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ABSTRACT
This paper reviews the current knowledge of microbial processes

affecting C sequestration in agroecosystems. The microbial contri-
bution to soil C storage is directly related to microbial community
dynamics and the balance between formation and degradation of mi-
crobial byproducts. Soil microbes also indirectly influence C cycling by
improving soil aggregation, which physically protects soil organic
matter (SOM). Consequently, the microbial contribution to C seques-
tration is governed by the interactions between the amount of micro-
bial biomass, microbial community structure, microbial byproducts,
and soil properties such as texture, clay mineralogy, pore-size distribu-
tion, and aggregate dynamics. The capacity of a soil to protect micro-
bial biomass and microbially derived organic matter (MOM) is directly
and/or indirectly (i.e., through physical protection by aggregates)
related to the reactive properties of clays. However, the stabilization
of MOM in the soil is also related to the efficiency with which micro-
organisms utilize substrate C and the chemical nature of the by-
products they produce. Crop rotations, reduced or no-tillage practices,
organic farming, and cover crops increase total microbial biomass and
shift the community structure toward a more fungal-dominated com-
munity, thereby enhancing the accumulation of MOM. A quantitative
and qualitative improvement of SOM is generally observed in agro-
ecosystems favoring a fungal-dominated community, but the mecha-
nisms leading to this improvement are not completely understood.
Gaps within our knowledge on MOM-C dynamics and how they are
related to soil properties and agricultural practices are identified.

GREATER THAN two-thirds of the organic C stored in
terrestrial ecosystems is contained in SOM, with

the net flux of C from soils to the atmosphere being on
the order of 60 Pg C yr21 (Schlesinger, 1997). The his-
torical loss of soil C due to intensive cultivation is es-
timated to be about 55 Pg C or 25% of the original C
present in virgin, uncultivated soils, and has contrib-
uted significantly to CO2 release to the atmosphere on a
global scale (Cole et al., 1997). The potential for agri-
cultural soils to regain some of this lost C is being evalu-
ated as a means to improve soil fertility, reduce erosion,
and mitigate CO2 emissions.
Increasing the potential for agricultural soils to se-

quester C requires a thorough understanding of the un-
derlying processes and mechanisms controlling soil C
levels, for which a great deal of knowledge already
exists. Previous reviews have examined the relationships
between microbial communities and SOM decompo-
sition (Scow, 1997), management controls on soil C
(Paustian et al., 1997), and the macromolecular compo-

sition of SOM (Kogel-Knabner, 2002). Here, we focus
specifically on how soil bacteria and fungi may dif-
ferentially influence the formation and stabilization of
different SOM components in agricultural soils via dif-
ferences in metabolism, the recalcitrance of microbial
products, and interactions with soil physical properties
(i.e., texture, mineralogy, and structure).

Soil C levels are fundamentally determined by the bal-
ance between organic matter inputs, primarily as plant
residues, roots, and root exudates, and organic matter
losses due to decomposition, erosion, and leaching. Bac-
teria and fungi generally comprise .90% of the total
soil microbial biomass, and they are responsible for the
majority of SOM decomposition. Since soil microbial
communities are key regulators of SOM dynamics and
nutrient availability, shifts in microbial community com-
position and function (e.g., substrate utilization) in re-
sponse to different agricultural management practices
may play an important role in determining rates of C
loss from the soil. The ratio of fungal:bacterial bio-
mass has been shown to be particularly sensitive to soil
disturbance, with lower ratios associated with increased
intensity of cultivation (Bailey et al., 2002; Beare et al.,
1992; Frey et al., 1999), increased grazing pressure
(Bardgett et al., 1996, 1998), and increased N fertiliza-
tion inputs (Bardgett and McAlister, 1999; Bardgett
et al., 1996, 1999; Frey et al., 2004). In addition, fungal:
bacterial biomass ratios were found to increase with suc-
cessional age in a semiarid grassland community (Klein
et al., 1996) and along an Alaskan forest chronose-
quence (Ohtonen et al., 1999). Substrate quality also
alters fungal:bacterial ratios, with low quality substrates
(high C/N) favoring fungi and high quality (low C/N)
substrates favoring bacteria (Bossuyt et al., 2001).

Organic C taken up by the microbial biomass is parti-
tioned between microbial cell biomass production, me-
tabolite excretion, and respiration (Fig. 1). The degree
to which MOM accumulates in soil depends on a bal-
ance between production and decomposition of micro-
bial products, that is: (1) the microbial growth efficiency
(MGE), the efficiency with which substrates are incor-
porated into bacterial and fungal biomass and byprod-
ucts, (2) the degree of protection of microbial biomass
in the soil structure, and (3) the rate at which bacterial
and fungal byproducts are decomposed by other mi-
croorganisms. The proportion of substrate C retained as
biomass versus respired as CO2 depends on MGE and
the degree of protection of microbial biomass; the lower
the MGE or the less protected the biomass, the more
MOM-C is lost as CO2 (Fig. 1, Step I). Substrate C can
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also be converted into stable, nonmicrobially processed
organic matter, but this is not the focus of our review.
After incorporation into microbial biomass, C is con-
verted into stable MOM or decomposed and respired as
CO2. At this step, the proportion of C retained in the
soil depends on the chemical recalcitrance and degree
of protection of the organic matter (Fig. 1, Step II). Soil
C retention is additionally governed by microclimate,
clay content and type, pore-size distribution, and aggre-
gate dynamics.
Our review is organized around two prevailing but

rarely tested paradigms that taken together predict that
microbial communities with a predominance of fungal
biomass and activity will sequestermore C than bacterial-
dominated communities (Beare, 1997; Bailey et al., 2002;
Fig. 1). The first paradigm states that the production of
microbial biomass and byproducts will be greater in soils
where the microbial community is composed predom-

inantly of fungi because fungi have higher MGE than
bacteria (Holland and Coleman, 1987). Fungal-domi-
nated communities will, therefore, retain more C in bio-
mass per unit substrate consumed and release less as
CO2 (Fig. 1, Step I). The second paradigm postulates
that the degradation of MOM will be slower in soils
where fungi predominate because fungal products are
more chemically resistant to decay (Martin and Haider,
1979) and are preferentially protected from decompo-
sition through their interactions with clay minerals and
soil aggregates (Simpson et al., 2004) (Fig. 1, Step II). If
one or both of these ideas hold true, then agricultural
management practices that favor fungal dominance
would also enhance soil C sequestration. In this review,
we discuss whether existing data support these ideas and
suggest areas where further research is needed.

FORMATION OF MICROBIALLY DERIVED
SOIL ORGANIC MATTER

The amount of substrate C that is incorporated into
microbial biomass and eventually transferred into the
MOM pool is determined by the size of the microbial
biomass and its MGE (Fig. 1, Step I). The amount of
microbial biomass is directly related to the C input level,
but is also influenced by other factors including the
availability of microbial habitat and consequently, the
level of protection provided for the microbial biomass.
The latter is the focus of the next section.

Protected versus Unprotected Microbial Biomass
Microbial biomass can be divided into unprotected

and protected pools. Van Veen et al. (1985) split mi-
crobial biomass into a protected pool with a death rate
of 0.5% per day and an unprotected pool with a death
rate of 70% per day. A partial differentiation and iso-
lation of protected versus unprotected soil microbial
biomass has been achieved by separating the microbial
biomass associated with plant residues (i.e., light frac-
tion [LF]) versus that associated with silt and clay par-
ticles, the latter being more protected from predation
(Chotte et al., 1998; Kandeler et al., 1999b; Ladd et al.,
1996; Sorensen et al., 1996). In addition, Swanston et al.
(2004) found the microbial biomass associated with the
LF to be less metabolically active than that associated
with the heavy clay and silt fraction.

Several mechanisms of protection of microbial bio-
mass in soils have been proposed: (i) clays promote
microbial growth by maintaining the pH in the optimal
range (Stotzky and Rem, 1966), (ii) clays adsorb me-
tabolites inhibitory to microbial growth (Martin et al.,
1976), (iii) clay-microbe interactions protect the organ-
isms against desiccation (Bitton et al., 1976; Bushby and
Marshall, 1977), and (iv) microbes reside in small pores
in which they are protected against predation by higher
trophic groups, notably protozoa (Elliott et al., 1980;
Rutherford and Juma, 1992). Since all of these mecha-
nisms are directly or indirectly related to the reactive
surface properties of clays, the protective capacity of soils
for microbial biomass has often been related to clay

Fig. 1. This conceptual diagram depicts our current understanding of
the microbial contribution to C sequestration in agroecosystems.
Microbial C pool sizes are indicated by the relative size of the
boxes, and the relative rate of C transfer from one pool to another
(including CO2 evolution) is represented by arrow thickness. In
Step I, substrate C is partitioned between bacterial and fungal bio-
mass. The amount of C incorporated into biomass and metabolite
production versus that lost as CO2 is dependent on the microbial
growth efficiency of the microbial community. The amount of bac-
terial versus fungal biomass is also determined by the relative de-
gree of protection conferred by the soil matrix (characterized by
pore and aggregate size distribution and by clay type and content).
In Step II, the rate of transfer of microbial biomass C to microbially
derived organic matter is influenced by the chemical recalcitrance
of microbial products, the sensitivity of decomposition to (micro)-
climatic factors, and differential interactions between bacterial and
fungal products and the soil matrix. We suggest that a fungal-
dominated microbial community improves the physical environ-
ment for C stabilization and produces more protected and stable C.
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content (Amato and Ladd, 1992; Franzluebbers et al.,
1996; Gregorich et al., 1991; Ladd et al., 1992; Sorensen,
1983a, 1983b; van Veen et al., 1985); however, clay min-
eralogymay be as important as clay content for microbial
biomass protection (Ladd et al., 1992).
The influence of clay type has received much less at-

tention than clay content, and the few studies that have
been done have most often been conducted under in
vitro conditions with single bacterial species (Bitton
et al., 1976; Bushby and Marshall, 1977). Bentonite clay,
which includes montmorillonite and other smectite group
minerals, protected Rhizobium from predation by proto-
zoa in a liquid culture and in soil amended with the clay
(Heijnen et al., 1991; Heijnen and van Veen, 1991).
Bacterial growth and activity were higher in the presence
of montmorillonite clays compared with kaolinite clays
and oxides (Bitton et al., 1976; Bushby and Marshall,
1977; Stotzky and Rem, 1966). This differential effect is
related to the greater cation exchange capacity and sur-
face area of 2:1 clay particles (Stotzky, 1966), which pre-
sumably confer greater protection against desiccation
(Bitton et al., 1976; Bushby and Marshall, 1977) than 1:1
clays and oxides. Van Gestel et al. (1996), however, sug-
gested that clays do not provide protection against se-
vere drying because water associated with clays is
evaporated during drying events. Nevertheless, bacteria
were protected in soil aggregates subjected to dry-wet
cycles; whereas, fungi were not, presumably because they
reside in larger pores and on the surfaces of the aggre-
gates where they are more exposed to drying conditions
(Denef et al., 2001).
In addition to soil texture and mineralogy, soil struc-

ture and the pore-size distribution within soil aggregates
indirectly influence microbial dynamics by restricting
organism movement and thereby modifying the inter-
actions between organisms. The diameters of bacteria,
fungal hyphae, protozoa, and nematodes are: 0.15 to
4 (although typically 0.5–1 mm), 3 to 8, 10 to 100, and
,50 mm, respectively (Coyne, 1999; Killham, 1994). The
larger size of fungi relative to bacteria means that fungi
are rarely found in micropores (Killham, 1994). How-
ever, small pores provide refuges for bacteria against
attack from larger predators (i.e., protozoa and bacteri-
vorous nematodes) that are typically unable to enter
smaller pores. Spatial differentiation of bacterial com-
munity composition has been observed between water-
stable microaggregate interiors and macroaggregates
(Mummey and Stahl, 2004; Mummey et al., 2005).
The location of bacteria and fungi within the pore

network is a key factor in their survival and activity, and
the larger size of fungi may make them more vulnerable
to predation. Bacterial populations are consistently high
in small pores, but highly variable in large pores where
they are vulnerable to being consumed (Vargas and
Hattori, 1986). For example, Heijnen and van Veen
(1991) found that the survival of introduced rhizobia
was enhanced in pores smaller than 6 mm and negatively
affected in pores greater than 6 mm in size. Vargas and
Hattori (1986) suggested three mechanisms by which
aggregates protect microbes against predation: (i) small
pore neck sizes exclude protozoa and nematodes from

entering, (ii) aggregates are divided into “compartments”
and “walls” which limit movement from one part of an
aggregate to another and (iii) migration of protozoa and
nematodes among aggregates is restricted by the extent
that aggregates are connected by a continuous water film.
The “compartments” and “walls” of Vargas and Hattori
(1986) are considered equivalent to water-filled and air-
filled pores, respectively (Elliott and Coleman, 1988).

Two contrasting hypotheses, based on soil matric po-
tential, have been proposed to predict trophic interac-
tions between microfauna and microorganisms. First,
the exclusion hypothesis predicts that microbial prey
become inaccessible to their microfaunal predators as
matric potential decreases because microfauna require
water films for movement into pore spaces (Elliott et al.,
1980; Savin et al., 2001). For example, bacterial survival
in the presence of protozoa was greatest in a bentonite-
amended soil with low moisture content (18%, or 2105

Pa) compared with higher moisture contents (Heijnen
and van Veen, 1991). Although air-filled “walls” in ag-
gregates may protect bacteria from grazing, C turnover
and N mineralization stimulated by grazing may not al-
ways decline with soil drying. Kuikman et al. (1989) ob-
served increased 15N-uptake by plants growing in soil
in which substantial protozoan grazing on 15N-labeled
bacteria occurred, even under strongly fluctuating soil
moisture conditions. Although drought stress severely
limits protozoan movement into soil pores with pore-
necks smaller than 3 mm (Vargas and Hattori, 1986),
protozoa can recover quickly to capitalize on increased
bacterial growth once moisture is restored.

In contrast, the enclosure hypothesis predicts that graz-
ing pressure increases when matric potential decreases
because microfauna become trapped within water-filled
pore spaces in higher densities and in closer proximity to
their prey (Gorres et al., 1999; Savin et al., 2001). The
latter hypothesis is supported by the observation that
qCO2, the amount of CO2–C respired per unit microbial
biomass C, is positively correlated with the numbers of
microbivorous nematodes (predominantly bacterio-
vores) present at low soil matric potentials (250 kPa)
(Savin et al., 2001). Nematode community composition
did not change across four matric potential levels and
relatively large nematodes survived in soil with a matric
potential of 250 kPa (Neher et al., 1999). Nematode
grazing of bacteria stimulated microbial activity even
when nematodes were presumably unable to migrate
between water-filled pores, giving further support to the
enclosure hypothesis.

The spatial compartmentalization of prey and pre-
dators by aggregates can be extended to higher trophic
levels. For example, protozoa can access substrates (i.e.,
bacteria) that are physically unavailable to nematodes,
but then are themselves consumed by nematodes
(Elliott et al., 1980). Carbon and N mineralization are
often stimulated in the presence of grazers compared to
when they are absent (Chen and Ferris, 1999). Hence, if
an aggregated soil has more habitable pore space for
protozoa and fungi in which they are protected from
nematode predation, then C and N mineralization will
likely be reduced.

R
e
p
ro
d
u
c
e
d
fr
o
m

S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
J
o
u
rn
a
l.
P
u
b
lis
h
e
d
b
y
S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

557SIX ET AL.: MICROBIAL PROCESSES AFFECTING CARBON SEQUESTRATION



Size differentiation between fungi and bacteria may
contribute to differences in degree of protection from
predation, and this degree of protection likely differs
between soils depending on clay content and type. If the
only difference between fungi and bacteria were that
fungi are less protected, and therefore more available
for consumption, we might expect to see more CO2

evolved and less C sequestered in fungi-dominated soils.
However, other factors such as MGE and chemical re-
calcitrance of MOM also contribute to overall soil C
sequestration (Fig. 1, Steps I and II). More research into
how clay type and clay content differentially impact
protection of bacterial vs. fungal biomass is needed.

Microbial Growth Efficiency
During SOM decomposition, heterotrophic microor-

ganisms partition substrate C between biomass synthe-
sis and respiration. Microbial growth efficiency is the
amount of new biomass C produced per unit substrate C
metabolized and determines the amount of substrate C
that will be lost from the soil as CO2. Obtaining accurate
estimates of MGE is of interest not only for under-
standing microbial growth and metabolism, but also for
input into ecosystem level SOM budgets and simulation
models. For example, the Century SOM model assumes
that 55% of the C assimilated by the microbial biomass
is lost as CO2 when nonlignin SOM pools are decom-
posed, compared with 45% for non-lignin surface litter
(Parton et al., 1987). These parameter values are based
on the assumption that fungi are the primary decom-
posers of surface litter and that fungi have a higher
MGE than bacteria, leading to greater C stabilization
in microbial biomass when surface litter versus SOM is
decomposed (Parton et al., 1987). A sensitivity analysis
of the model indicated that modest changes in MGE
have a significant effect on C and N dynamics (Keith
Paustian, personal communication, 2005).
Measuring MGE in soil is difficult and most of the

available data are from laboratory culture experiments
or studies in aquatic systems (Table 1). There is wide
variability in reported MGE estimates, ranging from a
low of 0.01 g microbial-C g21 metabolized-C to a high of
0.85 (i.e., only 15% lost as CO2) (Table 1). Variability
in MGE estimates has been attributed to temperature
(Rivkin and Legendre, 2001; Seto and Misawa, 1982),
salinity (reviewed by del Giorgio and Cole, 1998), pH
(Seto and Noda, 1982), substrate quality and quantity
(Bremer and Kuikman, 1994; Shen and Bartha, 1996),
and nutrient availability (reviewed by del Giorgio and
Cole, 1998); the latter two appear to be the most impor-
tant factors regulating MGE. Microbial efficiency tends
to decline as substrate complexity increases and as nu-
trients, particularly N, become limiting. However, del
Giorgio and Cole (1998) noted that, at least for aquatic
systems, there are numerous examples where nutrient
availability is not well correlated with MGE.
Variability in MGE estimates may also be attribut-

able, in part, to the use of different methodologies, each
approach being based on a different set of assumptions
(Frey et al., 2001). For example, MGE will be signifi-

cantly underestimated if (i) estimates are based on
changes in microbial biomass in response to substrate
addition and (ii) simultaneous biomass consumption by
grazers (e.g., protozoa) is not accounted for (Frey et al.,
2001). Microbial efficiency may also be underestimated
if maintenance requirements are ignored or if experi-
ments are not terminated before substrate recycling be-
gins to occur, thereby artificially inflating observed CO2

losses (Chapman and Gray, 1986).
Wardle and Ghani (1995) suggested that qCO2 is a

useful measure of microbial efficiency. In agreement with
this idea, Sakamoto and Oba (1994) and Blagodatskaya
and Anderson (1998) found a negative correlation be-
tween fungal:bacterial biomass ratio and qCO2. Addi-
tionally, Miller and Dick (1995) found lower qCO2

values in macroaggregates (.0.25 mm), which also have
higher amounts of fungal biomass than microaggregates
(,0.25 mm) (Gupta and Germida, 1988). These obser-
vations have been taken as indirect evidence to support
the concept that soil fungi are more efficient than bac-
teria in their utilization of substrate. This paradigm
has a strong hold in soil ecology (e.g., Alexander, 1977;
Holland and Coleman, 1987; Rillig et al., 1999; Zak
et al., 1996); however, there are equally plausible alter-

Table 1. Summary of studies on bacterial and fungal growth
efficiency.

Study Bacteria Fungi Mixed

g microbial-C g21 metabolized C
Laboratory cultures

Waksman, 1929† 0.20–0.40 0.30–0.50
Payne, 1970 0.56–0.68 0.61
Harley, 1971† 0.40–0.70
Lindeberg and Lindeberg, 1977 0.30–0.40
Payne and Wiebe, 1978‡ 0.04–0.85
Lekkerkerk et al., 1990 0.10–0.26
Schrickx et al., 1993 0.53–0.62
Baroglio et al., 2000 0.05–0.57

Aquatic systems

del Giorgio and Cole, 1998 0.01–0.60
Suberkropp, 1991 0.15–0.23
Søndergaard et al., 2000 0.43
Rivkin and Legendre, 2001§ 0.10–0.70

Sterile soil inoculated with a single organism

Anderson et al., 1981 0.60
Elliott et al., 1983 0.61

Non-sterile soil with a mixed population

Shields et al., 1973 0.63
Behera and Wagner, 1974 0.39
Adu and Oades, 1978a 0.58
Anderson and Domsch, 1986 0.37–0.53
Schimel, 1988¶ 0.25–0.59
Parsons and Smith, 1989 0.54–0.73
Ladd et al., 1992 0.50–0.77
Bremer and Kuikman, 1994 0.58–0.70
Hart et al., 1994¶ 0.14–0.60
Shen and Bartha, 1996 0.47–0.66
Dahlin and Witter, 1998 0.45–0.53
Frey et al., 2001 0.26–0.68
Lundberg et al., 2001 0.60–0.74

†No data or citations are presented and it is unclear as to the growth
conditions under which these yield values were obtained.

‡Literature review of growth yield and efficiency under controlled labo-
ratory conditions. The range of yield values reported here was obtained
under a variety of growth conditions, including differences in pH, tem-
perature, and substrate quality and quantity.

§ Comprehensive literature review on bacterial growth efficiency in oceans.
¶Estimated from 15N immobilization data.
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nate explanations for the observed negative relationship
between qCO2 and fungal biomass. For example, fungal-
dominated communities may utilize less substrate per
unit of measured biomass (thus lower respiration), or ac-
tive biomass may be overestimated in fungal-dominated
communities because many of the hyphae measured by
microscopy to estimate biomass may be inactive. Fur-
ther, without quantifying how much substrate was uti-
lized by the microbial community for the time period
over which respiration and biomass measurements are
made, or how much CO2 is respired per unit new bio-
mass, it is impossible to determine the relative parti-
tioning between biomass production and respiration
losses, a necessary requisite for calculating MGE. For
these reasons, we argue that qCO2 is not an appro-
priate measure of microbial efficiency and suggest that
new approaches for measuring MGE in soils need to
be developed.
Based on the assumption of higher fungal MGE, it has

been hypothesized that more MOM will be formed in
less disturbed systems (such as no-tillage soils and aban-
doned agricultural soils) where fungi represent a higher
proportion of the total microbial biomass (Beare et al.,
1992; Holland and Coleman, 1987; Allison et al., 2005).
This hypothesis that fungi have higher MGE has been
in the literature for decades, yet there is little support-
ing evidence, and rigorous in situ testing is required.
Namely, if fungi are more efficient than bacteria, then
one would expect MGE values to be highest for purely
fungal communities, medium for mixed communities,
and lowest for purely bacterial communities; however,
there is significant overlap in the range of reported
MGE values for these groups based on laboratory cul-
ture studies (Table 1). Efficiency values reported for
soils have usually been obtained by amending soil con-
taining a mixed microbial population with a simple sub-
strate, usually glucose. Since most of these studies do not
report the relative abundance/biomass of bacteria and
fungi, it is impossible to attribute observed differences in
MGE to differences in fungal:bacterial ratios.
To our knowledge, no direct measurements of the

production efficiency of microbial communities differing
in fungal:bacterial biomass ratios have been made. In
response to this need, Thiet et al. (2005) measuredMGE
in fungal- and bacterial-dominated soils directly using
13C-glucose substrate and twodifferent levels ofNamend-
ment. No differences were found in MGE between
fungal- and bacterial-dominated soils at either N level.
Microbial growth efficiency of fungal- and bacterial-
dominated soils was 69 and 70%, respectively, when
soils were not amended with N, and 78 and 76% when N
was added.
Based on current knowledge of fungal and bacterial

MGE, we conclude that there is little to no support for
the hypothesis that fungi have a greater MGE than
bacteria. However, it is known that the relative biomass
of fungi comprises the majority of soil microbial biomass
in natural ecosystems and no-till agricultural systems
(Beare et al., 1992; Holland and Coleman, 1987; Frey
et al., 1999). Fungal cells typically have a C/N ratio of
about 10 while bacteria have a C/N of about 4 (Sylvia

et al., 2005); thus, for a given amount of microbial bio-
mass, fungal biomass contains more C per unit N than
bacterial biomass. Consequently, fungal biomass is rep-
resented in Fig. 1 as a larger pool because a greater
proportion of C is retained in fungal rather than bac-
terial biomass, assuming that this biomass has the same
level of protection.

DEGRADATION OF MICROBIALLY
DERIVED SOIL ORGANIC MATTER

In this section, we focus on the chemical composition,
location, and decomposition of bacteria- and fungus-
derived MOM in the soil (Fig. 1, Step II). Once a C
substrate is incorporated into microbial biomass, this
newly synthesized material is a potential substrate for
other soil microorganisms. The rate and extent to which
microbial products are subsequently decomposed is de-
termined within a given environment by the chemical
composition and physical location of the material within
the soil matrix. However, before discussing the degra-
dation of MOM, we summarize the techniques used to
determine MOM, a poorly defined SOM pool.

Chemical Extraction of Microbial-Derived
Soil Organic Matter

The amount of MOM is often estimated by proxies
such as carbohydrate extractions by acid hydrolysis or
hot water extraction and by examining the ratio of (ga-
lactose1mannose)/(arabinose1 xylose) (Oades, 1984).
Microorganisms produce polysaccharides which contain
little arabinose and xylose; whereas, plant polysaccha-
rides contain little galactose and mannose (Cheshire,
1977; Oades, 1984). Hot water-extractable carbohydrates
are reportedly more microbially derived than acid hy-
drolyzable carbohydrates (Angers et al., 1993; Ball et al.,
1996; Cheshire, 1977; Haynes and Francis, 1993).

Soil amino sugar concentration has also been pro-
posed as a proxy of the microbial contribution to SOM
accumulation and turnover. Higher plants do not syn-
thesize significant amounts of amino sugars, while bac-
teria and fungi do (Benzing-Purdie, 1984; Chantigny et al.,
1997; Zhang and Amelung, 1996). Glucosamine and
muramic acid are of special interest because while glu-
cosamine is found in bacterial and fungal cell walls and
the exoskeletons of microarthropods, muramic acid
uniquely originates from bacteria (Chantigny et al., 1997).
Since the biomass of soil invertebrates is low relative to
microbial biomass and the muramic acid to glucosamine
ratio is approximately 1 in bacterial cell walls, the ratio
of glucosamine to muramic acid can be used to differ-
entiate between fungal and bacterial contributions to
MOM (Chantigny et al., 1997; Guggenberger et al.,
1999; Six et al., 2001; Zelles, 1988; Simpson et al., 2004).

Measurements of other C compounds have also been
used to determine the relative fungal and bacterial con-
tributions to soil C. Solid state cross polarization/magic
angle spinning 13C NMR spectroscopy of selectively cul-
tured bacteria and fungi has been employed to try dif-
ferentiating fungal versus bacterial C (Baldock et al.,
1990a, 1990b; Kogel-Knabner, 2002). Bacterial C is
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dominated by alkyl, aromatic, and carboxyl C; whereas,
fungal C contains more O-alkyl and acetal groups. In ad-
dition, insoluble, non-hydrolyzable aliphatic biomacro-
molecules, termed bacteran, are found in bacteria and
are believed to have a high potential for accumulation in
soils (Kogel-Knabner, 2002). Likewise, it has often been
suggested that melanins, found in fungi, form a pre-
cursor for SOM formation (Linhares and Martin, 1978),
but the large differences in structural composition of
fungal melanins (Knicker et al., 1995) lead to great dif-
ferences in their stability in soils (Kogel-Knabner, 2002).
Wright et al. (1996) extracted the glycoprotein, gloma-
lin, produced by hyphae of arbuscular mycorrhizal fungi,
using a citrate extraction. Glomalin is abundant in a
range of soils and positively correlated with the percent-
age of water-stable aggregates (Wright and Upadhyaya,
1996). Chenu (1989) observed a strong water-stabilizing
effect of a fungal polysaccharide, scleroglucan, the effect
of which was attributed to an increased strength of in-
terparticle bonds (Chenu and Guerif, 1991).

Physical Fractionation of Microbially Derived
Soil Organic Matter Pools

Since SOM dynamics are closely related to soil struc-
tural properties (Oades, 1984), there have been numer-

ous attempts to physically isolate SOM pools that con-
tain a high proportion of MOM-C. Chemical character-
ization of the LF, isolated by density flotation, indicates
the predominantly plant-derived nature of this fraction;
however, traces of glucosamine and muramic acid have
also been detected in this fraction (Six et al., 2001). The
heavy fraction is enriched in MOM-C (Roberson et al.,
1995), but plant-derived C is also always present.

In addition to density fractionation techniques, particle-
size separations have been applied to isolate SOM frac-
tions that contain a high proportion of MOM. The clay
fraction reportedly is more enriched in MOM-C than silt
and sand particles (Baldock et al., 1990c; Cheshire and
Mundie, 1981; Guggenberger et al., 1995; Zhang et al.,
1998), and mean annual precipitation (MAP) and mean
annual temperature (MAT) have been identified as
key site variables that determine the accumulation of
microbial products in the clay fraction (Amelung et al.,
1999a, 1999b; Zhang et al., 1998). For example, gluco-
samine concentration in the top 5 cm of grassland soils
(Amelung et al., 1999c) was highly significantly and pos-
itively related to the percentage of clay and to the natural
logarithm of the ratio of MAP over MAT (Fig. 2). How-
ever, when the glucosamine concentrations of the en-
tire plow layer (0–20 cm) of agricultural soils under

Fig. 2. Glucosamine concentrations (g kg21 soil) in soil of grassland ecosystems (s), no-tillage agroecosystems (.) and conventional tillage
agroecosystems (j), and their relationship with percent clay content, mean annual precipitation (MAP), and mean annual temperature (MAT).
Data were obtained fromAmelung et al. (1999c) for the grassland ecosystems and from Frey et al. (unpublished data) for the agroecosystems (the
latter data were not included in the regression).
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no-tillage (NT) and conventional tillage (CT) manage-
ment were considered, the above relationship was no
longer observed (Fig. 2).
While numerous studies have shown an enrichment

of MOM-C primarily in the clay fraction, other studies
have reported enrichment in the silt fraction. Ladd et al.
(1977a, 1977b, 1977c) incubated a calcareous clay and a
calcareous sandy soil amended with 15N-labeled glucose
and 15N-labeled wheat straw. Organic 15N was first accu-
mulated in the fine clay fraction; however, after immo-
bilization and mineralization, organic 15N decreased in
the fine clay fraction and increased in the coarse clay
and silt fraction. An incubation of a clay soil amended
with 14C-labeled acetate and (15NH4)2SO4 revealed a
transfer of microbially derived products from an initial
accumulation in the ,0.04-mm fraction to the coarse
clay fraction (.20.2 mm) (McGill et al., 1975). The
transfer of C and N from fine- to coarse-sized particles
probably occurs as resistant cell wall material is formed
by successive microbial populations (Ladd et al., 1977b;
McGill et al., 1975). Chotte et al. (1998) incubated
14C-labeled legume and wheat leaves and observed a
bimodal distribution: the majority of the 14C-labeled
microbial biomass was associated with the silt-sized mi-
croaggregates (2–50mm)and the light fraction (.250mm).
The residual 14C decreased in the light fraction but in-
creased in the silt fraction with time of incubation. They
concluded that plant residues are sites for microbial
activity but that the interaction between clay particles and
microbial products leads to an accumulation of these
products in stable silt-sized microaggregates. Jocteur-
Monrozier et al. (1991) observed the same bimodal dis-
tribution of microbial biomass in the coarse- (.250 mm)
and silt-sized (2–20 mm) fraction, but the highest con-
centration of relatively stable organic C and N was found
in the silt-sized fraction.
Some of the differences among the above-mentioned

studies regarding the amount and characteristics of C in
the most enriched size fraction are likely due in part to
the different methods used to isolate the size fractions.
Particle-size fractions are often obtained following soni-
cation, and the studies reporting the highest enrichment
of C and N in the clay fraction typically used a higher
energy level to disperse the soil than studies reporting
the highest enrichment of C and N in the silt fraction.
The silt fraction of the latter studies is probably very
stable silt-sized microaggregates (Oades, 1990).
A more complex fractionation scheme, in which size

and density separation techniques were combined, was
used by Cambardella and Elliott (1994) to isolate oc-
cluded SOM fractions from within the aggregate struc-
ture. Fine silt-sized particles isolated from macroaggre-
gates and having a density of 2.07 to 2.22 g cm23 were
found to be enriched with labile C and N. Subsequent
studies characterized this fraction as predominately
plant and not microbial in origin (Rodionov et al.,
2001; Six et al., 2001) and revealed that this fractionation
technique cannot easily be extrapolated to soils other
than the Mollisol used in the original study (Six et al.,
2000c). However, a different study found greater ac-
cumulation of fungal C in microaggregates contained

within macroaggregates in NT soil compared with CT
soil, due to greater fungal-mediated soil structural sta-
bility in NT soil (Simpson et al., 2004).

In summary, depending on the method and soil in-
vestigated, an enrichment of MOM is found in the silt or
clay fraction; a purely MOM fraction has not been iso-
lated. Size and/or density fractionation is still useful in
isolating fractions that contain a high proportion of
MOM and, in combination with chemical characteriza-
tion of the isolated pools, can lead to a better under-
standing of MOM pool dynamics (Fig. 1, Step II).

Protected versus Unprotected Microbially Derived
Soil Organic Matter

The amount of bacterial and fungal byproducts that
accumulate in the soil depends on the chemical com-
position of the byproducts, as well as on the degree to
which these materials are physically protected within the
soil matrix. However, the relative importance of chemi-
cal recalcitrance versus physical protection for bacterial
versus fungal products is unknown. It is generally as-
sumed that fungi produce more chemically recalcitrant
metabolites than bacteria. This assumption is based
largely on experiments where labeled cell wall materials
have been added to soil and their rate of decomposition
determined over some incubation period. For example,
Nakas and Klein (1979) followed the decomposition of
14C-labeled cell walls in a grassland soil and observed
that degradation of fungal material was generally lower
than material of bacterial origin. Fungal hyphae with a
high melanin concentration also decay more slowly than
less-melanized forms (Linhares and Martin, 1978;
Martin and Haider, 1986). To our knowledge, no studies
have been done to examine the fate of bacterial and
fungal cells produced and labeled in situ.

Microbial products are protected from decomposition
through (i) their interaction with clay and silt particles
(i.e., chemical stabilization) and (ii) physical occlusion
within stable soil aggregates. Clays provide a protective
environment for microbial biomass and likely also for
MOM. However, little is known about how clay and silt
may provide differential protection of fungus versus
bacteria-derived MOM. Puget et al. (1999) found that
the silt plus clay fraction of NTand CT soil is enriched in
microbially derived carbohydrates. In addition, Gug-
genberger et al. (1999) found an increased glucosamine/
muramic acid ratio with NT versus CT in soils with a
relatively higher silt plus clay content. A re-examination
of data presented by Chantigny et al. (1997) indicates
that an increased glucosamine/muramic acid ratio in pe-
rennial systems compared with annual systems was only
observed in a silty clay loam soil but not in a clay loam
soil. These data indicate a differential effect of silt and
clay on the accumulation of bacterial versus fungal or-
ganic matter that should be further investigated.

Fungi are important for aggregate formation and sta-
bilization (Bossuyt et al., 2001; Gupta and Germida,
1988; Tisdall, 1994; Tisdall and Oades, 1982), and aggre-
gates physically protect plant-derived SOM and MOM
(Beare et al., 1994; Elliott, 1986; Six et al., 2000a). In NT

R
e
p
ro
d
u
c
e
d
fr
o
m

S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
J
o
u
rn
a
l.
P
u
b
lis
h
e
d
b
y
S
o
il
S
c
ie
n
c
e
S
o
c
ie
ty

o
f
A
m
e
ri
c
a
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

561SIX ET AL.: MICROBIAL PROCESSES AFFECTING CARBON SEQUESTRATION



versus CT soils, amino sugars associated with fungal
hyphae are significantly higher in NT small macroag-
gregates due to accumulation of fungal sugars in the
microaggregates contained within the macroaggregates
(Simpson et al., 2004). Conservation of soil C in NT soils
is thus due in part to fungal-mediated aggregate stability.
Drying and wetting cycles and other mechanical forces
(e.g., tillage) disrupt aggregate structures (Paustian et al.,
2000) and release plant-derived organic matter and
MOM, thereby hastening the degradation of these
SOM pools. Carbon and Nmineralization often increase
following aggregate disruption (see Balesdent et al.
[2000] and Six et al. [2002] for reviews), a phenomenon
attributed to increased bioavailability of SOM released
from within the aggregate structure (Adu and Oades,
1978b; Sorensen, 1974).
In summary, the greater presumed biochemical recal-

citrance of fungal versus bacterial byproducts leads to a
larger fungal C pool size, represented as a larger box in
Fig. 1. Stabilization of MOM via their association with
silt and clay particles and physical protection afforded
by aggregates are mechanisms leading to the accumula-
tion of soil C. However, the relative importance of each
mechanism in terms of protecting fungal versus bacterial
C and overall soil C sequestration is unknown.

MANAGEMENT EFFECTS ON MICROBIAL
BIOMASS AND MICROBIALLY DERIVED

SOIL ORGANIC MATTER
Agricultural management practices differ in the type

and intensity of disturbance; therefore, the impact on
microbial biomass and MOM varies with the manage-
ment practice employed. Amounts of microbial biomass
are generally highest in undisturbed systems and decline
with increasing disturbance, particularly disturbance as-
sociated with cultivation. Agricultural systems that favor
increased levels of microbial biomass include those as-
sociated with increased C inputs (Schnürer et al., 1985),
reduced tillage (Beare et al., 1992; Doran, 1987; Frey
et al., 1999), retention of crop residues rather than re-
moval by burning (Gupta et al., 1994), and integrated
farming systems that combine reduced tillage with in-
creased C inputs through organic amendments (Hassink
et al., 1991).

Crop Rotations
Crop rotation affects microbial biomass, activity, and

fungal:bacterial biomass ratios. Soils under crop rota-
tion show increased soil enzyme activity when compared
with soils under continuous monocropping (Acosta-
Martı́nez et al., 2003). Microbial biomass levels are typi-
cally higher when legume cover crops are included in the
rotation than when fields are left fallow between cash
crops (Lupwayi et al., 1999). Likewise, microbial bio-
mass and fungal:bacterial biomass ratios were higher
in a NTwheat-barley compared with wheat-fallow rota-
tion (Bell et al., 2003). Viable propagules of mycorrhizal
fungi (Thompson, 1987) and glomalin concentrations
(Wright and Anderson, 2000) have also been observed

to decline in rotations that include a fallow period.
However, varying crop rotations that include only my-
corrhizal crops have minimal to no effect on mycorrhizal
colonization (An et al., 1993). Incorporation of forage
species into crop rotations increases hot water-extract-
able carbohydrates (Haynes and Francis, 1993), likely
due to higher root inputs and the stimulation of mi-
crobial activity that follows (Haynes and Swift, 1990;
Haynes and Francis, 1993). Total acid hydrolyzable car-
bohydrate content, on the other hand, is variably af-
fected by crop rotation and forage species (Oades, 1967;
Baldock et al., 1987). Additionally, the proportion of
SOM present as acid hydrolyzable carbohydrates was
observed to be constant across differing rotational sys-
tems (Baldock et al., 1987; Angers et al., 1993). In con-
trast, hot water-extractable carbohydrate content was
not a constant proportion of total SOM under different
crop rotations (Angers et al., 1993; Haynes and Swift,
1990). This indicates that the hot water extractable car-
bohydrates are more influenced by crop rotations than
are acid hydrolyzable carbohydrates. Since hot water
extractable carbohydrates are considered more micro-
bially derived than acid hydrolyzable carbohydrates, the
microbially derived carbohydrates seem to be more
affected by crop rotations than plant-derived carbohy-
drates. In contrast, Guggenberger et al. (1995) found
that the change in carbohydrate content in a native sa-
vanna converted to pasture was dominated by a change
in carbohydrates associated with the plant-derived SOM
in the sand fraction. The same was observed when soils
under barley versus alfalfa were compared (Angers and
Mehuys, 1990).

To summarize, crop rotation as a management prac-
tice may increase soil C sequestration in comparison
with continuous crop management or rotations that in-
clude fallow periods. More intensive cropping rotations
not only increase soil C input but also increase microbial
activity and biomass and alter microbial community
composition, increasing levels of soil fungi.

Tillage
No-tillage and minimum tillage (MT) systems often

exhibit increased C storage compared with CT (Ogle
et al., 2003; Six et al., 2002; West and Post, 2002); how-
ever, this difference disappears with the use of fallow
rotations (Peterson et al., 1998), demonstrating the im-
portance of using multiple management practices to en-
hance soil C storage. The greatest differences between
NT and CT soils occur in the top 5 cm with NT soils
having greater fungal:bacterial biomass ratios (Beare
et al., 1992; Frey et al., 1999), enzyme activity (Acosta-
Martı́nez et al., 2003; Bergstrom et al., 2000; Deng and
Tabatabai, 1996; Kandeler et al., 1999a), mycorrhizal
colonization levels (Drijber et al., 2000; McGonigle et al.,
1999; O’Halloran et al., 1986; Vivekanandan and Fixen,
1991), macroaggregation (Six et al., 2000b), total C andN
contents (Feng et al., 2003; Hendrix et al., 1986), and
concentrations of bacteria- and fungus-derived amino
sugars (Guggenberger et al., 1999; Simpson et al., 2004).
Differences in tillage intensity also impact microbial
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community composition (Beare, 1997; Doran, 1980;
Drijber et al., 2000; Frey et al., 1999; Jackson et al.,
2003; Neely et al., 1991). Frey et al. (1999) examined
fungal:bacterial biomass ratios at six long-term tillage
comparison experiments located along two climatic
gradients and observed that fungal biomass and fungal:
bacterial biomass ratios increased in response to reduced
tillage at all sites. This suggests that a shift toward fungal-
dominated microbial communities under NTwill be most
important for residue decomposition and nutrient cycling
processes near the soil surface. However, another study
found no difference in fungal:bacterial ratio in surface
NT and CT soils and a 10% lower fungal:bacterial ratio
in NT soil at 6 to 12 cm (Feng et al., 2003). Less-
intensively managed agroecosystems (e.g., NT) bear the
closest resemblance to natural ecosystems, which are
fungal-dominated (Bailey et al., 2002; Bardgett, 1996;
Bardgett and McAlister, 1999; Yeates et al., 1997). These
fungal-dominated agroecosystems require fewer inputs to
sustain organic matter decomposition and nutrient cycling,
that is, these systems show greater self-regulation (Bard-
gett andMcAlister, 1999; Wardle et al., 1995; Yeates et al.,
1997). However, Allison et al. (2005) concluded that an
improved metabolic efficiency due to increased relative
abundance of arbuscular mycorrhizal fungi (AMF) and
saprophytic fungi does not promote the stabilization of C
on cessation of tillage-based agriculture.
Three main factors have been identified as potential

controls on bacterial and fungal biomass in NT and CT
soils: degree of disturbance, soil moisture content, and
residue placement. However, the relative importance of
these factors on soil fungal:bacterial biomass ratios in
NT soil is unknown. Reduced disturbance in NT systems
may favor fungal growth and activity due to enhanced
establishment and maintenance of extensive hyphal net-
works (Wardle, 1995). Thus, NT systems can accumulate
fungal pathogens as well as mycorrhizal fungi (Miller
and Lodge, 1997). Soil moisture may differentially in-
fluence bacteria and fungi either by directly affecting
survival and growth or indirectly by shifting substrate
availability and microbivore populations. Frey et al.
(1999) observed that fungal biomass and fungal:bacter-
ial biomass ratios were positively related to soil moisture
in both NT and CT soil. Fungal biomass and relative
fungal abundance were not significantly different in NT
compared with CT when the data were analyzed by
analysis of covariance with soil moisture as the covari-
ate, suggesting that observed tillage treatment effects on
the microbial community are related to differences in
soil moisture (Frey et al., 1999). Residue placement
(surface residues in NT vs. incorporated residues in CT)
has also been shown to alter bacterial and fungal popu-
lations (Holland and Coleman, 1987; Beare et al., 1992).
It was hypothesized that the presence of surface residues
favors fungal growth because fungi, unlike bacteria, can
bridge the soil-residue interface and simultaneously uti-
lize the spatially separated C and N resources by trans-
locating soil inorganic N into the C-rich surface residues
(Beare et al., 1992; Holland and Coleman, 1987). Frey
et al. (2000) demonstrated that fungi do have the poten-
tial to translocate significant quantities of soil inorganic

N into decomposing surface residues in NT systems, and
that this N flow increases fungal proliferation in the
surface residues themselves. In addition, reciprocal trans-
location of C from surface residues to mineral soil via
fungal hyphae occurs (Frey et al., 2003). The fungal:bac-
terial ratio can also be greater due to the greater amount
and better quality of SOM in the surface layer of NT
systems; the latter being induced by the surface residue
layer (Paustian et al., 2000) and the increased root
growth in the surface layers of NT systems (Qin et al.,
2005; Barzegar et al., 2004). An increased resource avail-
ability in soil surface layers has been suggested as the
main factor for greater proportions of fungi in the micro-
bial community of surface layer compared with deeper
soil horizons (Fierer et al., 2003).

Differential effects of NTand CTon MOM have been
observed. Hot water-extractable carbohydrates, acid hy-
drolyzable carbohydrates, and the relative enrichment
of SOM in carbohydrates increased under reduced til-
lage compared with moldboard plowing (Angers et al.,
1993). Arshad et al. (1990) reported increased SOM
quality under NT compared with CT: SOM in NT soil
contained more acid hydrolyzable carbohydrates, amino
acids, and amino sugars, and was more aliphatic and
less aromatic. The (galactose 1 mannose)/(arabinose 1
xylose) ratio in the whole soil acid hydrolyzable car-
bohydrate pool increased under NT compared with CT,
indicating a higher microbially derived carbohydrate C
pool under NT. Similar enrichment of microbially
derived carbohydrates under NT versus CT has been
reported by Ball et al. (1996) and Beare et al. (1997).
Beare et al. (1997) suggested that the greater proportion
of microbial-derived compared with plant-derived car-
bohydrates under NT compared with CT is due to the
relatively higher fungal biomass under NT (Beare, 1997;
Frey et al., 1999). This is supported by the observation
that the ratio of glucosamine to muramic acid is higher
under NT compared with CT and this is due to a higher
enrichment of glucosamine (Guggenberger et al., 1999;
Simpson et al., 2004). This enrichment of glucosamine in
NT systems is also observed in Fig. 2, although not at all
sites. In addition, Wright and Anderson (2000) found a
significantly higher glomalin concentration under NT
than CT management, and Hu et al. (1995) found that
inhibition of fungi by the fungicide Captan (N-Trichlor-
omethylthio-4cyclohexene-1,2-dicarbonximide) only re-
duced concentrations of soil C and acid hydrolyzable
carbohydrates in NT soils, not CT soils.

The above-mentioned studies clearly indicate that
NT induces a higher fungal (saprophytic and mycor-
rhizal) biomass, which leads to a quantitative and
qualitative improvement of SOM. However, the in-
crease in fungal biomass under NT not only leads to an
increase of MOM, but may also affect the accumulation
of plant-derived C (i.e., particulate organic matter
[POM]). Six et al. (1998, 1999) suggested that increased
macroaggregate turnover in tilled soil is an important
mechanism causing a loss of POM and MOM. Fungi
are expected to retard macroaggregate turnover due to
their positive influence on aggregate stabilization; how-
ever, the link between fungal abundance, macroaggre-
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gate turnover, and MOM plus POM has not been di-
rectly investigated.

Organic Farming and Cover Crops
Compared with conventional practices, organic farm-

ing practices have been shown to promote higher micro-
bial biomass (Lundquist et al., 1999; Petersen et al.,
1997) and to alter microbial community composition
(Bossio et al., 1998; Petersen et al., 1997). In an incuba-
tion experiment where conventional and organic soils
were amended with organic matter and exposed to sim-
ilar incubation conditions, no differences in microbial
biomass C or substrate-induced respiration were ob-
served (Gunapala et al., 1998). However, differences
were observed by the end of the incubation experiment
in potentially mineralizable N (higher in organic soils),
bacterivorous nematodes (higher in conventional soils),
and fungivorous nematodes (higher in organic soils).
Fließbach et al. (2000) found that a biodynamic (or-
ganically managed) system had higher microbial bio-
mass than conventionally managed soils, and suggested
that organic soils provide greater protection of microbial
biomass. Bossio et al. (1998) found that conventionally
managed, organic, and low input management systems
all had significantly different microbial communities and
that organic soils had higher fungal:bacterial biomass
ratios than conventionally managed soils.
Organic farming practices frequently employ cover

crops, which can change the soil microbial community
and have a variable effect on MOM. Different overall
microbial community composition was observed in con-
tinuous maize versus a maize-Crotalaria grahamiana-
fallow rotation, with and without P addition (Bünemann
et al., 2004). Higher levels of fatty acid biomarkers for
fungi and Gram (-) bacteria as well as higher overall
microbial biomass were present in the maize–C.
grahamiana–fallow rotation. Soil from the maize–C.
grahamiana–fallow rotation also exhibited faster de-
composition of added C substrates. A winter cover crop
mix of oats and vetch (Avena sativa L. and Vicia sativa
L.) increased microbial biomass C, respiration and N
mineralization and changed the microbial community
composition compared with a winter fallow treatment
(Schutter and Dick, 2002).
Roberson et al. (1991) found that a permanent grass

cover crop significantly increased the acid hydrolyzable
heavy fraction carbohydrate content. An investigation
of the effect of fertilizer and cover crop N supply on
carbohydrates found that the heavy fraction carbohy-
drates were more microbially derived than the LF car-
bohydrates (Roberson et al., 1995). A positive effect of
vetch (Vicia dasycarpa L.) and 168 kg N ha21 fertilizer
addition on the heavy fraction carbohydrate content was
observed. In contrast, the 280 kg N ha21 fertilizer rate
and the oat (Avena sativa L.) cover crop reduced the
heavy fraction carbohydrate content compared with a
control. Avariable effect of cover crops on carbohydrate
content was also observed by Kuo et al. (1997). They
concluded that the cover crop effect on carbohydrate
content was related to the C inputs from the cover

crops. However, Roberson et al. (1995) suggested that
the N supply—more than C supply—controls the effect
of cover crops on soil carbohydrate content.

More research is needed to investigate relationships
between the use of organic farming practices (including
cover crops) and soil microbial communities. Organic
management appears to increase fungal biomass, which
would favor increased soil C sequestration (Fig. 1, Step I).
Further study is also required to attain a greater under-
standing of the effects of cover crops and nitrogen ad-
ditions on microbially derived soil carbohydrates.

SUMMARY
Changes in the relative abundance and activity of

bacteria and fungi may significantly affect C cycling and
storage, due to the unique physiologies and differential
interactions with soil physical properties of these two
microbial groups. It has been hypothesized that C turn-
over is slower in fungal-dominated communities in part
because fungi incorporate more soil C into biomass than
bacteria and because fungal cell walls are more recal-
citrant than bacterial cell walls. Both of these mecha-
nisms for greater accumulation of fungal SOM warrant
further study; however, there is currently little to no
support for the idea that fungi have a higher C utiliza-
tion efficiency than do bacteria. More information is also
needed on the relative turnovers of bacterial versus
fungal byproducts under field conditions.

The protection of microbial biomass in soils is related
to the reactive surface properties of clays, but the influ-
ence of clay type on the protection of microbial biomass
in situ is unknown. In addition, the relative influence of
disturbance, soil moisture, and residue placement on
microbial biomass and community structure should be
further investigated.

Microbially derived organic matter is often isolated by
chemical extraction (e.g., hot water extraction, amino
sugar analysis), or physical fractionation techniques, but
the latter have been less successful. The three mecha-
nisms for stabilization of MOM are: biochemical stabili-
zation, chemical stabilization, and physical protection.
However, the relative importance of these three mecha-
nisms in terms of C sequestration is unknown. Biochem-
ical and chemical stabilization seems to differ between
fungal versus bacterial C and should be further inves-
tigated in situ.

Fungal extracellular polysaccharides and hyphae are
primarily responsible for the formation of soil macro-
aggregates, which protect plant-derived SOM andMOM.
Organic material bound in aggregates decomposes more
slowly. Thus, ecosystems with fungal-dominated soil com-
munities (e.g., NT) may have higher C retention than soil
communities dominated by bacterial pathways of decom-
position (e.g., CT) due to differences in fungal-mediated
aggregate turnover.

Microbial biomass and community composition as
well as MOM concentrations are affected by crop rota-
tions, tillage, organic farming practices, and cover crops.
All of these management regimes appear to induce
shifts in overall microbial community composition and
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fungal:bacterial biomass ratios. Under NT, especially,
higher fungal biomass levels are correlated with quan-
titative and qualitative improvements in SOM. Crop
rotations increase levels of microbially derived soil carbo-
hydrates while cover crops have variable effects onMOM.
Shifts in microbial community structure due to soil

disturbance have important implications for ecosystem-
scale processes because bacteria and fungi function dif-
ferently in the incorporation and turnover of C and in
their respective effects on soil physical properties. In-
tegration of data characterizing soil microbial commu-
nity composition and activity into ecosystem models of
C and N cycling will improve our understanding of the
relationship between microbial community structure and
ecosystem functions such as C sequestration.
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