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Until recently, the processes of litter decomposition and soil organic matter formation in forests have been
studied in isolation, which has hindered the development of a comprehensive understanding of the entire pro
cess. The last decade has brought considerable progress in this scientific endeavour in response to the challenge
to sequester atmospheric C in forest soils. In this paper we review key recent developments in this field and
describe our current collective understanding of litter decomposition and transformation processes and pathways
in forest ecosystems.
Compelling evidence that most slow-cycling SOM has been microbially transformed forces us to rethink the
standard technique of measuring mass remaining in litterbags during incubation to indicate litter decomposition
rates. Rather than indicating the mass of litter that remains undecomposed, these measurements reflect the net
outcome of two simultaneous processes: decomposition of plant material and accumulation of microbial and
faunal transformation products. Measurement of both of these pools, rather than just the total mass of material in
litterbags is necessary to understand decomposition processes. For example, the apparent retarding effect of
available N on mass loss during late-stage decomposition may actually result from N promoting the production of
microbial biomass and necromass, thereby increasing the accumulation of transformation products during latestage decay. We recommend referring to the mass of material in litterbags as ‘net mass remaining’ or ‘residue
mass’ rather than ‘litter mass’, to acknowledge its changing composition as decomposition proceeds.
Decomposition pathways in forests with abundant detritivorous meso- and macrofauna remain poorly un
derstood as a consequence of the inability of the litterbag technique to capture their influences (even with
differing mesh sizes). Long-term studies monitoring the transformation of litter to faunal faecal material and
subsequent transformations of this material are urgently needed.
Roots and mycorrhizal fungal hyphae are important sources of SOM, including stable SOM. Fine roots (orders
1 and 2) decompose particularly slowly, as do some mycorrhizal hyphae, which has been attributed to cell-wall
constituents such as lignins, melanin and glycoproteins. Convergence of mass loss curves of litters that initially
decompose quickly and slowly indicates that leaf litter, root litter, and fungal residues with large labile contents
can generate as much SOM as recalcitrant litters.
Transformation of litter into SOM can follow many pathways, depending on characteristics of the site. Key site
and soil properties influence the biotic community present and together determine the pathway that decom
position follows on that site. As such, litter transformations occur along a continuum between situations in which
aboveground litter is mainly transformed into humus that accumulates on the soil surface, and situations in
which partially decomposed litter is transferred to the mineral soil via bioturbation. Predicting the most likely
decomposition pathway should inform decisions on how to measure and interpret the transformations that occur
on a particular site.

* Corresponding author.
E-mail addresses: cindy.prescott@ubc.ca (C.E. Prescott), lv@ign.ku.dk (L. Vesterdal).
https://doi.org/10.1016/j.foreco.2021.119522
Received 27 May 2021; Received in revised form 1 July 2021; Accepted 7 July 2021
Available online 31 July 2021
0378-1127/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

C.E. Prescott and L. Vesterdal

Forest Ecology and Management 498 (2021) 119522

1. Introduction

litterbag experiments, especially in northern forests, has been the
appearance of an asymptote, often well above zero mass remaining, at
which point mass loss becomes extremely slow (Harmon et al. 2009,
Moore et al. 2017). In Canadian forests, litters consistently reach this
‘maximum decomposition limit’ (Berg et al. 1996) with 20–30% of the
original mass remaining (Fig. 1; Prescott 2010). This decomposition
limit coincides with the accumulation of organic matter in a surface
humus layer characteristic of N-poor boreal forests (Berg et al. 1995),
suggesting that the limit represents the mass of litter material that has
been transformed into humus, rather than decomposing. Several lines of
evidence suggest that the material remaining at this point is not recal
citrant plant litter components, but rather de novo materials generated
through numerous biological and chemical transformations during
decomposition. Visual evidence of biological transformations during
decomposition of needle litter has been presented. For example, Ponge
(1991) described the succession of organisms inhabiting decomposing
Scots pine needle litter and the simultaneous degradation of plant ma
terial and accumulation of microbial tissue and faunal faecal matter.
Hågvar (2016) documented the transformation by soil animals of spruce
needle litter fastened to strips of nylon placed in the litter layer over 13
years. Photos of logs that had decomposed for 30 years in coniferous
forests (Fig. 2) demonstrate the degree to which the wood was trans
formed into fungal and faecal material during decay (Prescott et al.
2017). These visual accounts are consistent with evidence (discussed
below) that faunal and microbially transformed materials, rather than
recalcitrant plant material, dominate stable SOM pools (Kögel-Knabner
2017).
Litter decomposition, rather than being a single, one-way process, is
the net result of the simultaneous breakdown of plant material and
transformations of its chemical elements into de novo materials. There
fore, studies reporting the remaining mass of litter in litterbags should
refer to this as ‘net mass remaining’, or ‘residue mass remaining’,
evincing that it includes the original plant litter and increasingly, its
partial breakdown products and the de novo materials into which it is
transformed through multiple cycles of decomposition, assimilation and
consumption by soil microbes and fauna. The implications of this view
are demonstrated in Fig. 3, using typical mass-remaining data for foliar
litter (c.f. Fig. 1). Assuming a continuous rate of transformation coin
cident with mass loss, the mass of plant litter soon becomes negligible
while the transformation products create a pool of humus that increases
in mass, eventually reaching a mass equivalent to the observed
‘maximum decomposition limit’. The decline in mass loss rate with time
therefore does not represent slowing of litter decomposition but rather
progressive transformation of plant material into slow-cycling microbial
decomposition products. These transformation processes could also
explain the apparent retarding effect of available N on mass loss during
late-stage decomposition (Berg and Matzner 1997, Knorr et al. 2005,
Zhang et al. 2018). By promoting the production of N-rich microbial

Forest soils are a significant reservoir of carbon – more than 40% of
the total organic C in terrestrial ecosystems is stored in forest soils (IPCC,
2007; Wei et al., 2014). Increasing the amount of C stored in forest soils
could assist in sequestering atmospheric CO2 and mitigating global
climate change (Lal, 2005). As a result, in the last two decades there has
been concerted scientific effort into understanding the factors that in
fluence the rate at which soil organic matter accumulates in forests. This
has necessitated improving our understanding of the complex interre
lated processes involved in decomposition, along the entire continuum
from fresh litter to soil organic matter. The opposing ends of this con
tinuum have historically been studied in isolation; as Satchell (1974)
lamented, “an unfortunate aspect of the fragmentation of science is the
separation of litter decomposition research from soil organic matter
studies, the former mainly by ecologists and foresters, the latter mainly
by chemists and agriculturalists”. This regrettable state of affairs indeed
persisted until recently. For decomposition research, bridging this
‘nexus’ (Cotrufo et al. 2013) requires a shift in focus from ‘what is lost’ to
‘what persists’, and from probing the factors that influence rates of mass
loss early in the decay process to instead probing the factors that
determine the proportion of the litter that is transformed and persists as
soil organic matter.
In this review, we present the major recent advances in our under
standing of the multiple interrelated processes that lead to the carbon
bound within forest litter becoming sequestered in soil organic matter or
conversely, being mineralized and released as CO2. We deconstruct ev
idence based on repeated measures of mass remaining of litter enclosed
in mesh bags to incorporate transformation into de novo materials in
addition to decomposition. We suggest a new perspective on litter
transformations along a continuum between situations in which
aboveground litter is mainly transformed into humus that accumulates
on the soil surface, and situations in which partially decomposed litter is
transferred to the mineral soil via bioturbation. Throughout this review
we use the term ‘humus’ to denote the material generated through
transformations of litters that create an organic layer on the surface of
the mineral soil. In keeping with the Canadian System of Soil Classifi
cation (Soil Classification Working Group. 1998), ‘humus’ refers spe
cifically to the most transformed layer (H layer) that underlies the layers
of fresh litter (L) and partially decomposed litter (F; förmultning or mould
layer). Following recent alterations in views about the chemical nature
of humus (Schmidt et al. 2011), we refrain from using the term ‘humi
fication’, and instead refer to ‘transformation’ of litter to humus. The
term ‘soil organic matter’ (SOM) denotes organic material that is
embedded in mineral soil. ‘Stable’ SOM refers to the slow-cycling,
‘dynamically stable’ SOM pool in which losses are balanced by inputs,
rather than individual materials that are persistent over a long term
(Dynarski et al. 2020). The slowest-cycling pool is organic matter bound
to mineral surfaces (mineral-associated organic matter; MAOM), and
faster-cycling pools in the mineral soil are particulate organic matter
(POM) and dissolved organic matter (DOM) (Lavallee et al. 2020).
We discuss the three major pathways of transformation and transfer
from litter to SOM in forest soils suggested by Prescott (2010): (1)
transformation of litter materials into complex compounds in the forest
floor, (2) transfers of litter and humus to the mineral soil where it can be
stabilized in aggregates and/or clay minerals, and (3) transformation of
belowground litters (root litter and mycorrhizal fungal residues). The
rates of these litter transformations and transfers differ among forests
depending on site conditions, and so are highly context-dependent.
Accordingly, we end with a discussion about the relationships among
site conditions, soil organisms and decomposition pathways that influ
ence fluxes and pools of SOM.
2. Transformation of aboveground plant litter

Fig. 1. Net C loss from nine leaf litters showing apparent cessation of loss with
about 20% of the original C mass remaining (Prescott 2010). At this point, the
litter has been transformed into humus, which decomposes very slowly.

A characteristic feature of litter mass-loss curves from long-term
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Fig. 2. Photos of logs after decomposing for 30 years, demonstrating the transformation of wood into fungal and faecal material. From Prescott et al. (2017).

published data for quantities of biomarker amino sugars in soils, Liang
et al. (2019) estimated that microbial necromass accounts for more than
50% of soil organic C (SOC) in temperate agricultural and grassland
soils, and about 30% in temperate forest soils.
Microbial transformations of complex litter materials can also in
crease their stability. Kallenbach et al. (2016) reported that microbial
(primarily fungal) transformation of a lignin monomer led to more C in
mineral soil, and higher stability. Partial breakdown of lignin polymers
can generate structures even more recalcitrant than lignin (Talbot et al.
2012). Condensation reactions following partial oxidative breakdown of
guaiacyl lignin (which is most abundant in gymnosperms) can be fol
lowed by polymerization to form aryl-aryl linkages which are particu
larly resistant to decay (Talbot et al. 2012). These aryl-aryl linkages tend
to increase during the decomposition and transformation of litter and
accumulate in the humus layers of boreal forests, as a consequence of the
release of extracellular oxidative enzymes such as peroxidases by ecto
mycorrhizal fungi (Talbot et al. 2008; Bödeker et al. 2014, Lindahl and
Tunlid 2015). Depolymerized structural plant residues can also be
directly stabilized in MAOM (Córdova et al. 2018; Cotrufo et al., 2015).
Following from evidence that microbial activities generate stable
SOM came the suggestion that labile materials, which are readily
metabolized by microbes, are important in generating stable SOM.
‘High-quality’ litters (i.e. those with large contents of soluble organic
compounds and nutrients), by stimulating microbial biomass and
anabolism, create more microbial biomass, residues and metabolites and
thus produce more stable organic matter (Cotrufo et al. 2013). Using
isotopically labelled grass litter, Cotrufo et al. (2015) reported rapid
transfer of DOM early in decomposition into microbial biomass and
SOM, and a later, smaller transfer of POM, less of which was in microbial
biomass. The transformation of labile material into microbial materials
early in decomposition may explain past observations of high-quality
litters (high in labile component and N) generating as much humus as
other litters (Fig. 4).

Fig. 3. Typical mass-remaining curve for litter decomposition in forests,
showing mass loss from plant litter and simultaneous accumulation of decom
position products, resulting in the net mass remaining values measured in
litterbags. Graphic designed by Dr. Jacynthe Masse.

biomass and necromass, available N may increase the accumulation of
transformation products during decay, thereby increasing the mass of
material remaining in litterbags. Reference to net mass remaining or
residue mass remaining would assist in shifting scientific focus away
from measuring rates of mass loss toward understanding the processes
that transform litter into more durable materials that sequester C.
2.1. Microbial transformations
There is now abundant evidence that microbial transformation plays
a key role in the stabilization of litter C, and that a high proportion of
stable soil organic matter consists of microbial necromass and trans
formation products (Buckeridge et al. 2020). Support for early evidence
from NMR analyses that a large portion of stable organic matter is
microbially derived (Kindler et al. 2006; Simpson et al. 2007) has come
from recent studies employing a variety of other approaches. Studies on
the degradation of bacterial biomass (Kindler et al., 2006; Miltner et al.,
2012; Zheng et al. 2021) have shown that about half of the biomass is
transformed into non-living SOM. Following soil incubation of 13Clabelled bacterial cells, Miltner et al. (2012) used scanning electron
microscopy to uncover abundant fragments of microbial cell envelopes,
which were consistent with characteristics of SOM. After an 18-month
incubation of a natural soil microbial community in model soils of
different mineralogy amended with three carbon substrates, Kallenbach
et al. (2016) found that the accumulated SOM consisted largely of mi
crobial products, with the proportion of novel compounds ranging from
73 to 100% of the total. Lignin derivatives specific to plant-derived
lignin macromolecules declined while proteins and lipids increased
five-fold. Using absorbing Markov Chains to estimate C flow through
microbial pathways, Liang et al. (2017) estimated that soil microbial
necromass could account for 80% of the organic C in soil. Using

2.2. Transformations by detritivorous fauna
Transformations of litter by soil fauna can be classified into three
types: detritivory (comminution and consumption of litter), microbivory
(consumption of microbes on and in the litter), and bioturbation (litter
consumption and transport into soil) (Grandy et al. 2016). In this section
we focus on transformations by detritivorous macrofauna and meso
fauna, including epigeic earthworms. Detritivores break litter into
fragments (comminute) and consume the fragments. During partial
digestion and gut passage, most of the microorganisms in and on the
litter are killed and the internal contents of the microbial cells are
released (Frouz 2018). Easily decomposed polysaccharides and proteins
are consumed, pH and redox change, and soluble polyphenols decline
(Frouz 2018). Residual material (including some gut bacteria) is
repackaged into faeces, which have higher acid-unhydrolyzable residue
content and lower C:N ratios than the leaf litter (Frouz 2018; Joly et al.
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Fig. 4. (a) Measured net mass remaining of leaf litters decomposing in a Canadian forest (from Prescott et al. 2010). Mass is initially lost quickly from the leaf litter
with the most labile material (vine maple) but soon stabilizes; mass loss from alder and cottonwood litters is fast for two years but then slows and is overtaken by
litters that initially lost mass more slowly. (b) Hypothetical dynamics of net mass remaining during decomposition of a labile and a recalcitrant plant litter (from
Cotrufo et al. 2013).

2020). Depending on the type of organism, between 50% and 90% of the
original mass of consumed litter is transformed into faecal material
(Frouz 2018; Prescott 2010).
The rate at which faecal material of detritivorous macrofauna de
composes, and the proportion that becomes stable humus or SOM, is not
well understood. In keeping with the greater surface area of litter frag
ments for microbial colonization, the higher N content and the mucus
associated with faeces, microbial activity is high in fresh faeces. How
ever, this flush of activity is often short-lived and thereafter CO2 release
and mass loss of faeces can be faster, similar to or slower than that of
unconsumed litter (Rawlins et al., 2007; Frouz and Šimek, 2009; Kaneda
et al., 2013; Suzuki et al., 2013; Coulis et al., 2016). Slower decompo
sition of faeces of Bibio larvae was attributed to digestion of the most
desirable components (proteins and polysaccharides) during anterior
midgut passage, followed by binding of N in protein–phenolic complexes
in the posterior midgut, which together rendered faeces less decom
posable than unconsumed litter (Špaldoňová and Frouz 2014; Frouz
et al., 2015a). In contrast, Joly et al. (2018) found that faecal pellets of
the millipede Glomeris marginata, decomposed faster than uningested
leaves during a 100-day laboratory incubation. Losses of C and N during
the incubation were positively related to the surface area of particles
within the faeces, indicating that the stimulatory effect of millipede
consumption was primarily the result of comminution increasing the
overall surface area available for microbial colonisation. In a compre
hensive microcosm study, Joly et al. (2020) fed partially decayed leaf
litters of six tree species to six types of detritivore animals and measured
losses of mass, C and DOC from leaf litters and faeces from the 36 litterdetritivore combinations during a 180-day laboratory incubation
(Fig. 5). Carbon loss from faeces was greater than that from litter in 33 of
the 36 combinations, with an average C loss of 33% for faeces compared

to 24% for intact litter. Faeces had higher concentrations of DOC and N
than leaf litters, which may account for the greater mass loss during the
incubation. Leaf litters with large labile components produced faeces
with large labile components, indicating that litters that decompose
more quickly than other litters in the absence of fauna also decompose
more quickly when fauna are present. Unfortunately, the experiment
terminated with more than 50% of the mass of faeces remaining, so we
do not know if the rapidly decomposing faeces continue to lose mass
faster or if rates of mass loss eventually converged (as observed in leaf
litter; Fig. 4a).
In the microcosm experiment of Joly et al. (2020), the stimulatory
effect of comminution by detritivorous macrofauna was greater for the
slowly decomposing leaf litters, indicating that the reduction in physical
protection of labile components through comminution is more impor
tant in recalcitrant litters. Therefore, estimates of mass loss in fine-mesh
litterbags may be particularly underestimated for slow-decomposing
litters in ecosystems with detritivorous fauna. In ecosystems with soil
macrofauna, mass loss measures based on the litterbag technique may
not accurately portray decomposition processes and rates. Data from
small-mesh bags underestimate mass loss by excluding activities of soil
macrofauna, while data from large-mesh bags overestimate mass loss by
not including the material that has been transformed into faeces and not
decomposed or transferred from the bags for further decomposition in
the forest floor or mineral soil. Using the litterbox technique, which
allows the collection of both litter and faeces, Frouz et al. (2015b) found
that faunal activity accelerated removal of litter from the bag, but did
not affect overall mass loss because most of the material removed from
the litter layer was found in the soil outside the litter bag. Therefore, it is
unlikely that mass-remaining measurements in either small- or largemesh litterbags accurately represent actual rates of litter

Fig. 5. Losses of C and N during a 180-day incubation of leaf litter of six species uningested and following ingestion and transformation into faeces by six detritivores.
From Joly et al. (2020).
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stimulating microbial biomass production, litters with large labile contents
can generate as much humus and SOM as does recalcitrant litter. Initially
recalcitrant litters may be further stabilized by microbial transformations
during decay.
The fate of litter that has been transformed into faeces produced by
comminuting meso- and macrofauna species needs to be understood to
accurately represent litter decomposition in forests. Comminution increases
subsequent decomposition of recalcitrant litters more so than labile litters.
Relative to undigested litter, decomposition of faeces can be faster, the same
or slower. The long-term fate of faunal faecal material is a critical knowledge
gap.

decomposition in forests with soil meso- and macrofauna. Tracking the
fate of unconfined, isotopically-labelled litter (e.g. Cotrufo et al. 2015)
should allow an improved accounting of the long-term fate of litter that
has been transformed by soil fauna.
Accounting for transformation of litter into faecal material would
also clarify the effects of mesofauna on litter decomposition. For
example, juvenile mites excavating spruce needles produced slowly
decomposing faeces that remained within the needles, so needles with
mites lost mass more slowly than those without these mites (Hågvar
1998). In contrast, following invasion by fungal-feeding micro
arthropods, needles appeared to lose mass more quickly, but was related
to the tendency for faeces of these organisms to be deposited externally
and thus not included in litter mass measurements (Hågvar 1998). In a
13-year study of spruce needle litter decomposition (Hågvar 2016),
about 40% of the needles became colonized by mites which excavated
the needle cavities, which then became filled with faecal pellets. Needles
which were inhabited by mites lost mass more slowly than needles
without mites – after 40 months, decomposition was 28% slower in
needles with mites than in needles without mites. These findings rein
force the need to think of mass remaining in litterbags as net mass
remaining, thereby incorporating both loss of plant material and gain of
microbial and faunal materials.
The net effect of detritivore ingestion on decomposition and SOM
formation is visualized in Fig. 6. There is an initial ‘conditioning’ phase
during which the mass remaining equals that of the leaf litter, followed
by a sudden loss of 50% of the litter mass as it is comminuted and
partially digested. About 20% of the litter mass consumed is assimilated
and respired or converted into detritivore biomass and the remaining
80% is transformed into faecal pellets (i.e. transformation products).
This is followed by a brief pulse of rapid decay of readily metabolizable
compounds in the faecal pellets (Fig. 6). Once the leaf litter is completely
decayed, the mass in the persistent SOM pool reflects the mass of
transformation products. Subsequent consumption of faecal pellets by
coprophagous organisms and mixing with other materials in soil can
alter the decomposition process and rate during the late stage, but this
aspect of decomposition is particularly understudied. There is an urgent
need to better understand how rapidly litter is transformed into faecal
material and the subsequent decomposition and transformations of
these materials in forests with detritivorous meso- and macrofauna.

3. Incorporation of aboveground litter into mineral soil
While litter and humus can persist for decades in forest floors on the
mineral soil surface (or centuries in extreme cases), it is vulnerable to
loss through disturbances such as wildfire, windthrow or harvesting
(Mayer et al. 2020). The persistence of organic material originating from
aboveground litter can be increased through incorporation into mineral
soil, particularly if it becomes protected within aggregates, chemically
complexed with Al and Fe hydroxides or associated with mineral clay
particles (Prescott 2010). The major pathways for transfer of above
ground organic matter to the mineral soil are incorporation by soil
fauna, leaching of dissolved organic matter, and fragmentation. The
relative magnitudes of these pathways are driven by characteristics of
the site, particularly the parent material, and the nature of the vegeta
tion, which determine the composition of the soil faunal community
(Fig. 7). On sites where these factors are conducive to soil macrofauna,
particularly burrowing earthworms, much of the aboveground litter is
incorporated into the mineral soil early in the decomposition process
and a mull humus develops. Where conditions are not conducive to soil
macrofauna, most aboveground litter remains on the surface and is
transformed into humus, i.e., a mor humus develops. Intermediate
conditions result in the development of a moder humus form in which
there is some mixing of aboveground litter into the mineral soil, by nonburrowing fauna.
3.1. Incorporation and stabilization by soil macrofauna
Transfer of litter from the forest floor into mineral soil by the activity
of macrofauna species such as endogeic and anecic earthworms (i.e.
bioturbation) profoundly alters the decomposition process and the fate
of litter. Substantial amounts of the aboveground annual litterfall may
be transferred each year to the mineral soil as a result of earthworm
activities. In a beech forest on a rich site with mull humus, 50% of the
annual C lost from the forest floor was transferred to the top mineral soil
by fauna (Kammer et al. 2012). The main drivers of burrowing earth
worm abundance, and thus potential bioturbation activity, are: (1) a
parent material with neutral pH in deeper soil layers, e.g. due to presence
of carbonates (Frouz 2018), and (2) leaf litter that is low in lignin and
rich in base cations (particularly Ca) and nutrients (particularly N)
(Mueller et al., 2015; Schelfhout et al. 2017; Frouz 2018; Desie et al.
2020) (Fig. 7). Burrowing earthworms are also rare in sandy soils
(Nordstrøm and Rundgren, 1974; Verstraeten et al., 2018) and in arid
environments (Desie et al. 2020).
The interplay of tree species and parent material influences on
earthworm abundance are evident in findings from tree species experi
ments in Europe. On six relatively rich sites, a tree species effect was
clear – species with high leaf-litter Ca concentrations (Fraxinus, Acer and
Tilia), and higher topsoil pH had greater abundance of anecic and
endogeic earthworms, and higher rates of forest floor turnover than
species with lower Ca concentrations in leaf litter and more acidic top
soils (Quercus, Fagus and Picea; Schelfhout et al. 2017; Fig. 8). Likewise,
on clay soils, endogeic earthworms were much more abundant under
Quercus, Carpinus and Fagus than under Picea. However, on poor, sandy
soils earthworms were scarce under any tree species (Verstraeten et al.

2.3. Summary
There is abundant evidence that microbial transformations play a key role
in the stabilization of litter carbon, and that a high proportion of stable
organic matter consists of microbial residues and transformation products. By

Fig. 6. Hypothetical mass loss curves for litter ingested by detritivores showing
rapid loss of leaf material upon ingestion and simultaneous rapid increase in
transformation products (largely faecal matter). Following an initial flush of
microbial activity and mass loss of faecal material, mass loss slows. The longterm mass loss rate of faecal matter determines the rate of net mass loss, and
is largely unknown.
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Fig. 7. The continuum of litter decomposition pathways, showing influence of soil and parent material characteristics on soil biota, litter quality, decomposition
pathway, and SOM and humus forms. In natural forests, the dominant tree species reflect these site conditions. Planted trees can shift conditions to some extent.
Graphic designed by Julia Amerongen-Maddison.

2018). Earthworms may even occur in soils under spruce, if the soil is
fine-textured and carbonate-rich (Taylor et al. 2019).
Earthworms contribute to both decomposition of plant litter (Lub
bers et al. 2013) and its stabilization through transformation into mi
crobial biomass and necromass (Angst et al. 2019). During earthworm
gut passage, leaf litter is partially decomposed but is also enriched with
mucus which stimulates microbial activity and biomass, particularly

bacteria (Frouz 2018). The resulting microbial necromass can become
stabilized in MAOM and small occluded POM (Angst et al. 2019; Fig. 9).
Fragmented plant material can also be stabilized in the casts and ag
gregates generated by earthworms (Zhang et al. 2003; Fahey et al. 2013,
Angst et al. 2017). As with other types of soil fauna, there is an initial
period of high CO2 release from earthworm casts, but thereafter C sta
bilization dominates over C mineralization (Zhang et al. 2013).
6
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Fig. 8. Relationships between calcium concentrations of six tree species and (a) forest floor turnover rate and (b) anecic earthworm density in six common garden
experiments. From Schelfhout et al. (2017).

Fig. 9. Depiction of effects of earthworms in reducing amounts of plant litter and increasing amounts of microbial necromass and microbially generated substances
within and between microaggregates. From Angst et al (2019).

Earthworm burrowing also enhances stabilization of C by moving
material to deeper soil layers (compared to DOC leaching), where the
soil is less C-saturated. Wironen and Moore (2006) found that the
greater total soil C mass in soils with earthworms was attributable to
increase in soil C at depth (10–30 cm; there were no differences at 0–10
cm). Vesterdal et al. (2008) similarly reported greater C stocks in 15–30
cm under tree species with highest burrowing earthworm abundance.
Earthworm activity in combination with a bacteria-dominated microbial
community (Fig. 7) is an important driver for positive effects of certain
deciduous tree species (particularly those with arbuscular mycorrhizae)
on mineral soil C stocks in temperate forests (Vesterdal et al. 2013,
Heděnec et al. 2020). A meta-analysis of invasive earthworm studies
confirmed a strong negative effect on forest-floor C stocks and a small
positive effect on mineral soil C stocks, but no overall effect on SOC stock
(Ferlian et al. 2020). The effect of bioturbation on soil C sequestration is
expected to be most pronounced in low-C soils undergoing primary and
secondary succession, e.g., being restored from open mining activities or
converted from agricultural land use, respectively (Frouz 2018).
Macroarthropods may also play a role for incorporation of organic
matter in soils (David 2014), for instance woodlouse species (Frouz and
Šimek, 2009), but information on this mechanism remains scarce. The
effects of macroarthropods may be enhanced in mull soils with abundant
earthworms (Fig. 7) as a consequence of endogeic earthworms feeding

on and incorporating macroarthropod faeces into deeper layers (David
2014).
3.2. Leaching of dissolved organic carbon
Transport of DOC from the forest floor to mineral soil accounts for
5–24% of annual litterfall mass in temperate forests of North America
(Currie et al., 1996). In a temperate conifer forest, DOC flux into the soil
surface was equivalent to only 1.4–2.4% of aboveground forest-floor C
stock (Evans et al. 2020). Most DOC leached from fresh litter is retained
in the forest floor. For example, in a temperate broadleaf forest, virtually
all DOC from 13C-labeled fresh leaf litter (of beech and ash) was retained
in the forest floor and upper 2 cm of the mineral soil (Scheibe and
Gleixner 2014). Only 10% of C lost from 13C-labelled spruce litter was
captured beneath the forest floor H horizon, indicating that DOC leached
from forest floor horizons consists mostly of DOC produced within that
deepest forest floor horizon (Fröberg et al. 2007; Müller et al. 2009).
These fluxes range from 100 to 400 kg ha− 1 y-1 (Michalzik et al. 2001).
In forests with burrowing earthworms, fluxes of DOC are small in
comparison – for example, in a Swiss beech forest, DOC transfer to the
top mineral soil accounted for only 4–5% of the annual C lost from the
forest floor, whereas 50% was transferred to the soil by fauna (Kammer
et al. 2012).
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temperate forests, annual root-derived C accumulation was greater than
leaf litter inputs and similar to estimates of aboveground net primary
productivity at similar sites (Keller et al. 2021). Above- and below
ground litter manipulations in a subtropical forest further suggested that
root-derived C inputs exerted a stronger control than aboveground litter
on soil C concentrations and microbial community structures (Liu et al.
2019). The proportion of the mass that is transformed to stable SOM is
also greater for root-derived materials than for leaf litter (Bird et al.
2008, Mambelli et al. 2011 in Xiong et al. 2013, Kätterer et al. 2011). In
a synthesis of stable-isotope field experiments with live roots, 45% of
belowground inputs were stabilized as SOM compared with only 8% for
aboveground carbon inputs (Jackson et al. 2017). In temperate decid
uous forest soils, isotopic measurements estimated that root-derived C
represented >60% of microbial biomass after 3 years of litter addition
(Kramer et al., 2010). A portion of these isotopic signals for root-derived
material emanate from rhizodeposits, including exudates, which are
now recognized as a key source of stable soil C (Pausch and Kuzyakov
2018, Sokol et al. 2019; Sokol and Bradford 2019). These are mostly low
molecular weight compounds such as sugars, organic acids and amino
acids (de Graaffe et al. 2010) originating from live roots and so are not
discussed further in this review of litter decomposition and trans
formation to soil organic matter.
The large contribution of roots to soil C may be attributable to the
high rate of production of root litter relative to other types of litter. In a
meta-analysis of litter inputs in tropical, temperate and boreal/alpine
forests, root litter accounted for 48% of annual plant-litter inputs, which
was more than leaf litter (41%) (Freschet et al. 2013). Slower net mass
loss from root litter than leaf litter has been reported across a range of
terrestrial ecosystems (Taylor et al., 1991; Gholz et al., 2000; Abiven
et al., 2005; Vivanco & Austin, 2006; Freschet et al., 2013; van Huysen
et al., 2013; Xiong et al. 2013). Almost twice as much fine root litter
(44% of initial C) remained than needle litter (22–28%) of Pinus pon
derosa after decomposing in a forest soil for 10 years (Hicks Pries et al.
2017).
Fine roots (corresponding to root orders 1 and 2) tend to decompose
more slowly than thicker roots (Orders 4 and 5; Fan and Guo 2010;
Goebel et al. 2011; Sun et al. 2013). Comparing decomposition of firstorder roots and leaf litter from 35 woody plant species in a Chinese
temperate forest, first-order roots had lost only 35% of their initial mass
on average after 6 years while leaf litter had lost an average of 77% of
their initial mass (Sun et al. 2018). Slow net mass loss from lower-order
roots has been related to their having higher concentrations of acidinsoluble compounds (Hendricks et al. 2006, Guo et al. 2004, Fan and
Guo 2010, Xia et al. 2015) and tannins (Sun et al. 2018; Xia et al. 2015),
than do higher-order roots. Slow decomposition of fine roots may be
related to the chemical composition of epidermal cell walls. Deposition
of suberin lamellae on exodermal and endodermal cell walls of fine roots
may contribute to their slow decomposition (Freschet et al. 2012;
Winkler et al. 2005), although recent research indicates that suberin is
not particularly persistent (Lin and Simpson 2016; Angst et al. 2016).
Cell walls near the periphery of fine roots (orders 1 and 2) have higher
content of guaiacyl monomers which are prone to partially degrade and
then form stable aryl-aryl bonds that resist further decomposition
(Talbot et al. 2012). In a tropical forest, soil SOC stocks were positively
related to fine-root syringyl phenol content (Russell et al. 2021). As with
aboveground litter, it may be the partial breakdown of lignins into
reactive phenolic compounds and their subsequent transformations,
rather than inherent resistance to decomposition, that results in the
apparently slow mass loss of fine-root litter. Tannins released by tree
roots may also contribute to stabilization of fungal necromass and slow
decomposition of mycorrhizal first-order roots (Adamczyk et al., 2019).
The slow decomposition of lower-order roots may also be related to
their being colonized by mycorrhizal fungi. Ectomycorrhizal (ECM)
roots are 20–40% fungal tissue (Hobbie 2006), and ECM root tips
decompose more slowly than non-mycorrhizal root tips (Langley et al.
2006, Guo et al. 2008; Fernandez et al. 2013). In a global synthesis of

Concentrations and total fluxes of DOC from the forest floor to the
mineral soil tend to be greater in coniferous forests than hardwood
forests (Cronan & Aiken 1985; Currie et al., 1996; Fröberg et al., 2011),
as a consequence of the higher organic matter stocks in forest floors
under conifers (Hansson et al., 2010; Vesterdal et al., 2013; Peng et al.,
2020) and lack of bioturbation. DOC ranges from readily decomposable
compounds (e.g. carbohydrates) leached from fresh leaf litter early in the
decay process to complex, refractory compounds (e.g. lignin-derived
phenols) released later in the decomposition process (Cleveland et al.,
2004; Don and Kalbitz, 2005; Kalbitz et al., 2006; Klotzbücher et al.,
2011). Conifer litters tend to release more DOC in the form of decom
position products, rather than labile leachate from fresh litter. For
example, evergreen needle litters lost less than 5% of their original mass
when soaked in water for 24 h (Zukswert and Prescott 2017). In contrast,
leaf litter of Populus, Betula, and Alnus lost 13–35% of its original mass,
which was similar to the proportion lost during the first few weeks of
decomposition (Zukswert and Prescott 2017). Kiikkilä et al. (2012)
found that DOC from spruce needle litter was less easily degradable than
that from birch, and was detectable only once mass loss exceeded 20%.
Don and Kalbitz (2005) observed increasing aromaticity and complexity
of DOM produced from decaying spruce and pine litter and increasing
DOC concentrations after mass loss exceeded about 20%. No such in
dications were found for deciduous litter (Don and Kalbitz, 2005).
3.3. Fragmentation and downward movement of particulate organic
matter
Movement of particulate materials (in the absence of bioturbation)
appears to be a minor pathway for transport of aboveground litter into
mineral soil. Cotrufo et al. (2015) attributed the second pulse of
movement of labelled grass litter into SOM to physical movement of
particulate matter, and this accounted for 7% of the initial litter mass. In
a mixed oak-hickory-maple with a mor-type forest floor, downward
migration of particulate organic matter accounted for only 2% of the
litter mass (Qualls 2016). In a temperate deciduous forest soil, Kramer
et al. (2010) estimated that <~6% of the microbial C in mineral soil
after 4 years was derived from the added 1-to-4-year-old surface litter.
Faeces from soil fauna could be incorporated into the soil more easily
than intact plant litter (Coulis et al. 2013).
3.4. Summary
The amount and nature of aboveground litter materials transferred to
mineral soil depend on characteristics of the site that determine the abun
dance of bioturbating soil fauna. On sites without bioturbating fauna,
aboveground litter decomposes and is transformed into humus on the surface
of the mineral soil. Labile DOC from fresh litter is retained and transformed in
the forest floor F layer, while transfers to mineral soil are mostly in the form of
dissolved organic matter from the H layer. These are mostly high-molecularweight decomposition products, such as lignin-derived phenols. On sites with
bioturbating soil fauna, once aboveground litter is partially decomposed (i.e.
conditioned), it is transformed through gut passage into faecal material and
mixed with mineral soil, creating an organic-rich topsoil (Ah layer). The
upper part of the topsoil is further enriched by low-molecular-weight DOC
leaching from fresh litter.
4. Transformation of belowground litter (roots and mycorrhizal
fungi)
4.1. Roots
Plant roots are an important source of SOM. Rasse et al. (2005)
concluded that root contribution to soil organic carbon per unit C is, on
average, 2.4 times higher than of shoots. At nine forested sites, exclusion
of roots for 20 years resulted in declines in soil C levels similar to
exclusion of aboveground litter (Lajtha et al. 2018). In six eastern U.S.
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early fine-root decomposition, fine roots of woody ECM (and ericoid
mycorrhizal) species decomposed slower than those of AM species (See
et al. 2019), which is consistent with the relationship between mycor
rhizal association and decomposition rate of aboveground litters (Keller
and Phillips 2018).
Although slowly decomposing roots contribute considerable
amounts of organic matter to soil, quickly decomposing roots may
generate more stable SOM. In a common garden experiment with
different tree species, the stability of SOM appeared to be greater
beneath species with higher concentrations of nitrogen and lower
amounts of acid-insoluble compounds in their roots, which decompose
faster (Angst et al. 2018). As with aboveground litter, it may be fasterdecomposing roots, with higher concentrations of labile C and N, that
promote microbial biomass and necromass and generate more stable
SOM.

which are resistant to decomposition and are correlated with soil
aggregate water stability (Rillig and Mummey 2006; Fernandez et al.
2016). This could be another driver of the higher SOC stocks reported
under AM tree species (Craig et al. 2018, Peng et al. 2020). Rhizomorph
necromass decomposes more slowly than diffuse necromass (Certano
et al. 2018).
Initial mass loss from mycelial litter is rapid relative to leaf or root
litter. In field studies, about 50 % of the initial litter mass was lost within
5 weeks (Brabcová et al. 2018, Beidler et al. 2020; Fig. 10a). After this
time, in both studies, mass loss slowed and became negligible at about
70% mass loss (Fig. 10b). This pattern is strikingly similar to that
commonly observed for leaf litter (Fig. 5), and probably represents the
net result of simultaneous decomposition and transformation of fungal
material into microbial residues and decay products. Fungal necromass
is a ‘hotspot’ of activity of biopolymer-degrading enzymes and bacteria
(Brabcová et al. 2018), and 13C from fungal necromass has been shown
to be rapidly assimilated into living microbial biomass (Drigo et al.
2012). More than half of the label in 13C-labeled ectomycorrhizal fungal
biomass was transferred into non-living fractions of SOM within 231
days (Schweigert et al. 2015). As also observed for leaf litter (Fig. 5),
mass loss of high-quality (based on melanin and N contents) mycelia
rapidly declines and abruptly slows, while that of low-quality mycelia
declines more slowly, such that they converge at 20–25% mass
remaining. As with leaf litter, this probably results from high-quality
mycelia decomposing more rapidly and generating more stable micro
bial residues and products.

4.2. Mycorrhizal fungi
Mycorrhizal fungal necromass is a significant source of SOM in many
forests. Estimates of mycelial biomass of ECM fungi range from 100 to
600 kg ha− 1 (Wallander et al. 2004; Cairney 2012; Hendricks et al.
2016), and annual production in boreal forests has been estimated at
100 to 300 kg ha− 1 yr− 1 (Ekblad et al. 2013). Godbold et al. (2006)
found that mycorrhizal external mycelium was the dominant pathway
(62%) through which C entered the SOM pool, exceeding the input via
leaf litter and fine-root turnover. In boreal forests, 50–70% of stored C in
the humus layer of boreal forests is thought to be derived from roots and
root-associated microorganisms (mostly ECM fungi; Clemmensen et al.
2013). Ectomycorrhizal fungi are particularly abundant in the humus on
N-poor sites (Högberg et al. 2020), where they release peroxidases
which oxidize the complex organic matter, liberate lignin derivatives
and DOC, and take up amino acids (Bödeker et al. 2014). In contrast,
forests dominated by AM fungi have smaller forest floor C pools but
larger SOC and MAOM pools compared to ECM-dominated forests (Craig
et al. 2018, Cotrufo et al. 2019, Peng et al. 2020, Keller et al. 2021). This
has been associated with characteristics of trees associated with AM
fungi, such as rapidly decomposing leaf litter (rich in nutrients, calcium
and soluble compounds) which promote burrowing earthworms (Phil
lips et al., 2013; Reich et al., 2005), rapid root decay (See et al. 2019)
and exudate composition (Yin et al. 2014), in addition to possible direct
effects of AM fungal hyphae (discussed below). The specific mechanisms
behind the patterns observed for AM vs. ECM species remain to be
further characterized. Recent studies suggest that microbial and earth
worm communities do not separate perfectly between the mycorrhizal
types (Schelfhout et al. 2017, Heděnec et al. 2020), probably because
litter quality and soil environmental conditions remain as the specific
drivers of SOM formation in the two types of tree species (Seyfried et al.
2021).
Mass loss rates of mycorrhizal fungal litter are positively related to
their N concentrations and negatively related to their melanin concen
tration (Fernandez and Koide 2014; Brabcová et al. 2016; Beidler et al.
2020). Melanins are dark (generally black) cell-wall components
composed of various phenolic or indolic monomers, usually complexed
with protein which are highly resistant to degradation (Butler and Day
1998). The studies that reported slow decomposition of ECM root tips
(Langley et al. 2006, Guo et al. 2008; Fernandez et al. 2013) all involved
melanised (not hyaline) species (Fernandez et al. 2016), and Clem
mensen et al. (2015) found significant correlations between the abun
dance of melanised fungi and C accumulation in humus. Melanised
hyphae also have greater sorption to soil mineral components than do
hyaline hyphae (Fomina and Gadd 2003), which promotes their incor
poration into stable SOM (Fernandez and Kennedy, 2015). Some fungi
have a film of hydrophobic proteins on the outside of their cell walls that
make them unwettable, which may hinder their enzymatic decomposi
tion (Fernandez et al. 2016). These include glycoproteins such as the
glomalin-related soil proteins in the cell walls of arbuscular mycorrhizae

4.3. Summary
Root litter inputs contribute more than aboveground litter inputs to SOM,
including MAOM. Fine-root litter decomposes slowly, depending on cell-wall
lignin constituents and the extent of colonization by mycorrhizal fungi.
Necromass of mycorrhizae and external fungal mycelia are significant
sources of SOM, particularly in boreal forests. Melanisation of ectomycor
rhizal root tips may contribute to their slow decomposition. In forests with
arbuscular mycorrhizal tree species, glycoproteins in the cell walls of these
fungi are may be important sources of slow-cycling SOM. Similar to patterns
observed for leaf litter, high-quality mycelia initially decompose rapidly, but
mass loss then slows and converges with that of low-quality mycelia.
5. Context-dependency of decomposition and soil organic
matter formation
A major challenge in synthesizing knowledge about the processes
involved in decomposition along the entire continuum from fresh litter
to soil organic matter is the degree to which the rates of the processes
and the dominant pathways differ according to characteristics of the
site. Primary site factors that influence decomposition pathways and
process rates include macroclimate (temperature and precipitation),
parent material characteristics that influence soil factors such as texture,
pH, base status and nutrient supply. These site factors largely determine
the nature of the dominant vegetation on the site, and together deter
mine the composition of the soil biota (fauna, mycorrhizal fungi and
free-living soil micro-organisms). Site factors further determine the
chemical and physical ‘quality’ of the litter which determine if the
dominant pathway of decomposition will be faunal/bacterial or fungal/
phenolic. The nature of the topsoil expresses the interplay of these fac
tors as they determine the distribution of OM between surface organic
and deeper mineral layers, and its abundance in SOM pools of various
turnover times.
The influences of these many inter-related factors on decomposition
pathways in forest ecosystems are depicted in Fig. 7. At one end of the
continuum, sites with carbonate-rich parent material have high avail
ability of nutrients and base cations that support tree species with AM
and base-rich litter, which promote burrowing earthworms and bacteria.
This leads to a mull humus form and a microbial-dominated SOM
9
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Fig. 10. (a) Percent mass loss of ecto
mycorrhizal fungal mycelia in a
temperate oak forest (Brabcová et al.
2016). (b) Proportional mass remaining
for high-quality Mortierella elongata
(light shading) and low-quality Melinio
myces bicolor (dark shading) fungal nec
romass in AM-associated vegetation
(grey circles) and EM-associated vege
tation (tan triangles) in a temperate
forest. Inset graphs show doubleexponential decay curves for high- and
low-quality necromass, as decomposi
tion did not differ between vegetation
mycorrhizal types. From Beidler et al.
(2020).

pathway leading to high levels of MAOM and aggregation. At the
opposite end of the spectrum are sites with silicate-rich parent material,
which are acidic and low in base cations and nutrients. Burrowing
earthworms are absent and detritivorous macrofauna are rare. Nitrogen
is predominantly in organic forms and trees on these sites associate with
ECM and produce recalcitrant litter. Fungi are the dominant soil biota
and phenolic pathways dominate decomposition. Litter decomposes in a
surface mor humus and enters the mineral soil mostly in particulate
form. Most sites occur within the continuum between these extremes
and are intermediate in terms of soil biota and decomposition pathways.
Additional factors such as soil texture, and dominant tree species in
fluence the expression of these pathways (Angst et al. 2021; Prescott and
Vesterdal 2013).
The interplay of site factors and biota in determining the decompo
sition pathway that is expressed at a given forested site can be illustrated
in findings from common garden experiments in Denmark (Vesterdal
and Raulund-Rasmussen 1998; Vesterdal et al. 2008; Vesterdal et al.
2012; Gurmesa et al. 2013; Schelfhout et al. 2017; Heděnec et al. 2020).
In eastern Denmark, fine-textured soil and base-rich parent material
supports tree species with high base content litter, e.g., AM broadleaf
species. These factors promote earthworms and bacteria and a mull
forest floor forms under most tree species, even ECM broadleaves like
oak and beech. The decomposition pathway is dominated by microbial
transformations, macrofaunal detritivorous transformation and bio
turbation by earthworms. Planting spruce on these sites discourages
earthworms and prevents full expression of the mull forest floor. A
moder forest floor develops and the decomposition follows an inter
mediate pathway. In contrast, in western Denmark, coarse-textured soil
and acidic parent material supports ECM tree species and discourages
soil macrofauna. Fungi dominate and decomposition is dominated by
partial breakdown of lignins into phenolic compounds. Most litter
transformation occurs in a surface mor humus layer with transfers to
mineral soil limited to leaching of particulate and phenolic compounds.
Planting AM broadleaf species on these sites shifts the biota and
decomposition pathways towards a moder condition, but as soil condi
tions do not allow for burrowing earthworms, decomposition pathways
cannot shift beyond an intermediate type.

both decomposition and transformation, it would be better referred to as
net mass remaining or residue remaining.
The labile component of litter is a principle source of SOM due to its
role in stimulating production of microbial biomass, necromass and
products. These processes dominate early in the decomposition process
and in litters with large labile content. As a consequence, litters with
large labile content generate as much or more slow-cycling SOM as lit
ters with small labile content. This phenomenon has been observed in
leaf litter, root litter and fungal residues.
In late-stage decomposition, when mass loss is negligible, most of the
plant material has been transformed into faunal and microbial products.
The ‘maximum decomposition limit’ therefore represents the proportion
of litter material that has been transformed into persistent by-products
rather than the amount that has not decomposed. Factors such as
increased N availability that appear to ‘slow’ late-stage decomposition
(and increase the maximum decomposition limit) may instead increase
the production of microbial residues and decomposition by-products
that decompose slowly.
The proportion of aboveground litter that is transferred to mineral
soil depends on characteristics of the site, which determine the abun
dance of bioturbating soil fauna. In the absence of bioturbating fauna,
most of the labile DOC leaching from the forest floor layer is retained in
the layer immediately below. These fluxes to the mineral soil mostly
consist of high-molecular-weight decomposition products, such as
lignin-derived phenols from the H layer.
The slow decomposition of fine roots (orders 1 and 2) is related to
characteristics of their cell walls such as abundance of lignins and tan
nins. The partial breakdown of these materials and subsequent trans
formations, rather than inherent resistance to decomposition, results in
the apparently slow mass loss of fine-root litter. Likewise, cell-wall
components of mycorrhizal fungi such as melanins in some ECM and
glycoproteins in AM may be responsible for the apparently slow mass
loss of some mycorrhizal fungal tissue.
Decomposition can follow several pathways, depending on the site
conditions (climate, parent material, soil characteristics) and vegeta
tion. Identification of site conditions can assist in predicting the likely
pathway that decomposition will follow and the pools in which C
sequestration is most likely.

6. Conclusions

7. Research needs

Equating the process of litter decomposition with rates of mass loss of
litter confined in bags has caused decomposition to be widely, but
incorrectly, perceived as a simple one-way process during which litter is
broken down to simpler forms and eventually mineralized into its con
stituent chemical elements. Mass loss patterns of litter can be more
accurately described as the net result of the simultaneous breakdown of
plant material and the transformation of its chemical elements into new
materials. Since the mass remaining in litterbags is a consequence of

Putting our developing understanding of decomposition and SOM
formation to work requires that we understand the chemical trans
formations that occur during the processes of decomposition, along with
their biological causes, and how these transformations differ depending
on the litter type, the site conditions, and the organisms involved.
Rather than rates of mass loss, we need to be able to predict the
proportion of the litter mass that is transformed to persistent SOM, the
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factors that influence this proportion, and the fate of the transformed
and persistent SOM.
Studies of litter decomposition need to include estimates of the
proportion of the litter that is converted to faecal matter of soil fauna,
the long-term fate of this material, and how this relates to its composi
tion, structure and the environment in which it decomposes.
Integrated studies of microbial communities, their enzyme comple
ments and chemical characteristics of the litter and transformation
products at various points along the continuum will provide a more
complete picture of decomposition processes.
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