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Litter decomposition: what controls it and how can we alter
it to sequester more carbon in forest soils?
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Abstract Key recent developments in litter decom-
position research are reviewed. Long-term inter-site
experiments indicate that temperature and moisture
influence early rates of litter decomposition primarily
by determining the plants present, suggesting that
climate change effects will be small unless they alter
the plant forms present. Thresholds may exist at
which single factors control decay rate. Litter
decomposes faster where the litter type naturally
occurs. Elevated CO, concentrations have little effect
on litter decomposition rates. Plant tissues are not
decay-resistant; it is microbial and biochemical
transformations of materials into novel recalcitrant
compounds rather than selective preservation of
recalcitrant compounds that creates stable organic
matter. Altering single characteristics of litter will not
substantially alter decomposition rates. Nitrogen
addition frequently leads to greater stabilization into
humus through a combination of chemical reactions
and enzyme inhibition. To sequester more C in soil,
we need to consider not how to slow decomposition,
but rather how to divert more litter into humus
through microbial and chemical reactions rather than
allowing it to decompose. The optimal strategy is to
have litter transformed into humic substances and
then chemically or physically protected in mineral
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soil. Adding N through fertilization and N-fixing
plants is a feasible means of stimulating humification.
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Research into the process of decomposition has grown
steadily since the development of the litterbag tech-
nique in the 1960s, which allowed us to measure mass
loss and estimate decomposition rates (through cal-
culation of the decomposition constant or k value),
and compare rates among sites, litter types and
treatments of many kinds. In the 1980s, we measured
decomposition rates because we knew it to be an
important ecosystem process critical to maintaining
available nutrients, because the data were needed for
ecosystem models, and because it was interesting—
complex but not beyond hope of understanding. It also
had several practical applications, such as understand-
ing how N deficiencies develop in northern forests and
how ecosystems respond to disturbances, both natural
and anthropogenic. By 1990, the intense environmen-
tal concern about global warming associated with
rising atmospheric carbon dioxide concentrations
made the understanding of the decomposition process
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more urgent, given its central role in the mineraliza-
tion of organic forms of C and the associated release
of carbon dioxide to the atmosphere. Global research
intensified in response to the apparently urgent need to
predict litter decomposition rates and effects of global
change thereon. This heightened demand for knowl-
edge is evident in Fig. 1, which depicts the number of
published studies available through Web of Science in
5-year periods from 1970 to today. In contrast to the
slow exudation of about 20 papers per year in the
1980s, there is now more than one paper on litter
decomposition appearing each day. The link between
decomposition rates and global C fluxes is promi-
nently mentioned in nearly every published litter
decomposition study since 2000, and almost certainly
figured prominently in every successful proposal for
research on litter decomposition.

What have we learned from this unprecedented
effusion of information on litter decomposition? It
would be impossible to capture all of the information
we have gained in one paper; instead I will attempt to
provide an overview of some key developments in
our growing understanding of litter decomposition
and the factors that control its rate, and suggest how
we might harness our collective understanding to
improve our ability to sequester additional C in forest
soils.

A key development in the last decade has been the
completion and publication of the results from a
global suite of long-term inter-site decomposi-
tion experiments which evaluated the influences of
climatic factors and litter “quality” (primarily
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chemical) characteristics on decomposition rates.
Important inter-site studies have been completed
across Europe (Berg et al. 1993; McTiernan et al.
2003), Canada (Trofymow et al. 2002), China (Zhou
et al. 2008), USA (Harmon et al. 2009), cold biomes
(Cornelissen et al. 2007) and the tropics (Powers
et al. 2009). An important meta-analysis of published
litter decomposition studies was also recently pub-
lished (Zhang et al. 2008). Each of these studies has
determined the relationships among rates of mass
loss, climatic factors such as mean temperature and
precipitation (or combined indices such as the actual
evapotranspiration (AET), potential evapotranspira-
tion (PET) or climate decomposition index (CDI;
Adair et al. 2008), and litter quality factors such as
C:nutrient ratios, concentrations of acid-unhydrolyz-
able residue (AUR; formerly referred to as lignin) and
AUR:nutrient ratios. It is conceivable that once all
ongoing studies are published, we will be able to
confidently predict the mass loss rate of any litter
anywhere in the world, and model the expected fluxes
of C and nutrients, without need for additional data of
this nature.

These inter-site experiments have yielded some
interesting findings that shed light on the interactions
among the factors that influence decomposition rates.
This can be illustrated with some of the relationships
presented by Zhang et al. (2008). Figure 2a shows the
relationship between mean annual temperature of
each study site and the average k value for litter
decomposition. A linear relationship is significant and
fits the data, but another pattern is apparent—below a
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Fig. 2 Relationships between the average k value for litter
decomposition and then mean annual temperature of each
study site (a) and average AUR (lignin) :N ratio of each litter
type (b) from a meta-analysis of 70 published litter decompo-
sition studies (from Zhang et al. 2008)

mean annual temperature (MAT) of 10°C, decompo-
sition is uniformly low, regardless of other factors.
Above 10°C, decomposition may be slow or fast,
depending on other factors. A similar relationship is
visible for AUR:N ratio of the litter—in litters with a
AUR:N ratio greater than 40, decomposition is
uniformly slow; decomposition of litters with AUR:N
ratio below 40 may be slow or fast, depending on
other factors (Fig. 2b). This observation—that thresh-
olds exist at which one factor becomes rate-control-
ling—is often overlooked in favour of the application
of the linear relationships which can be derived
through correlation and regression analyses. For
example, comparing which climatic factor is deemed
to be most important for determining litter decompo-
sition rates (based on regression analyses), the Cana-
dian study (perhaps unsurprisingly) determined
temperature to be the key factor (Trofymow et al.
2002), while the tropical study (equally unsurpris-
ingly) determined moisture to be more rate-determin-
ing (Powers et al. 2009). Thresholds have consistently
appeared in the literature—for example in respiration
rates of microbes decaying aspen leaves at various
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Fig. 3 CO, release from decaying aspen leaves under various
moisture (% dry weight) and temperature conditions, demon-
strating the ability of one factor to constrain decomposition
regardless of the other factor (from Bunnell et al. 1977)
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Fig. 4 Relationship between initial ratio of “lignin” (acid-
unhydrolyzable residue; AUR) to nitrogen and 3-year mass loss
of 14 litter types (including leaves, needles, moss, and fine
woody debris) in Rocky Mountain forests, illustrating distinct
decay rates of various taxonomic groups (from Taylor et al.
1991)

temperature and moisture conditions (Bunnell et al.
1977) (Fig. 3) and mass loss of 14 litter types across a
spectrum of AUR:N ratios (Taylor et al. 1991; Fig. 4).

A conceptual model for this concept of thresholds
for control of decomposition is depicted in Fig. 5. In
order for decomposition to be fast and/or complete,
conditions must surpass certain thresholds of temper-
ature, moisture, AUR concentrations and nutrient
concentrations (similar thresholds for P and polyphe-
nolic compounds probably exist and may control
decomposition under certain conditions). Inadequate
conditions with respect to any of these can divert litter
into the realm of slower decomposition, regardless of
the adequacy of other factors. Between these levels,
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correlations between the factor and the decomposition
rate are likely. Better defining the critical thresholds at
which one factor will have an overwhelming influence
on decay rate presents an attractive alternative to
discussing whether temperature or moisture or litter
quality is more important in determining decay rate.
Regression tree analysis (Rothwell et al. 2008)
appears to be a promising means of identifying
thresholds for decomposition effects; MAT of 10°C,
moisture contents of 30% and 80% (wet weight basis),
and AUR:N of 40 are suggested as tentative effect
thresholds.

A strong influence of litter quality—i.e. character-
istics of the litter—on decomposition rates has also
been a consistent trend in the decomposition

@ Springer

-

Fast decay

literature. A surprising result of a path analysis of
the factors that influence mass loss rates litter from 70
published studies (Zhang et al. 2008; Fig. 6) was that
the two factors most directly influencing decay rates
were both litter quality factors—the C:N ratio and the
total nutrient content of the litter (the sum of
concentrations of individual nutrients). Temperature
and precipitation had small direct effects; instead
their influence appeared to be exerted primarily
through their influence on the nature of the litter
(through their influence on the type of vegetation that
exists at a given site). Likewise, in a synthesis of root
decomposition data, Silver and Miya (2001) found
root chemistry (particularly Ca concentration) to be
the factor most strongly related to root decomposition
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Fig. 6 Path analysis of the
factors that influence mass
loss rates litter from 70
published litter
decomposition studies,
demonstrating the direct
influence of litter chemistry
and indirect influences of
moisture and temperature
(from Zhang et al. 2008).
Solid lines represent
positive effects and dotted
lines represent negative
effects. The thickness of the
arrow and the associated
value indicate the strength

of the effect
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Fig. 7 Mass loss of 14 litter types during the first 4 years of decay in a Rocky Mountain forest (from Taylor et al. (1991)

rates at a global scale. Several individual studies have
also suggested that climate-induced changes in rates
of litter decomposition and associated feedbacks to
soil fertility and productivity are likely to be small
unless there is a shift in plant species composition
(and thus litter quality), particularly if the composi-
tion of plant growth forms in a community is altered
(Hobbie 1996; Wardle et al. 2009).

A meta-analysis of experiments comparing mass
loss of litters of different types on the same site (818
species at 66 sites on 6 continents; Cornwell et al.
2008), clearly demonstrated the influence of plant
functional traits related to phylogenetic groups on mass

loss rates. Consistent trends included: faster decay of
litter from woody deciduous than woody evergreen
species; faster decay of forbs (eudicot herbs) than
graminoids, and consistently slow decomposition rates
of ferns and bryophytes. Pronounced differences in
mass loss rates among widely different litter types have
been observed many times in the past (e.g. Taylor et al.
1991; Fig. 7); this meta-analysis confirms these pat-
terns and provides a firm basis from which we can
predict relative decay rates based only on tissue type
and phylogenetic group. The analysis also confirmed
the utility of the various indicators associated with
functional traits, which correlate with decay rates and
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can be used when available to predict mass loss rate,
such as %N, %P, % AUR and leaf mass per unit area
(LMA; kg/m?). A recent analysis of litter decompos-
ability in European grasslands (Fortunel et al. 2009)
demonstrated how environmental factors (disturbance
and climate) affect functional traits of living leaves
which inevitably modify litter quality and subsequent
litter decomposability. In that study litter decompos-
ability was negatively correlated with community-
weighted mean leaf dry-matter content (LDMC; dry
mass divided by fresh mass), and positively with
community-weighted mean leaf N concentration. The
emergence of easily measured indicators of plant
structural traits (such as LMA and LDMC) have
provided the long-sought convenient measures of
physical recalcitrance of litter, and have confirmed
the suspected importance of tissue structure and
accessibility to decay factors in determining rates of
litter decomposition.

Perhaps the greatest contribution of the functional
trait approached (Cornelissen 1996; Cornelissen et al.
2004; Kazakou et al. 2006) is causing us to think
more holistically about the many characteristics of
litter that determine its accessibility and vulnerability
to decay, as opposed to single factors such as lignin
and nutrient concentrations which are useful indica-
tors of decomposability for predicting mass loss rates
but do not, on their own, determine decay rate.
Recent explorations of the changes in the three-
dimensional architecture and strength of different
tissues during decomposition (Lindedam et al. 2009)
and the ongoing descriptive work of Ponge and
colleagues (Ponge 1991; Mori et al. 2009) will be
instructive when we move beyond predicting rates of
decomposition and resume our efforts to understand
litter decomposition as a biological process. Incor-
porating the biological activities of soil fauna and
their effects on litter decomposition processes and
pathways is perhaps the greatest remaining challenge.
The recent meta-analysis of the effects of micro-
arthropods on litter decomposition rates (Kampichler
and Bruckner 2009) makes clear how poorly we
understand this important effect: a slightly positive
overall effect on decomposition was reversed when
the authors incorporated the estimated side-effects of
the unsatisfactory methodological approach of com-
paring mass loss in fine and coarse-mesh bags as an
estimate of faunal influence. The authors also present
some interesting evidence for an early publication or
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submission bias towards publication of data which
supported the assumed stimulation of decomposition
by soil fauna; more recent studies tend to show
negative or neutral effects of fauna (to the extent to
which either the coarse-mesh-bag or the naphthalene
approach truly reflects faunal influence). Studies of
the effects of varying levels of diversity on processes
related to decomposition frequently conclude that the
effect of diversity depends on the species or types of
organisms involved, which underscores the need to
better understand the activities of particular species
or types of soil fauna, particularly litter transformers,
their interactions with other fauna and with soil
microbial communities and activities, and their
resulting influence on the decay process.

There is now compelling evidence that litter of a
given species or type decomposes more rapidly in
ecosystems in which that litter type naturally occurs
(Wardle 2006; Vivanco and Austin 2008; Ayres et al.
2009; Strickland et al. 2009). This has obvious (but
probably minor) implications for inter-site litter
decomposition studies—i.e. the home-field advantage
effect (Gholz et al. 2000). More intriguingly perhaps,
this finding brings to light our woeful understanding
of the communities of soil organisms whose activities
effect decomposition, how the nature of the litter and
environmental factors affect their composition and
activities, and how this in turn creates the patterns of
decay rates that we have now measured and are able
to predict. This lack of understanding can be
attributed to the complexity of studying microscopic
organisms in a complex environment, although the
advent of molecular and biomarker techniques for
characterizing microbial communities and their deg-
radation activities in different ecosystems (as well as
the roles of specific soil microbes) is beginning to
address this knowledge gap (Waldrop and Firestone
2004; Grayston and Prescott 2005). The slow pro-
gress in improving our fundamental understanding of
soil organisms and activities is also symptomatic of
the current nature of research funding, most of which
requires that we study grand issues such as global
change and biodiversity or topics which directly
relate to current policies or practices, which directs
our efforts into unsatisfying attempts to predict
effects of nebulous changes in environmental condi-
tions on processes that we simply do not understand
at a fundamental level. It seems ingenuous to state
that a better understanding of the processes and their
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biological underpinnings would better enable us to
predict the effects of factors such as temperature, N
deposition or management practices on their rates.
There appears to be resolution of the effects of
alterations in the relative abundance of C and N
through increased atmospheric CO, concentrations or
N deposition on litter decomposition. There was
concern that increasing CO, concentrations would
broaden the C:N ratio of litters, thereby reducing their
decay rates and leading to declines in nutrient release
from litter. However, reviewing the results of numer-
ous studies on the topic, Norby and Cotrufo (1998)
concluded that, “most experiments have reported
little change in litter chemistry and no significant
difference in decomposition rates under different CO,
concentrations”. Meta-analysis of N-addition studies
concluded that N addition stimulates the decomposi-
tion of high-quality (i.e. low-lignin) litters, but retards
decomposition of high-lignin litters (Knorr et al.
2005). A wealth of evidence now shows that increased
availability of mineral N increases the proportion of
litter that is humified rather than decomposed, appar-
ently by both biological means (suppressing activity
of lignolytic enzymes—Carreiro et al. 2000; Frey
et al. 2004 or increasing microbial efficiency—Agren
et al. 2001) and chemical reactions that lead to
complexing and condensation reactions and humus
formation (Berg and Matzner 1997). There is also
some intriguing evidence that N also stabilizes
organic matter in soil (Neff et al. 2002; Swanston
et al. 2004) and interferes with mineralization of old
soil C (Hagedorn et al. 2003). Nitrogen addition may
well provide a means of impeding decomposition (i.e.
not so much slowing decay of litter as forestalling its
decay), which may be behind the apparent increase in
C storage in forests receiving significant levels of N
deposition (Nohrstedt 1992; Adams et al., 2005).
Although our understanding of the processes taking
place during late-stage decomposition remains incom-
plete, we now have data from long-term experiments
demonstrating a distinct phase of very slow mass loss,
particularly in northern forests. Data from the CIDET
experiment across Canada indicate that at most sites,
mass loss becomes very slow once 70-80% of the
original mass has been lost (Fig. 8). Thus 20-30% of
the original litter mass is transformed to humus and
decays very slowly thereafter. This phenomenon has
also been reported in Scandinavia, and is referred to as
the maximum decomposition limit (Berg et al. 1996).

Data from the LIDET experiment (Harmon et al.
2009) indicate that this phenomenon may occur only
in cold northern forests (or other suboptimal condi-
tions), as it does not appear to occur at warmer
locations. Although it was suspected to be an artifact
of the litterbag technique, its occurrence in northern
forests and its correspondence with rates of humus
accumulation in undisturbed northern forests (Berg
et al. 2009) indicate that it is a real phenomenon. The
long-term mass loss curves presented in Fig. 8 also
demonstrate that the differences in initial decompo-
sition rates of different litter types are fleeting. Rates
of early decomposition, upon which most estimates of
k values have been made, converge for all litter types
after a few years of decay. This is a recurring theme in
decomposition studies, and suggests that for questions
relating to C sequestration, the proportion of the litter
that becomes humus may be more important than the
time it takes for litter to get to that point.

There have been substantial advances in our
understanding of organic chemistry of litters, in
particular the nature of the lignin fraction of litter and
its relationship to rates of decay. Through NMR
analysis of the “lignin” fraction that remains after
acid hydrolysis, Preston et al. (1997) found that this
acid-unhydrolyzable residue contains many com-
pounds in addition to lignin, including cutin and
suberin (the protective layers of shoot and root
tissues, respectively), which are highly resistant to
decay. Reference to this residue as “lignin”, although
appropriate for proximate analysis of wood, is not
appropriate for non-woody materials such as most
litters, and has misled us as to the importance of
lignin in controlling decay rates. Application of
techniques such as cupric oxidation and pyrolysis
GC-MS to study lignin degradation have indicated
that lignin is not as recalcitrant as previously thought,
having residence times only in years or decades
(Rasse et al. 2005; Heim and Schmidt 2006; Bahri
et al. 2008). Even cutin and suberin have been shown
to be fairly susceptible to decay (Kogel-Knabner
et al. 2002), although these complex molecules will
release aromatic humus precursors during their
degradation (Wolters 2000). The existing evidence
indicates that plant tissues as a whole are not decay-
resistant; as von Lutzow et al. (20006) state: “the view
that organic matter stabilization is dominated by the
selective preservation of recalcitrant organic compo-
nents that accumulate in proportion to their chemical
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properties can no longer be accepted”. Rather, most
stable compounds have been transformed through
biological activities and chemical reactions leading to
partial breakdown, followed by condensation and
other reactions that lead to the production of com-
plex, decay-resistant secondary compounds (Bird
et al. 2008; Grandy and Neff 2008). Grandy and
Neff (2008) illustrate the tendency for the organic
matter in the smallest and most stable fractions to be
mostly of microbial origin, demonstrating the impor-
tance of microbial transformations and partial decom-
position for the production of stable soil C (Fig. 9).
Understanding these humification reactions and the
conditions under which they occur remains a signif-
icant and important challenge. The roles of soil
aggregation in physically protecting organic matter
from decay, and of adsorption to clay minerals in
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providing the only sink of truly stable soil C has also
been demonstrated (Sollins et al. 1996, Grandy and
Neff 2008), although there is some evidence that the
protective effects of aggregation has been over-
generalized (Goebel et al. 2009). von Lutzow et al.
(2006) concisely review the existing evidence for
C stabilization through selective preservation of
recalcitrant materials, spatial inaccessibility and
interactions with mineral surfaces and metal ions,
and the timelines associated with each potential pool
of C (Table 1), and urge continued research focused
on the molecular composition and stability of organic
matter in specific soil fractions.

There has also been some welcome imagining of
decomposition (as opposed to measuring decomposi-
tion), which has the potential to improve our thinking
about the process of decomposition and in fact, the
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likelihood of decomposition. It has been useful to be
reminded by Schimel and Bennett (2004) and
Ekschmitt et al. (2005), that decomposition occurs
as a result of what may be thought of as the “hopeful
act” of secretion of extracellular enzymes by micro-
organisms, and so is reliant on the successful
diffusion of enzymes to appropriate organic matter,
and successful diffusion of decay products back to a
micro-organism (who is unlikely to be the same one
who secreted the enzyme). For decomposition to
occur, there must be adequate temperature, a water
film, aeration, suitable pH, enzymes, diffusion con-
ditions, and an accessible and susceptible substrate—
in the same place at the same time. This imagining
allows us to realize how unlikely it is that organic
matter will be completely decomposed and the
factors that determine this likelihood, and may assist
us in envisioning ways in which we might adjust the
proportion that is decomposed.

It becomes apparent from reviewing our current
knowledge about litter decomposition in forests that
applying this knowledge to management of C stocks
requires a shift in our thinking—concerning ourselves
not so much with predicting and changing rates of
litter decomposition but rather thinking about how we
could divert litter into humus or soil organic matter
rather than decomposition and thereby forestall its

decay. To use a railroad analogy (Fig. 10)—rather
than trying to adjust the speed at which decomposi-
tion moves the litter towards CO,, we should be
trying to divert more of the litter onto sidings (as
humus or soil organic matter) where they will remain
for some time before eventually arriving at CO,.

How can we divert more litter into humus and soil
organic matter and thus forestall its decay? Following
from the above discussion, the following approaches
present themselves:

1. make conditions less suitable for microbial
activity, enzyme production and diffusion

2. make organic matter less vulnerable to enzymatic
degradation

3. promote microbial transformations that lead to
the creation of recalcitrant products

4. promote the chemical reactions that lead to
humus formation

5. encourage physical protection of organic matter
in soil aggregates

6. encourage chemical protection of organic matter
in soil

The recent evidence that most stable soil organic

matter has been microbiologically transformed sug-

gests that approaches 1 and 2 will not be as effective

as the other approaches which cause it to be
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Table 1 Time-scales of stabilization mechanisms for organic matter and their relevance in soils and soil horizons with differing

texture and mineralogy (from von Lutzow et al. 2006)

Mechanisms Relevant in soil types or soil horizons Time-scale/
year

(1) Selective preservation due to recalcitrance

Recalcitrance of plant litter and rhizodeposits Forest floor, A-horizons 1-10

Recalcitrance of microbial products Forest floor, A-Horizons 1-10

Recalcitrance of humic polymers All soils? Little evidence >100

Recalcitrance due to production of charcoal Soils under vegetation fires >100

(2) Stabilization by spatial inaccessibility of OM for microorganisms and enzymes

Occlusion of OM by aggregation Loamy and clayey topsoils 1-10
(macroaggregates >250 pum)

Occlusion of OM by aggregation Loamy and clayey soils 10-100
(microaggregates 20-250 um)

Occlusion of OM by aggregation Loamy and clayey soils >100
(clay microstructures <20 pm)

Intercalation within phyllosilicates Acid soils, little evidence >100

Hydrophobicity Acid soils, topsoil, forest floor 1-10

(<100)
Encapsulation in organic macromolecules More likely in topsoils >100

(3) Stabilization by interaction with surfaces and metal ions

Ligand exchange

Acid soils, soils rich in oxides, more relevant in subsoils? >100

Polyvalent cation bridges Soils with exchange complex dominated >100
by Ca>* or AP*
Weak interactions All soils? Clear evidence is missing >100

Interaction of metal ions with organic substances
(complexation)

Acid soils, calcareous soils, heavy metals contaminated >100

transformed into more complex humic substances
and/or protected in soil aggregates or adsorbed to
clay minerals. Approaches 3 and 4 raise the question
of whether surface humus accumulations create a
long-term sink for organic matter. Surface organic
matter is significant C pool in northern forests (Berg
et al. 2009), and the slow rate of humus decay and
evidence of large surface of accumulations of humus
in undisturbed areas (Wardle et al. 1997) indicate
considerable potential to store C in humus layers, at
least for decades (Jandl et al. 2007). The likelihood of
intense wildfires and resulting combustion of surface
organic matter would need to be factored into
decisions about where this strategy would be most
effective. The optimal strategy would be to have litter
microbiologically transformed into complex and
recalcitrant humic substances and then chemically
or physically protected in the mineral soil. We should
also be considering how to invest our efforts
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strategically, for example, focusing our efforts on
sites with soils that have excess capacity to retain
organic matter as a consequence of their depth,
texture and mineralogy. Deep, clay-rich, calcareous
soils may represent the greatest opportunities for
sequestering C in soil.

Operational management activities are crude for
this purpose, and will have side-effects in addition to
their effects on decomposition and C sequestration,
which need to be carefully assessed. Nevertheless,
three approaches appear from the preceding discus-
sion to warrant further consideration.

e add N

e promote species whose litter is more likely to be
mixed into soil

e focus on roots rather than aboveground litter

Convincing evidence now exists that additions of
N to forests, through fertilization, N-fixing plants or
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Fig. 10 Representation of refocusing our thinking from
changing rates of litter decomposition to how we could divert
litter into humus or soil organic matter and thereby forestall its
decay

atmospheric deposition, lead to greater accumulations
of humified organic matter (Malkonen and Kukkola
1991; Nohrstedt 1992; Olsson et al. 2005). A plethora
of recent studies (mentioned earlier) have convinc-
ingly demonstrated the effect and identified the
mechanisms involved (suppression of lignolytic
enzymes, complexing into humic substances). John-
son and Curtis (2001) determined through meta-
analysis of existing studies that N addition was the
only forest management practice that had a clear
positive effect on the soil C pool. The need now is to
determine the site conditions under which N fertil-
ization would be most effective for sequestering C
and the net gain when greenhouse gas emissions

related to fertilizer production, transportation and
application are factored in. Incorporation of N-fixing
plants presents an alternative means of adding N to
forest soils. Contrary to expectations based on their
higher N concentrations, leaf litter from N-fixing
species does not decompose significantly faster than
that of non-N-fixers (Prescott et al. 2000; Cornwell
et al. 2008, Sanborn and Brockley 2009). Leaf litter
from N-fixing species may have lower decomposition
limits (i.e. a greater proportion will be humified; Berg
et al. 2001) by virtue of having greater N concentra-
tion and in some cases such as Alnus, high AUR
concentrations (Taylor et al. 1991). Greater accumu-
lations of soil C are consistently associated with
N-fixing plants (Johnson 1992; Resh et al. 2002;
Nave et al. 2009). Resh et al. (2002) determined that
this resulted from both greater accretion of new soil
organic C and greater retention of old soil organic C,
which is in keeping with the finding of Hagedorn
et al. (2003) that N interferes with mineralization of
old SOM. Although the mechanisms are not clear,
incorporation of N-fixing plants appears to be a
promising means of increasing C sequestration in
forest soils.

The much longer residence times for organic
matter that becomes physically or chemically pro-
tected in soil suggest that the residence time of C
could be greatly lengthened if more of it was to
become associated with mineral soil. Mixing of litter
and mineral soil could be enhanced by promoting
activity of soil macrofauna by incorporating broad-
leaf species into forest from which they are absent.
This suggestion seems counter-intuitive, as broadleaf
litter generally has faster rates of mass loss than
needle litter (Cornwell et al. 2008), and so also would
not appear to be an effective means of sequestering C
in forest soils. However, many of the broadleaf
species in northern forests do not decay significantly
faster than needles (Fig. 11), and if they do this
difference is only evident for the first 1-3 years, after
which time a similar or (in some cases) greater
proportion of the original mass of broadleaf litter may
remain compared with needle litter. The belief that
broadleaf litters decompose faster than needle litters
has also been fueled by studies that report much
smaller surface accumulations of litter and humus
under broadleaf species than under conifers, without
considering the underlying mineral soil. Studies that
also report C contents of the mineral soil have
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Fig. 11 Mass remaining of leaf litter of 14 tree species during
a 4-year experiment in British Columbia, illustrating the small
and fleeting differences between decay of common broadleaf
litters (aspen, alder and birch) and needle litters (from Prescott
et al. 2004). Note: vine maple is a broadleaf woody shrub

demonstrated similar amounts of C in the combined
humus and mineral soil layers in broadleaf forests or
under broadleaf species as in coniferous forests (Turk
et al. 2008; Vesterdal et al. 2008). Incorporation of
litter into mineral soil occurs through the activities of
geophagic macrofauna such as earthworms, which
tend to be more numerous and active in broadleaf
than needle litter layers. Earthworm activities may
enhance conversion of litter into more stable organo-
mineral aggregates, although this effect must be
weighed against evidence that earthworm activities
also accelerate the degradation of resistant soil C
(Wolters 2000; Fox et al. 2006). Litter transformers
such as millipedes may also retard litter decomposi-
tion rates through consumption, gut passage and
egestion in faeces. Millipedes can consume substan-
tial amounts of leaf litter in forests, and about 90% of
the litter mass consumed by millipedes is released in
faecal pellets (Carcamo et al. 2000). Prior to earlier
assumptions of faster decomposition of this material
based on its lower C:N ratio than litter and high rates
of CO, evolution, recent experiments have demon-
strated that microbial activity on faecal material of
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millipedes is low (following a short-lived flush)
(Rawlins et al. 2007), and the material is chemically
recalcitrant (Rawlins et al. 2006). The durability of
faunal faecal material is supported by earlier studies
and by observations of the large volumes of it present
in many ecosystems (c.f. Wolters 2000; Osler and
Sommerkorn 2007; Galvana et al. 2008). The persis-
tence of faunal faecal material, and the factors which
influence it, warrants urgent investigation. The ben-
efits of broadleaf incorporation into stands depend on
the net effects of faunal activities that both stabilize
and destabilize soil organic matter, which is difficult
to predict with our current understanding.

Finally, there are several reasons to give more
consideration of the importance of roots in the creation
of stable organic matter. Roots are already primarily in
the mineral soil, and so do not have to be incorporated
to afford the opportunity for them to become associ-
ated with aggregates or clay minerals. Second, the
roots themselves, the mycorrhizal fungal hyphae
associated with them, and the exudates that they
produce are all means by which soil aggregates can be
formed. Root litter usually decomposes more slowly
than leaf litter of the same species (Lauenroth and Gill
2003; Cusack et al. 2009), and root C has a longer
residence time in soil than does shoot C (Rasse et al.
2005). Crow et al. (2009) concluded that increased
belowground productivity was the mechanism most
likely to increase formation of stable soil C in the
forest types which they studied. Rasse et al. (2005)
describe the key mechanisms that lead to stabilization
of root C in soil: chemical recalcitrance of roots due in
part to the presence of the recalcitrant compound
suberin, physical protection in aggregates, and phys-
ico-chemical protection of lignin and reactive C
compounds in exudates and mucilages by association
with clay minerals (Fig. 12). In acid forest soils,
binding of Al and Fe ions to roots may further reduce
their susceptibility to decomposition. However, the
possibility that labile C exuded from roots stimulates
the decomposition of recalcitrant soil organic matter
(i.e. the priming effect; Kuzyakov et al. 2000; Dijkstra
and Cheng 2007; Fontaine et al. 2007), may counteract
the otherwise positive effects of roots for soil C
sequestration, and warrants urgent investigation.

The three potential means of increasing C seques-
tration in forest soils suggested here are intended to
stimulate and focus research to determine if and
under what conditions these interventions may be
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successful, if the effects will be substantial enough to
warrant the intervention, and to identify unintended
ecological consequences on the recipient ecosystem.
Our understanding of decomposition processes is
expanding but remains incomplete, and fundamental
research that improves our understanding of this
complex process will bolster our attempts to harness
this knowledge to deal with global change.

Conclusions

Some things we now know about decomposition:

e We can predict early rates mass loss from
measures of climate and litter chemistry
e Litter chemistry has the most direct influence on

decay rates; AUR:N is the most consistent

-Non-protected SOM:
- bacteria
- anaerobic conditions!

Protacted SOM:
- bacteria exclusion
- anaerobic conditions

oxalate, abundamt
in root exudates

e

polysacchandes, abundant
in root mucilages
(hemicellulose) and roct
tissues (cellulose)

-] r ™
e .ﬁ -
VN

in soil aggregates (right panel), and physic-chemical protection
resulting from adsorption of various compounds from root
exudates or sloughing onto clay minerals (bottom panel). From
Rasse et al. (2005)

predictor of decay rate (AUR being the residue
formerly known as lignin)

Plant functional traits related to phylogenetic
groups are reliable indicators of litter decompos-
ability; leaf dry matter content and specific leaf
area are useful predictors of mass loss rates
There appear to be thresholds at which individual
factors have an overriding influence on
decomposition

Changing a single characteristic of the litter (such
as N or AUR concentration) is unlikely to
substantially alter decomposition rates

Plant tissues are not decay-resistant—even lignin,
cutin and suberin have residence times in years or
decades

A substantial portion of litter may be humified
under suboptimal conditions (cold temperatures
or excessive moisture)
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e Nitrogen addition promotes humification rather
than decay

Can we alter decomposition such that we can
sequester more C in forest soils?

e We need to determine not how to slow decom-
position, but rather how to divert more C into
humus and SOM pools rather than allowing it to
decompose.

e The optimal strategy is to have litter transformed
into complex and recalcitrant humic substances
and then chemically or physically protected in the
mineral soil.

e Addition of nitrogen is a promising and feasible
means of stimulating humification.

e Incorporation of N-fixing plants appears to
increase sequestration of soil C and may be
preferable to fertilizer additions when associated
greenhouse gas emissions are factored in.

e Incorporation of broadleaves and associated stim-
ulation of soil macrofaunal activity shows prom-
ise, but the conditions under which this would
sequester more C need to be determined.

e Treatments that stimulate root production could
lead to more C sequestration in soil, but this
strategy must be balanced against evidence that
labile root exudates stimulate mineralization of
stabilized soil C.
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