fertilization, and their interactions did not have
significant effects on fungal biomass, any other extra-
cellular enzymes, or the loss of any other litter chemical.

After one year of decay, there was an average of 43%
total litter-mass loss across plant types. At this stage,
controls over decay rate switched from N fertilizer to
litter N and lignin content. Similar to Experiment 1,
plant types differed significantly in percentage mass loss
(P < 0.0001), and the percentage loss of cellulose (P <
0.0001), hemicellulose (P = 0.0077), lignin (P = 0.0005),
soluble C (P < 0.0001), and N (P = 0.0064). The low-
lignin plants with higher litter N decomposed faster than
the other plant types due to larger losses of hemicellu-
lose, cellulose, soluble C, and N (Appendix C). These
plants also had significantly higher fungal biomass,
activities of NAG, BG, CBH, and BX, but lower levels
of PPO+PER, relative to the wild type (Appendix D).
The low-cellulose plant lost more of its original cellulose
but less lignin than the wild type (Appendix C).

After one year, there was no effect of N fertilization on
percentage mass loss or the loss of cellulose, hemicellu-
lose, soluble C, or N. However, at this stage of decay, N
fertilization increased the activity of the polysaccharide-
degrading enzymes CBH (P = 0.0006) and BX (P =
0.0004), as well as the activity of BG (P = 0.0002),
without any affect on NAG activity or fungal biomass
(Appendix D). Nitrogen fertilization also tended to
reduce % lignin loss across all plant types (P = 0.0528).

DiscussioNn

Lignin, cellulose, and N are frequently associated with
rates of litter decay in ecosystems around the world
(Zhang et al. 2008, Prescott 2010). To identify the
mechanisms that give rise to these associations, we
directly manipulated lignin, cellulose, and N concentra-
tions in litter using the model system Arabidopsis
thaliana. In some cases, our original hypotheses about
these mechanisms were supported. Litter N increased
total mass loss by accelerating the loss of lignin and
soluble C (Fig. 1), supporting the hypothesis that litter
N induces C limitation of decomposer activity (Hypoth-
esis 1). In addition, cellulose increased lignin loss (Fig.
1), which supports the hypothesis that cellulose allevi-
ates C limitation of lignin degradation (Hypothesis 2).
Lignin reduced total litter-mass loss during the later
stages of decay by slowing the loss of hemicellulose and
cellulose (Fig. 1). This supports the hypothesis that
lignin protects cell-wall polysaccharides from degrada-
tion (Hypothesis 3).

Nevertheless, some aspects of our original hypotheses
were not supported. Lignin did not reduce N loss from
decomposing litter as expected (Fig. 1), implying that
lignin did not protect N-rich litter compounds in the cell
wall from degradation. In addition, the low-cellulose
plant lost N at a rate similar to the wild-type plant,
suggesting that cellulose did not induce decomposers to
immobilize litter N during decay. These results have led
us to develop a new model of lignin, cellulose, and N
controls over decomposition for our system, which may
explain patterns of litter decay observed in other systems.
We developed this model by considering the evidence in
support or in contrast to each prediction generated from
our original hypotheses, as described below.

Hypothesis 1: Litter N controls over decay

Lower losses of soluble C in low-N plants support the
hypothesis that litter N alleviates N limitation of labile-
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C degradation by decomposer microbes (Berg and Staaf
1980). This mechanism may explain why rates of litter-
mass loss often correlate positively with absolute N
concentrations in the litter during the early stages of
decay (Enriquez et al. 1993). However, we found that
microbial degradation of structural carbohydrates was
insensitive to initial litter N; low-N plants lost cellulose
and hemicellulose at a rate similar to the high-N wild
type (Fig. 1). This was surprising, given that hemicellu-
lose and cellulose decomposition require degradation by
extracellular enzymes prior to uptake, and so likely have
higher N requirements compared to soluble-C metabo-
lism. The insensitivity of cellulose and hemicellulose
breakdown to litter N suggests that either (1) decom-
posers did not use litter N to break down structural
polysaccharides, (2) the decomposer community shifted
in response to litter N level (e.g., fungal : bacterial ratio
decreased), or (3) decomposers adjusted the efficiency
with which they invested litter N in these processes (N-
use efficiency). By contrast, litter N had a positive effect
on lignin degradation (Fig. 1). Lignin is depolymerized
by nonspecific oxidative mechanisms (Baldrian 2006),
which makes lignin breakdown less efficient than
carbohydrate decomposition. Therefore, one possibility
is that decomposers invested N resources more conser-
vatively in lignin degradation than in carbohydrate
degradation.

Litter N also significantly affected rates of N loss from
litter; low-N plants lost less N compared to high-N
plants (Fig. 1). This phenomenon is hypothesized to
occur as a consequence of high microbial N demands
during initial stages of litter decomposition (Berg 1986)
when microbes must invest in N-rich proteins like
extracellular enzymes and uptake transporters. High-N
substrates meet these demands more sufficiently than
low-N substrates, causing a net release of N as
decomposition progresses. Our study is the first to
provide evidence of this mechanism by isolating the
effect of litter N on N loss independently of other
controls.

Hypothesis 2: Cellulose controls over decay

Cellulose was not a major control over total litter
decay rates. The low-cellulose plant had 67% less
cellulose compared to the wild-type plant, but had rates
of total mass loss that were similar to the wild type (Fig.
1). However, cellulose was an important control over
litter chemistry dynamics. In both experiments, there
was little to no lignin degradation in the low-cellulose
plant, supporting the concept that cellulose “primes”
lignin decomposition due to low C return on producing
lignolytic enzymes (Kuzyakov et al. 2000). These results
also support the hypothesis that lignin is not used as a C
source by decomposers. Nevertheless, the low-cellulose
plants lost 80-90% of their original cellulose after one
year of decay, compared to 50—60% in the wild type
(Fig. 1). This response occurred despite the presence of
other C forms in litter (hemicellulose and soluble C),
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which were not degraded to the same level as cellulose
during either experiment. These results suggest that low
cellulose levels in litter induced C limitation and caused
decomposers to mine the litter for cellulose despite the
presence of lignin.

Hypothesis 3: Lignin controls over decay

Large losses of cellulose and hemicellulose in the low-
lignin plant (Fig. 1) and high activity of cellulose- and
hemicellulose-degrading enzymes (Appendices A and D)
support the long-standing hypothesis that lignin protects
cell-wall polysaccharides from degradation by decom-
posers. By contrast, protection of N-rich compounds
was not a mechanism of lignin control over litter decay;
both the wild-type and low-lignin plants lost over 85% of
their original N during one year of decay (Fig. 1),
despite ~50% of initial litter N being bound in the cell
wall. Rather than breaking down lignin to access N
(Hammel 1997), decomposers may have decomposed
lignin to access more C substrates for growth. We found
that low-lignin plants had significantly higher fungal
biomass and activity of N-acetyl-glucosaminidase
(NAG) (Fig. 2), which breaks down chitin in fungal cell
walls. NAG is produced by fungi during cellular growth
(Haran et al. 1995), so could reflect increased growth of
fungal biomass in the presence of high cellulose
availability on low-lignin litters.

An alternative motivation for lignin degradation may
have been to reduce competition between decomposers
for space and labile-C substrates. Increased NAG
activity has been associated with antagonistic interac-
tions between species of pathogenic fungi (Brunner et al.
2003) and wood-decay fungi (Baldrian 2008), as well as
between fungi and bacteria (De Boer et al. 1998).
Decomposers often display antagonistic behavior when
colonizing wood (reviewed in Boddy [2000]) or decom-
posing leaves (Romani et al. 2006). Recently, it has been
shown that the successful establishment of decomposer
fungi on wood is dependent on community assembly
history, where the first species to colonize a substrate is
more successful at establishing than when it arrives on a
substrate previously colonized by another species
(Fukami et al. 2010). Priority effects on microbial
establishment have also been observed in bacteria
(Fukami et al. 2007) and in ectomycorrhizal fungi
colonizing plant roots (Kennedy et al. 2009). Only a
subset of decomposer microbes are capable of modifying
lignin (Osono 2007). Lignin degradation by these taxa
would allow them to colonize substrates before other
decomposers that lack this capability, reducing compe-
tition and potentially accelerating rates of litter decay.

Hypothesis 4: Nitrogen fertilization effects on decay

Nitrogen fertilization increased mass loss of litter after
two months of decay due to increased loss of cellulose
(Fig. 3). In addition, nitrogen fertilization increased the
activity of CBH, BG, and BX at the later stage of decay
(Appendix D). These observations are consistent with
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our original hypothesis that mineral N alleviates N
limitation of cellulose degradation (Hypothesis 4).

Nitrogen fertilization tended to increase the retention
of lignin in litter, yet we did not find evidence that this
effect was due to a reduced need for microbes to access
litter N protected by lignin. After a year of decompo-
sition, percentage litter N loss was similar in control and
N fertilized plots and there was no interaction between
litter N and N fertilization, which is consistent with
other studies (Hobbie 2005). Instead, nitrogen fertilizer
effects may have resulted from interactions between
lignin and cellulose decomposers. Indeed, it is possible
that competition between decomposers occurred during
the early stage of decay; nitrogen fertilization increased
NAG activity (Fig. 3) without increasing fungal biomass
on the litters, suggesting that NAG activity may
represent antagonism towards fungi, rather than mech-
anisms of fungal growth. This mechanism is supported
by numerous studies demonstrating shifts in microbial
community composition with N fertilization, particular-
ly in N-poor systems (e.g., Treseder 2004, Allison et al.
2007, Papanikolaou et al. 2010). Increases in cellulases
and hemicellulases and the suppression of lignin
degradation (Appendices C and D) under N fertilization
during later stages of decay suggest that cellulose
degraders were competitively dominant under N fertil-
ization.

Conclusion

Interactions among lignin, cellulose, and N were
major controls over litter decomposition in our system.
We found support for several long-standing hypotheses
about how these controls operate: lignin protects cell-
wall polysaccharides from decay, cellulose is a labile-C
co-substrate for lignin degradation, and litter N
alleviates N limitation of C use by decomposers.
However, our results also provided evidence that these
chemicals can affect decay by alternative mechanisms. In
particular, lignin controlled fungal activity without
affecting microbial access to litter N. Furthermore, we
hypothesize that lignin and N fertilizer play a role in
structuring competitive interactions between decompos-
ers. Levels of lignin, cellulose, and N in the Arabidopsis
litters were within the range of these chemical compo-
nents in natural litter (Zhang et al. 2008). Therefore, our
results may explain patterns of litter decay in other
systems where decay rates vary by plant species, across
systems that vary in soil N availability, or during shifts
in plant and microbial communities as a result of
changing environmental conditions.
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SUPPLEMENTAL MATERIAL

Appendix A

A table presenting potential extracellular enzyme activities for different Arabidopsis plants decomposed for one year in

Experiment 1 (Ecological Archives E093-033-A1).

Appendix B

A table of initial litter chemistry traits of Arabidopsis plants used in Experiment 2 (Ecological Archives E093-033-A2).

Appendix C

A figure presenting percentage loss of total mass, soluble C, cellulose, lignin, hemicelluloses, and N in all Arabidopsis plants
decomposed for one year in control and N-fertilized plots, Experiment 2 (Ecological Archives E093-033-A3).

Appendix D

A figure presenting activities of extracellular enzymes and fungal biomass on Arabidopsis plants decomposed for one year in
control and N-fertilized plots, Experiment 2 (Ecological Archives E093-033-A4).
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