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Abstract
We review recent experimental results on the role of soil biota in stabilizing or destabilizing soil
organic matter (SOM). Specifically, we analyze how the differential substrate utilization of the
various decomposer organisms contributes to a decorrelation of chemical stability, residence
time, and carbon (C) age of organic substrates.
Along soil depth profiles, a mismatch of C allocation and abundance of decomposer organisms
is consistently observed, revealing that a relevant proportion of soil C is not subjected to efficient
decomposition. Results from recent field and laboratory experiments suggest that (1) bacterial
utilization of labile carbon compounds is limited by short-distance transport processes and,
therefore, can take place deep in the soil under conditions of effective local diffusion or convec-
tion. In contrast, (2) fungal utilization of phenolic substrates, including lignin, appears to be
restricted to the upper soil layer due to the requirement for oxygen of the enzymatic reaction
involved. (3) Carbon of any age is utilized by soil microorganisms, and microbial C is recycled in
the microbial food web. Due to stoichiometric requirements of their metabolism, (4) soil animals
tend to reduce the C concentration of SOM disproportionally, until it reaches a threshold level.
The reviewed investigations provide new and quantitative evidence that different soil C pools
underlie divergent biological constraints of decomposition. The specialization of decomposers
towards different substrates and microhabitats leads to a relatively longer persistence of virtually
all kinds of organic substrates in the nonpreferred soil spaces. We therefore propose to direct
future research explicitly towards such biologically nonpreferred areas where decomposition
rates are slow, or where decomposition is frequently interrupted, in order to assess the potential
for long-term preservation of C in the soil.
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1 Introduction

The size of carbon (C) stocks in the soil is largely controlled
through the antagonistic processes of input and decomposi-
tion of soil organic matter (SOM). Carbon input originates
mainly from leaf litter, root litter, and root exudates. Approxi-
mately 85%–90% of organic-material decomposition in soils
are mediated microbially, and about 10%–15% of the energy

of organic C (OC) are utilized by soil animals (Wolters, 2000).
Abiotic chemical oxidation, in contrast, is likely to account for
<5% of OM decomposition (Lavelle et al., 1993).

Thus, C cycling and decomposition is driven mainly by biolo-
gical mechanisms, and in this paper, we review the recent lit-
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erature for idiosyncratic effects of decomposer organisms on
C-decomposition rates. Much of the literature on SOM
decomposition relates the residence times of soil organic
substrates to the chemical stability, spatial accessibility, and
physical protection of the substrates, and to environmental
modifiers of decomposition rates (Sollins et al., 1996; Bal-
dock et al., 2004). Here, we analyze whether decomposer
organisms, through their diversified biological constitution,
effectively contribute to a decorrelation of chemical stability,
residence time, and C age of organic substrates.

We start from the observation that the distribution patterns of
decomposer organisms in the soil do not generally match the
allocation patterns of soil organic carbon (SOC). We demon-
strate that soil organisms exhibit differential preferences for
particular substrates and particular soil spaces, and we illus-
trate that soil biota underlie constitutional constraints how
they can utilize C resources. Finally, we address the apparent
contradiction between the decomposer community’s ability to
degrade virtually all soil organic components and the persis-
tence of C substrates of virtually any chemical composition in
biologically nonpreferred soil spaces.

2 Distribution patterns of soil C and
decomposer organisms

Belowground plant production is often as high as, or higher
than, aboveground production in temperate grasslands and
forests (McCulley et al., 2006; Newman et al., 2006). Not only
the roots of trees, but also the roots of many grasses and
herbs grow to 1 m depth or even deeper (Craine et al., 2003).
On average, only half of the root biomass is located in the
upper 20 cm of temperate soils, while the root system
extends much deeper, and only at 1 m or even at 1.50 m in
drier ecosystems a cumulative 95% of root biomass is
reached (Schenk and Jackson, 2002). As a consequence, a
large proportion of root litter enters the soil directly at consid-
erable depth, which results in high C stocks deep in the soil.
Typically, 40%–50% of the soil C are located in the upper
20 cm, and 50%–60% are located between 20 and 100 cm in
a soil profile of 1 m depth. Additional 30%–60% are estimated
to reside beneath 1 m and down to 3 m depth in a range of
temperate soils (Jobbagy and Jackson, 2000).

The large volume over which C enters the soil is in strong
contrast to the limited motility of most decomposer organ-
isms. Amongst these, only the macrofauna, i.e., earthworms
and large arthropods, is strong enough to actively dig deep
into soil (Lavelle, 1997). The mesofauna, mainly enchy-
traeids, springtails, and soil mites, depends on existing cre-
vices and macropores in the soil for entering deeper soil
layers. The microfauna, i.e., mainly nematodes, protozoans,
and other semi-aquatic invertebrates, is bound to the water
film covering soil particles, and individuals often move only a
few centimeters along soil interstices during their lifetime.
Amongst microorganisms, hyphal fungi can adjust mycelium
growth to resource patterns across considerable distances
(Ritz, 1995). Many bacteria have the ability to relocate them-
selves in a gradient (Parales and Harwood, 2002; Sen et al.,
2005). Gliding bacteria are known to act as micropredators of

other microbes (Lueders et al., 2006). In addition, bacteria
may be able to use the synaeretic water layer on fungal
hyphae to move in soil in the range of centimeters (Wick et
al., 2007). Generally, however, bacteria are assumed to rely
on solute transport and soil perturbation for their translocation
in the soil volume (Jiang et al., 2005; Langenbach et al.,
2006).

The limited motility of soil organisms makes it worthwhile to
compare the distribution of decomposer organisms with that
of OC along the soil profile. Unfortunately, such comparisons
along soil profiles are scarce, and most investigations are
confined to a few decimeters depth. Nevertheless, the data
available reveal clear trends. Burrows of the vertically digging
(anecic) earthworm Lumbricus terrestris often extended
below 80 cm depth in an unplowed field (Pitkänen and Nuuti-
nen, 1997). Shveenkova (2005) found irregular vertical distri-
butions of collembola with a density increase at 20–30 cm
depth in reedgrass meadows. Verschoor et al. (2001) ob-
served that some nematode populations extended beyond
40 cm depth and were not correlated with root abundance in
permanent grasslands. Three investigations on microbial
depth profiles (Fig. 1) showed in great correspondence that
fungi were mostly concentrated in the upper 20 cm of soil,
whereas bacterial biomass and activity exhibited a remark-
able second increase below 50 cm and extended to more
than 1.40 m depth in two forests and two grasslands (Ekelund
et al., 2001; Fierer et al., 2003; Agnelli et al., 2004). The new
insight to be gained from these observations is that the abun-
dance of soil organisms does not generally follow the abun-
dance of their potential food resources (Fig. 1). Specifically,
the profile of CO2 evolution depicted in Fig. 1a suggests that
biological C mineralization does not generally follow the avail-
ability of OC. As a consequence, a relevant proportion of soil
C is not subject to efficient decomposition. Apparently,
decomposer populations are restricted by other limitations
than by the abundance of OC. In the next sections, we pre-
sent examples of such limitations which are not due to a lack
of C, nor based on a chemical or physical stabilization of C
against mineralization, but emerge from the biological restric-
tions of the decomposer organisms themselves.

3 Biotic specialization and selective resource
utilization

Provided that trade-offs exist in the ability of organisms to
exploit alternative resources, the competition for resources
will trigger ecological radiation and will result in a specializa-
tion of different organisms on different resources (Schluter,
2000). A range of microcosm experiments with multiple or
spatially heterogeneous feeding sources, reviewed by
MacLean (2005), have revealed that bacteria separate into
functionally divergent strains within a few weeks experimental
time. Similar mechanisms are assumed to operate in higher
organisms at evolutionary time scales (Dieckmann and Doe-
beli, 1999). Generally, the specialization of subgroups of the
decomposer community towards different resources pro-
motes a more complete exploitation of the habitat and of all
its resources. Thus, the large diversity of microorganisms
and soil animals that form the soil decomposer food-web con-
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stitutes the mechanical and chemical means to degrade vir-
tually all kinds of SOM, even if decomposer organisms are
often limited in their ability to exploit resources at a fast rate
(Ekschmitt et al., 2005).

We suggest here that it is the physical and biochemical con-
stitution of decomposer organisms that often forces them to,
or prevents them from, using particular C substrates under
particular conditions. In this way, a patchwork mosaic of sub-
strate decomposition is created in the soil, where some
organic substances are preferentially degraded in some
microhabitats whilst other substances remain largely unaf-
fected in other soil spaces. The important consequence of
the differential specialization of decomposer organisms is
that in this decomposition mosaic, virtually all kinds of organic
substrates can come under preferential utilization by some
organism, whilst the same substrates can be left unutilized in
other, nonpreferred soil spaces. In the next two sections, we
present examples where differences in decomposition rates
were primarily due to divergent specialization of the decom-
posers rather than due to the properties of the substrates.

4 Differential regulation of microbial
decomposition

Empirical work of the research program “Soils as source and
sink of CO2” (Kögel-Knabner et al., 2008a, this issue, pp.
5–13) has consistently revealed that decomposer organisms
are specialized towards particular microhabitats and C pools.
Bacteria and fungi exhibited differing utilization strategies in a
small-scale laboratory experiment (Poll et al., 2006). Fungi
assimilated C directly from the litter layer, whereas bacteria
took up the substrates from the soil below the litter. Extent
and intensity of the active zone of bacterial decomposition
was directly related to solute transport by diffusion and con-
vection. Increased water content induced faster transport of
soluble substrates, which resulted in higher microbial bio-
mass and activity during the initial phase of the experiment,
while also leading to an earlier exhaustion of substrates for
microbial growth and activity after the initial phase (Poll et al.,
2007). It appears, therefore, that bacterial decomposition of
low-molecular substrates depends on effective microscale
transport in the vicinity of bacterial populations.

A majority of basidiomycete fungi preferentially colonized the
upper soil strata in two forest soils, as indicated by a declining
diversity of fungal laccase genes and a declining laccase
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Figure 1: Mismatch of C supply and
microbial abundance.
Depth profiles of organic C and
microbial parameters in two forest
and two grassland soils. Microbial
parameters deviate strongly from soil
C content in all profiles. Data from
Ekelund et al. (2001), Fierer et al.
(2003), Agnelli et al. (2004). Corg:
organic C, Cmic: microbial biomass,
CO2: soil respiration, Fungi: amount
of fungal hyphae, Bacteria: bacterial
cell count, Gram –: PLFA of gram-
negative bacteria, Gram +: PLFA of
gram-positive bacteria, Act.m.: PLFA
of actinomycetes.
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activity with soil depth (Luis et al., 2004). Among physiologi-
cal groups of fungi, laccases are typical for the species caus-
ing lignin degradation (Leonowicz et al., 2001). Laccases cat-
alyze the reduction of O2 to H2O using a broad range of phe-
nolic compounds, including polymeric lignin and humic
substances as hydrogen donors (Baldrian, 2006). It seems
therefore likely that the reduction of laccase activity along the
soil profile (Fig. 2b) was caused by the lack of its co-sub-
strate, oxygen, in deeper soil horizons (Luis et al., 2005).

The process of CO2 assimilation illustrates how microbial C
assimilation is governed by the requirements of the molecular
inventory of the organisms. Autotrophic organisms utilize the
energy obtained from light or inorganic compounds to reduce
CO2 and synthesize OM. Although other metabolic pathways
exist, the Calvin cycle is by far the most abundant CO2-fixa-
tion pathway with the ribulose 1,5-bisphosphate carboxylase/
oxygenase (Rubisco) as CO2-fixing enzyme. Besides the
photosynthetic eukaryotic organisms, numerous prokaryotes
have also been found to rely on the Calvin cycle for CO2 fixa-
tion, and many more have been shown to at least harbour
Rubisco (Atomi, 2002). In agricultural soil, densities of
Rubisco encoding genes ranged from 106 to 107 gene copies
(g soil)–1 and were similar to those of genes involved in nutri-
ent turnover, such as nitrite reductase and subtilisin protease

coding genes reported by other authors (Selesi et al., 2007).
A rich functional diversity of Rubisco-encoding genes was
detected in soil, indicating that a wide range of soil bacteria is
capable of autotrophic CO2 fixation (Selesi et al., 2005).
These include chemoautotrophic H2-oxidizing bacteria. As a
consequence, autotrophic CO2 fixation can be experimentally
induced in soil (Fig. 2c), and a net uptake of 8 nmol CO2 (g
soil)–1 h–1 was obtained in an investigation where soil was
treated with 250 nmol H2 (g soil)–1 h–1 to stimulate hydrogen-
oxidizing microorganisms (Stein et al., 2005).

On the other hand, heterotrophic organisms continuously oxi-
dize OC compounds to CO2 in order to gain energy and to
maintain their biomass. However, heterotrophic organisms
also depend on CO2 re-assimilation, mainly in the anaplerotic
reactions of pyruvate and phosphoenolpyruvate carboxyla-
tion that serve to replenish the citric acid cycle. We can
assume that soil microorganisms will employ such mechan-
isms, and in fact a wide spectrum of heterotrophic microor-
ganisms, anaerobic as well as aerobic, was shown to assimi-
late CO2 (Roslev et al., 2004; Santruckova et al., 2005). As
the soil environment is enriched in CO2, soil microorganisms
need not put much effort in the retention of CO2. Tracer
experiments with 13CO2 and 14CO2 (Fig. 2d) proved that the
amount of CO2 fixed from atmospheric sources accounted for
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Figure 2: Differential regulation of
microbial activity.
a) On the microscale, the zone of
microbial activity was limited by diffu-
sion and solute transport in a micro-
cosm experiment. The figure shows
how the gradient of b-glucosidase
activity extended further below a dis-
tinct litter layer under wet than under
dry soil conditions (Poll et al., 2006).
b) On the macroscale, the diversity and
activity of fungal laccases decreased
with soil depth in a mixed-forest
Cambisol. The gray bars denote the
number of laccase genes, with different
gray shades for different fungus spe-
cies. The white bars denote laccase
activity (Luis et al., 2005). c) CO2 was
strongly re-assimilated under experi-
mental stimulation through H2, as
compared to the control treatment
(Stein et al., 2005). d) Under ambient
conditions, a proportion of 2%–5%
respired CO2 was re-assimilated in a
tracer experiment with 14CO2 (Miltner
et al., 2005a).
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2%–5% of the net soil respiration and that the C was incorpo-
rated into microbial, mainly bacterial, biomass (Miltner et al.,
2004, 2005a, b). High label incorporation was found in the
phospholipid fatty acids (PLFA) and amino acids, in particular
in asparagine and aspartate, whereas the amino sugars of
the cell walls were not labeled. This clearly indicated a meta-
bolism of nongrowing or starving cells (Miltner et al., 2005b).
The high labeling found for aspartate suggested that oxalo-
acetate, which is the precursor of aspartate, was an important
product of CO2 fixation, and this supports the assumption
that anaplerotic reactions were significantly involved.

Microbial PLFAs from experimental sites, where cultivation
had been converted from continuous rye (C3 plant) to contin-
uous maize (C4 plant), exhibited a broad range of δ13C sig-
nals and compound-specific 14C ages, indicating that, overall,
C of virtually any age and origin was being incorporated into
the recently living microbial biomass. There existed, however,
mono-unsaturated PLFAs, which had 14C values close to that
of the atmosphere at the time of soil sampling and which
showed only minor 14C decrease in the subsoil. This sug-
gests a preferential incorporation of modern C derived from
root residues and root exudates (Rethemeyer et al., 2004,
2005; Kramer and Gleixner, 2006). It appeared that in the
case of low C input, up to 40% of other C sources, like CO2
or methane, were assimilated as was indicated by the 14C
signal of PLFAs related to methanotrophic bacteria (Kramer
and Gleixner, 2006).

Differential substrate utilization was obvious in a pioneering
study where completely 13C-labeled microbial biomass was
introduced into a Haplic Phaeozem, and the fate of the intro-
duced microbial cells was followed with respect to mineraliza-
tion, incorporation into predating microorganisms, and forma-
tion of bound residues (Kindler et al., 2006). Using SIP tech-
niques, diverse members of the Myxococcales, the
Xanthomonadaceae, and the Bacteroidetes were identified to
have specifically incorporated the added C (Lueders et al.,
2006). All of these indigenous soil bacteria are closely related
to organisms capable of gliding motility. After 32 weeks of
incubation in the soil, 50% of the introduced Gram-negative
microbial biomass was converted to CO2, the other 50%
remained in the soil, and part of it was transiently consumed
by different clades of microbial predators, resulting in 25% of
the initial C being incorporated in living microbial biomass
and 25% being associated to nonliving rSOM. Microbial-de-
rived proteins measured as labeled amino acids were virtually
not mineralized and remained in the soil (Kindler et al., 2006).
This is in good accordance with the observation of high
amounts of N-containing biomolecular fragments in humic
substances (Sutton and Sposito, 2005) and underlines the
contribution of microbial products to the formation of SOM.

In summary, the reported experiments corroborate and partly
explain the observed discrepancies between C allocation and
microbial activity described above. Bacterial utilization of
labile C compounds seems mainly limited by short-distance
transport processes and, therefore, can take place deep in
the soil under conditions of effective local diffusion or convec-
tion and provided all necessary reaction partners are present.
In contrast, fungal utilization of phenolic substrates including

lignin appears to be restricted to the upper soil because oxy-
gen is required for the enzymatic reaction involved. Part of
the CO2 produced in the course of OM decomposition is
recycled into microbial biomass by autotrophic fixation but
also by heterotrophic re-assimilation. The turnover rates of
soil CO2, of dissolved OC, and of complex organic polymers
neither appear to be solely governed by the chemical proper-
ties of the substrates themselves, nor by the physical proper-
ties of the soil as such, but by the selective substrate utiliza-
tion and the dependence on habitat conditions of the decom-
posing microorganisms.

5 Down-regulation of C content by faunal
decomposition

Selective substrate utilization was clearly visible in soil ani-
mals. The soil fauna preferentially degraded the chemically
and physically most stable C pools in a microcosm experi-
ment where soil was inoculated with earthworms, enchy-
traeids, collembola, and nematodes (Fig. 3a). The pyropho-
sphate-insoluble C pool was fragmented into finer particles
and mineralized to CO2 in the presence of earthworms.
Microarthropods tended to aggregate finer particles of the
pyrophosphate-soluble C pool into larger particles, while also
contributing to CO2 evolution. Only enchytraeids and nema-
todes induced an increase of the microbial biomass in this
experiment (Vetter et al., 2004; Fox et al., 2006).

Another example of selective substrate utilization are humi-
vorous soil arthropods, which use alkaline extraction of SOM
to gain access to the large albeit recalcitrant C pool in humus
(Kappler and Brune, 1999). Feeding experiments with 14C-
labeled model compounds documented that soil-feeding ter-
mites (Ji et al., 2000) and humivorous scarab beetle larvae
(Li and Brune, 2005) stimulated the mineralization of peptides
and the residues of microbial cell walls (peptidoglycan, chitin)
stabilized by copolymerization with phenols. The polypheno-
lic component, however, was not attacked (Fig. 3b).

Stoichiometric theory asserts that animal growth and the
recycling of C and nutrients are tightly coupled with the pro-
portions of nutrients in feeding sources and the molecular
requirements of biomass production (Sterner and Elser,
2002). To maintain overall homeostasis, consumer organisms
should release elements that are present in their food in
excess to their own requirements. Release mechanisms
include differential egestion of nutrients and C, production of
CH4, excretion of N and of OC compounds, and disposal of
excess C via respiration decoupled from biochemical or
mechanical work (Anderson et al., 2005).

The earthworm Lumbricus terrestris stabilizes SOM in cast
aggregates predominantly by increasing the SOM content in
the clay fraction where it becomes protected against micro-
bial attack. On the other hand, comminution of litter during
the gut passage and incorporation into the silt and sand frac-
tions increases the biomass and activity of decomposing
fungi (Marhan et al., 2007). Differential digestion of C-poor
versus C-rich substrate was found in the earthworm casts
(Fig. 3c). Earthworm casts derived from treatments without lit-
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ter addition showed similar or even lower CO2 evolution
compared to the surrounding soil. In contrast, earthworm
casts derived from treatments with litter addition exhibited up
to 75% higher CO2 evolution than the surrounding soil (Mar-
han and Scheu, 2005).

In summary, it appears that stoichiometric imbalance plays a
key role in fauna-mediated C decomposition. Invertebrate
decomposers have typically one order of magnitude higher N
and P concentrations in their bodies than fresh plant litter (Swift
et al., 1979). Thus, decomposers start with a material rich in C
and hence are N- or P-limited. But as the substrate is used, C is
released, and the limiting element is incorporated until a critical
C-to-element ratio is reached where C becomes limiting (Hes-
sen et al., 2004). In this situation, decomposers tend to release
excess N in the faeces as was, e.g., documented for earth-
worms (Tiunov and Scheu, 2004), soil-feeding termites (Ji and
Brune, 2006), and humivorous scarab beetle larvae (Li and
Brune, 2008). As an overall result, soil animals tend to minera-
lize excess C disproportionally, until the C concentration of SOM
reaches a lower level that is defined by the stoichiometric
requirements of their metabolism.

It should be noted that the consideration of C-to-element ratios
presented here is a broad simplification that neglects possible
co-limitation of several nutrients, as well as the effects of an
overall limited food supply (Anderson et al., 2005).

6 Discussion

In the preceding sections, we presented recent research results
on how the biological degradation of C substrates is governed
by the molecular requirements of the decomposer organisms.
Starting from the observation that decomposers do not gener-
ally follow the allocation of OC in the soil, we illustrated that bac-
teria may depend on microscale transport for decomposing
activity, that wood-decaying fungi may be limited by oxygen to
degrade lignin, and that the various soil animal groups show dif-
ferent preferences for soil strata and C substrates.

Therefore, the degradation of chemically labile C substrates
that are preferentially consumed by bacteria will be limited by
reduced or even disrupted diffusion and convection, e.g.,
brought about by microscale hydrophobic zones at intermedi-
ate soil depths (Bachmann et al., 2008, this issue, pp. 14–26).
In contrast, lignin degradation through fungal laccases will be
limited to the upper soil layers due to the decreasing oxygen
supply along the soil profile. The fragmentation and bioturba-
tion activity of soil animals will be limited, e.g., according to
their resistance to desiccation and their ability to dig through
the soil or to penetrate narrow soil pores. Thus, the reviewed
investigations provide new and quantitative evidence that the
decomposition rates of different soil C pools underlie diver-
gent regulation mechanisms. Divergence of regulation
mechanisms, in turn, gives rise to C-decomposition patterns
that appear unpredictable from substrate properties alone.
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uted to the growth of microbial biomass
C (Fox et al., 2006). b) Larvae of
Pachnoda ephippiata selectively stimu-
lated the mineralization of peptides and
microbial–cell wall components, but
not of polyphenols, in an experiment
with specifically 14C-labeled model
compounds representing humus-stabi-
lized OM (Li and Brune, 2005).
c) Earthworms increased soil respira-
tion if litter was present, whilst under
shortage of C, earthworms reduced
soil respiration in a microcosm experi-
ment with forest soil, which lasted for
240 d and included the addition of
beech litter and of different amounts of
sand (Marhan and Scheu, 2005).
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The example of lignin degradation points to a separation of
regulatory mechanisms even within a specific C substrate.
Whilst lignin degradation is evidently dominated by the activ-
ity of white-rot fungi, growth of both filamentous and nonfila-
mentous bacteria on lignin-like compounds has been ob-
served (de Boer et al., 2005). Specifically, bacteria seem to
be responsible for lignin-decomposition in deeper soil strata
where fungal activity ceases (Karroum et al., 2005). Doubt-
lessly, lignin and other phenols introduced into deeper soil,
e.g., through root decay, are degraded on the long term as is
indicated by the general lack of phenolic compounds bound
to mineral surfaces in the subsoil (Kögel-Knabner et al.,
2008b, this issue, pp. 61–82). As a result, lignin decomposi-
tion is subject to different regulation mechanisms, and may
exhibit a wide range of residence times, depending on
whether it is accessed by fungi or by bacteria.

Evolutionary selection towards specialized substrate utiliza-
tion has provided the decomposer community with the chemi-
cal and physical tools to degrade virtually all kinds of soil
organic components on the long term. Simultaneously, spe-
cialization of decomposers has opened the room for a rela-
tively longer persistence of C substrates in the nonpreferred
soil spaces. We conclude that the complement of preferential
substrate utilization, i.e., the facultative nonutilization of sub-
strates by decomposers, presents a strong and general
mechanism of soil-C preservation which can operate on sub-
strates of virtually any chemical composition. This mechan-
ism can produce a large and stochastically stable C pool with
a broad range of components, without relying on an inert sta-
tus of the C. It therefore appears rewarding for future
research to address exactly the biologically nonpreferred
areas where decomposition rates are slow, or where decom-
position is frequently interrupted, in order to quantitatively
assess the potential for long-term preservation of C in the
soil.
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