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Lignin lags, leads, or limits the decomposition of litter and soil
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Abstract.  Lignin’s role in litter and soil organic carbon (SOC) decomposition remains
contentious. Lignin decomposition was traditionally thought to increase during midstage litter
decomposition, when cellulose occlusion by lignin began to limit mass loss. Alternatively, lig-
nin decomposition could be greatest in fresh litter as a consequence of co-metabolism, and lig-
nin might decompose faster than bulk SOC. To test these competing hypotheses, we incubated
10 forest soils with C, grass litter (amended with '*C-labeled or unlabeled lignin) over 2 yr and
measured soil respiration and its isotope composition. Early lignin decomposition was greatest
in 5 of 10 soils, consistent with the co-metabolism hypothesis. However, lignin decomposition
peaked 6-24 months later in the other five soils, consistent with the substrate-limitation
hypothesis; these soils were highly acidic. Rates of lignin, litter, and SOC decomposition tended
to converge over time. Cumulative lignin decomposition was never greater than SOC decompo-
sition; lignin decomposition was significantly lower than SOC decomposition in six soils. Net
nitrogen mineralization predicted lignin decomposition ratios relative to litter and SOC.
Although the onset of lignin decomposition can indeed be rapid, lignin still presents a likely
bottleneck in litter and SOC decomposition, meriting a reconsideration of lignin’s role in mod-
ern decomposition paradigms.

Key words:  carbon stable isotopes; lignin, litter decomposition; litter quality; nitrogen mineralization;
soil organic matter.

loss after unprotected carbohydrates had been consumed

INTRODUCTION (Berg and Staaf 1980, Melillo et al. 1982, Adair et al.

Lignin once had a primary role in conceptual and
mechanistic models of litter and soil organic carbon
(SOC) decomposition, but its importance in controlling
these fluxes has been increasingly challenged. Lignin is a
ubiquitous constituent of higher plant tissue that is char-
acterized by a structurally diverse assemblage of phenyl-
propane units that form protective associations with
carbohydrates. Polymeric lignin can only be cleaved by
reaction with strongly oxidizing chemical species—typi-
cally produced by specialized enzymes and/or the biolog-
ically mediated redox cycling of metals (Kirk and Farrell
1987, Hammel et al. 2002). Lignin decomposition, there-
fore, was long thought to limit overall rates of litter mass
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2008, Talbot and Treseder 2012). Lignin content is
included as an influential parameter in mechanistic C
cycling models such as Century (Parton et al. 1987).
Ultimately, lignin decomposition products were thought
to accumulate in soil, representing a major portion of
SOC (Waksman and Iyer 1932, Bollag et al. 1997).
Recent work has challenged these views on several
fronts. Lignin might decompose fastest during early
decomposition as a consequence of co-metabolic degra-
dation with labile C substrates—an argument that car-
bohydrate availability drives lignin decomposition, not
vice versa, as had been previously assumed (Klotzbiicher
et al. 2011). Separate research challenged the signifi-
cance of lignin-derived C in SOC. Analyses of extracta-
ble lignin phenols suggested that lignin might
decompose faster than SOC as a whole (Amelung et al.
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2008, Thevenot et al. 2010), and spectroscopic analyses
indicated a relatively low abundance of lignin derivatives
in SOC in some soils (Grandy and Neff 2008, Kogel-
Knabner et al. 2008). These findings are consistent with
arguments based on microbial substrate-use efficiency.
Because a minor fraction of lignin-derived C is typically
assimilated in microbial biomass (Martin et al. 1980), we
might expect C in efficiently assimilated compounds
such as carbohydrates and proteins to persist in soil
longer than lignin-derived C by repeatedly cycling
through living and dead microbial biomass (Cotrufo
et al. 2013).

However, methodological concerns have long plagued
examinations of lignin dynamics (Crawford 1981, Kirk
and Farrell 1987, Klotzbiicher et al. 2016). Perhaps most
importantly, measurements of cupric-oxide extractable
lignin phenols that underpinned recent reports of rapid
lignin decomposition can greatly underestimate soil lig-
nin content (Hernes et al. 2013). Indeed, recent work
demonstrated enrichment of lignin-derived C in mineral-
associated SOC, contrasting with previous reports
(Huang et al. 2019). Here, we re-evaluated predictions of
classical and modern conceptual models of lignin
decomposition by quantifying lignin, litter, and SOC
decomposition over time. We employed a stable isotope
approach following the seminal work of Haider and col-
leagues (Martin et al. 1980, Haider and Martin 1981),
preparing high-molecular-weight lignin with a '*C label
at the Cp position of the propyl side chain (Hall et al.
2015). Release of lignin Cg as carbon dioxide (CO,) pro-
vides unequivocal evidence that the lignin polymer was
cleaved (Kirk and Farrell 1987, Kirk and Brunow 1988).
Parallel samples received lignin without an isotope label
to quantify decomposition of litter C from a C4 grass
and from extant SOC using natural abundance stable
isotopes (Hall et al. 2017).

Diverse ecological factors, especially nitrogen (N)
availability, may influence decomposition of litter and
lignin. Whereas greater N availability tends to increase
early decomposition rates, it may decrease late-term
decomposition by suppressing enzymes that mediate
lignin breakdown (Craine et al. 2007, Chen et al.
2018). Therefore, variation in N availability could pro-
vide critical context for evaluating competing concep-
tual models (Fig. 1) of lignin decomposition vis-a-vis
total litter and SOC. We incubated 10 forest soils that
spanned broad N availability gradients (Appendix S1:
Table S1). We tested the following alternative hypothe-
ses: first, lignin decomposes fastest during early
decomposition in conjunction with high litter decom-
position rates (co-metabolism hypothesis). Alterna-
tively, lignin decomposition increases after labile
substrates have been depleted, at which point lignin
decomposition limits overall litter decomposition (sub-
strate limitation hypothesis). Second, lignin decom-
poses faster than bulk SOC, as would be predicted
from microbial substrate-use efficiency. Alternatively,
lignin decomposes at similar or slower rates as bulk
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SOC, consistent with oxidative depolymerization as a
rate-limiting step of decomposition.

MATERIALS AND METHODS

We collected surface mineral soils (0-10 cm, surface
litter removed) from 10 North American forests span-
ning a broad range of edaphic characteristics
(Appendix S1: Table S1). Samples were stored field-
moist in polyethylene bags at 4°C for several weeks prior
to the incubation. Standing senesced aboveground stem
and leaf tissue (litter) from Andropogon gerardii Vitman,
a C4 grass, was collected near Ames, lowa, USA (42.04°
N, —93.60° W), dried at 65°C, and ground to pass a 250-
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Fic. 1. Conceptual models comparing bulk litter and lignin
decomposition over time as (a) mass remaining or (b) instanta-
neous fluxes. The vertical gray line indicates the transition from
early- to late-stage decomposition. In the Berg and Staaf (1980)
model, lignin decomposition is low until unprotected litter C
has been depleted but controls mass loss thereafter. In the
Klotzbiicher et al. (2011) model, lignin decomposition is great-
est during early litter decomposition and subsequently declines
relative to bulk litter decomposition.
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um mesh. The litter had 41.3% C and 1.1% N by mass
(C:N ratio of 37.5) and a 8'*C value of —13.19%,.

3 C-labeled and unlabeled lignins

We prepared synthetic guaiacyl lignin following Kirk
and Brunow (1988), which contained either a '>C label
(99 atom%) or natural abundance C at the Cp position
of each Cy substructure. Lignins were fractionated by gel
permeation chromatography to obtain a high-molecular-
weight fraction (>1,000 Da). The average labeled
phenylpropane subunit has a molecular mass of 197, so
the 1°C label represented 13/197 of total lignin mass. Lig-
nins were precipitated on the A. gerardii litter in a 1:21
mass ratio by dissolution in a 1:4 solution of acetone
and water and evaporation in a fume hood. The lignin—
litter mixture had a C:N ratio of 38.3. Further prepara-
tion and characterization details are given in Hall et al.
(2015).

Soil incubation experiments

Each soil was gently homogenized (not sieved) after
coarse roots and rocks were removed, and replicate
subsamples (1 g dry mass equivalent) were used for
incubations. Two treatments were imposed with three
replicates for each soil: amendment with 100 mg A.
gerardii litter + natural abundance lignin, or with
100 mg A. gerardii litter + 13CB-labeled lignin. This lit-
ter:soil ratio is representative of moderate litter inputs
to surface soil (1 kg/m?). Samples were incubated in
50-mL centrifuge tubes placed inside 946-mL glass
jars. Deionized water was added as needed to achieve
field moisture capacity, determined for each soil by
saturating and draining a subsample through filter
paper. Jars were sealed with Viton gaskets and stainless
steel lids with butyl rubber septa for headspace sam-
pling/flushing. Jars were vented to the atmosphere with
a needle and purged with humidified CO,-free air.
Accumulated CO, was periodically sampled using a
syringe with needle and stopcock and jars were again
purged with CO,-free air. Sampling intervals increased
from weekly to biweekly to monthly to bimonthly over
the 2-yr incubation (Fig. 2) to ensure sufficient CO,
accumulation for precise analysis. Concentrations of
CO, were always <5,000 ppm, indicating that oxygen
limitation did not occur (assuming an approximately
equimolar ratio of headspace oxygen consumed to
CO, produced). We thus measured the entire cumula-
tive production of CO, from each sample. Mole frac-
tions and 8'C values of CO, were analyzed with a
tunable diode laser (TGA200A, Campbell Scientific,
Logan, Utah, USA; Hall et al. 2017). The long-term
mean precision of 8'3C was 0.33%, (1 SD) and the rel-
ative SD of CO, mole fractions was 1.1%. Water was
added gravimetrically at 2-4-month intervals to replen-
ish vapor lost during headspace flushing.
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Data analysis

We calculated CO, production from bulk litter, lignin
Cg, and SOC wusing isotope mixing models
(Appendix S1: Table S1). We assessed temporal trends in
C losses using generalized additive mixed models
(GAMMs) fit to each C source in each soil, including an
autoregressive error term to account for temporal auto-
correlation, using the mgev package (Wood 2017) ver-
sion 1.8.28 in R version 3.6.0. Differences in total
decomposition among C pools within a given soil were
tested with ANOVA and Tukey’s HSD. We used vector
analysis of lignin:litter and lignin:SOC decomposition
ratios (Moorhead et al. 2016; Appendix 1: Figure S2) to
test the tripartite relationships of lignin, litter, and SOC
decomposition with predictor variables (Appendix Sl1:
Table S1).

RESuULTS

Decomposition of litter, lignin, and SOC

By the end of the experiment, 43-57% of litter C
had decomposed among soils, whereas only 5-12% of
lignin Cg and 12-37% of SOC had decomposed
(Appendix S1: Table S2, Fig. S1). Total lignin Cg
decomposition was unrelated to total litter or SOC
decomposition among soils (R*> = 0.02 and R* = 0.16,
respectively; P > 0.05). Litter decomposition rates were
greatest early in the experiment and declined thereafter,
punctuated by temporary plateaus (Fig. 2). In contrast,
lignin decomposition rates significantly increased over
time relative to their initial values in at least five of the
soils (upper panels in Fig. 2), as indicated by the
GAMMs. In these soils, lignin decomposition rates
peaked many months later (days 147-308) or were still
increasing at the end of the 2-yr experiment. In the
other five soils (lower panels in Fig. 2), lignin decom-
position rates were greatest within the first 2 weeks of
the experiment and subsequently declined. The soils
where lignin decomposition rates increased relative to
initial values were strongly acidic (pH <4.9;
Appendix S1: Table S1), whereas the other soils had
weakly acidic to neutral pH values (5.7-7.2). Net N
mineralization ranged from negative to positive values
among soils and increased with total litter C decompo-
sition (R*> = 0.65, P = 0.005). Total lignin decomposi-
tion was unrelated to N mineralization, whether
measured in samples with or without added litter
(P > 0.05). However, expressing ratios of lignin:litter
and lignin:SOC decomposition as vectors (Appendix 1:
Fig. S2b) showed that N mineralization (measured in
litter-free samples) increased in soils where lignin
decomposition was greater relative to SOC decomposi-
tion than litter decomposition (P = 0.03). The overall
magnitude of lignin decomposition vs. litter and SOC
also increased with N mineralization (P = 0.02; Appen-
dix 1: Fig. S2¢).
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Pairwise relationships between decomposition fluxes

Relative decomposition rates (expressed as fractional
losses of the initial C pools) were initially greater for lit-
ter C than lignin Cg by >1-2 orders of magnitude and
remained higher throughout the experiment (Fig. 2).
However, litter and lignin Cg decomposition rates within
individual soils moved increasingly closer to a 1:1 rela-
tionship over time, albeit at different rates (Fig. 3). In
the five soils where lignin C decomposition increased
over time relative to initial values, the period of increase
was associated with an approach to a 1:1 relationship
with litter C decomposition rates, which was maintained
throughout the rest of the experiment (decomposition
rates moved approximately parallel to the 1:1 line). In
the other five soils, decomposition rates gradually
approached the 1:1 line over time. The GAMMs for at
least two of these soils indicated that lignin Cy decompo-
sition rates were increasing at the end of the experiment
(Fig. 2; CA_Dystroxerept and UT_Haplocryalf).

Similar to their relationships with litter decomposi-
tion, lignin Cg decomposition rates were almost always
lower than SOC decomposition and tended to converge
towards the 1:1 line as the experiment proceeded
(Fig. 4). Most soils also showed consistent trends in lig-
nin:litter and lignin:soil decomposition ratios that

tracked along or approached a 1:1 relationship over time
(Appendix 1: Fig. S3). At the end of the experiment,
decomposition of lignin Cg (4-8%) did not differ signifi-
cantly from SOC decomposition (12-13%) in four soils;
the other six soils had lower decomposition of lignin (5—
12%) than SOC (16-37%; Appendix 1: Table S2).

DiscussioN

Our findings reconcile aspects of competing concep-
tual models that have been used to predict relationships
among the decomposition of lignin, litter, and SOC. We
found partial support for both alternatives of our first
hypothesis: in half of the soils examined, lignin decom-
position was greatest early in the experiment and gener-
ally decreased thereafter, consistent with the hypothesis
that increased labile C supply drives co-metabolic
decomposition of lignin during early decomposition
(Klotzbiicher et al. 2011). However, in the other five
soils, lignin decomposition subsequently increased and
exceeded initial values after many months. This is consis-
tent with the substrate limitation hypothesis, whereby
lignin decomposition increases as carbohydrate avail-
ability decreases to enable access to protected substrates
(Berg and Staaf 1980). Even across these contrasting
groups of soils, however, we found common threads of
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evidence supporting both co-metabolism and substrate
limitation.

The predominance of different drivers of lignin
decomposition during different portions of the litter
decomposition sequence might explain the overall
decoupling of total lignin and litter decomposition
across soils. For example, the soils that showed lagged
increases in lignin decomposition after months—years
also exhibited relatively high rates early in the

experiment, consistent with a role for labile C in stimu-
lating co-metabolic lignin degradation. From the oppo-
site perspective, some of the soils that showed overall
declining rates of lignin decomposition also showed
transient increases at various points in time, consistent
with upregulation of lignin decomposition in response
to substrate limitation. Finally, all soils eventually
trended towards a 1:1 relationship between decomposi-
tion rates of lignin and litter C, consistent with the
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ultimate establishment of lignin depolymerization as the
rate-limiting step of litter decomposition. This provides
a direct corollary for a long-standing observation that
litter lignin content is an effective predictor of late-term
decomposition rates (Melillo et al. 1982, Adair et al.
2008) and challenges the notion that lignin decomposi-
tion rates decline disproportionately over time relative to
total litter decomposition. Furthermore, initial lignin
decomposition rates were unrelated to cumulative lignin
decomposition, also consistent with the importance of
progressive substrate limitation in eventually promoting
lignin breakdown.

What ecological factors, then, might predict differ-
ences in the temporal patterns of lignin decomposition
rates and cumulative lignin losses among soils? Avail-
ability of N might play an important role, as N enrich-
ment has been linked to suppression of lignin
decomposition and accumulation of SOC at local and
global scales (Chen et al. 2018, Zak et al. 2019). Here,
we did not observe a direct relationship between cumula-
tive lignin decomposition and any metric of N availabil-
ity (C:N ratio, initial mineral N concentrations, or net N
mineralization in litter-amended samples or controls).
However, soils that had greater decomposition of lignin
relative to other C sources, especially SOC, had greater
N mineralization (when measured without litter amend-
ment). We cannot ascertain here whether increased N
mineralization was a cause or consequence of greater rel-
ative lignin decomposition.

We also found circumstantial evidence for the role of
soil pH as a control on lignin-degrading organisms. The
soils that exhibited lagged increases in lignin decomposi-
tion rates had strongly acidic pH values, which often
increase fungal growth and diversity relative to bacteria
(Rousk et al. 2009, Tedersoo et al. 2014). Although some
bacteria may play a role, filamentous fungi likely domi-
nate lignin degradation (Ruiz-Duenas and Martinez
2009, Bugg et al. 2011). Therefore, increased fungal
growth relative to bacteria in a low-pH environment
may have enabled the lagged increase in lignin decompo-
sition rates over time in the highly acidic soils. In con-
trast, competition with bacteria for C or nutrients may
have suppressed additional growth of lignin-degrading
fungi in soils with higher pH (Rousk et al. 2009), con-
tributing to decreasing lignin decomposition rates over
time.

Decomposition of lignin vs. SOC

Consistent with the alternative to our second
hypothesis, we found that total lignin decomposition
was always equivalent to or lower than total SOC
decomposition, contrasting with observations (based
on cupric oxide phenol extraction) that lignin decom-
posed faster than bulk SOC (Amelung et al. 2008,
Thevenot et al. 2010). However, these previous conclu-
sions should be viewed with caution given that lignin
phenol extractions are nonquantitative in mineral soils
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(Hernes et al. 2013). In our study, we found that
instantaneous and cumulative relationships between
lignin and SOC decomposition varied among soils, but
that lignin and SOC decomposition rates tended to
converge over time. This relationship may reflect an
overall rate-limiting importance of oxidative depoly-
merization reactions, among other factors, in control-
ling SOC decomposition in these soils.

Overall, our data suggest a partial reconciliation of
older and newer ideas surrounding the role of lignin in
SOC. In contrast to recent proposals (Thevenot et al.
2010, Klotzbiicher et al. 2011, Cotrufo et al. 2013), lig-
nin decomposition often lagged or limited, not led, the
decomposition of litter, and total lignin decomposition
was similar or lower than that of SOC. Acknowledging
that lignin derivatives do not persist indefinitely simply
because of their molecular structure (Kleber 2010), a
richer understanding of the rates and controls on lignin
decomposition may yet prove insightful for predicting
SOC persistence—a classic ecological idea (Waksman
and Iyer 1932) that has recently fallen out of favor.
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