
Abstract The degree of contact between crop residues
and the soil matrix, as determined by the method of resi-
due incorporation, affects decomposition dynamics both
under natural and experimental conditions. In microcosm
experiments we tested the hypothesis that poor residue-
soil contact reduces the decomposition of structural plant
constituents through delayed colonization by microor-
ganisms degrading cellulose and hemicellulose. Barley
straw or red clover foliage was either confined in buried
mesh bags or homogeneously mixed into a loamy topsoil
or a silty subsoil to create poor or intimate residue-soil
contact in microbiologically rich and less rich environ-
ments, respectively. Soil type had no effect on decompo-
sition of the easily degradable clover residues, but cumu-
lative mineralization of barley straw C after 52 days at
15°C was less in the subsoil than in the topsoil by 12%
of initial C. For clover material, poor soil contact in-
creased cumulative C mineralization by 5% of initial C
in the loamy topsoil but had no effect in the silty subsoil.
For the more slowly degradable, cellulose- and hemicel-
lulose-rich straw, on the other hand, poor soil contact re-
duced C mineralization by 6% of initial C. The results
from the loamy topsoil were confirmed in a second ex-
periment in a sandy topsoil. The reduced decomposition
of straw with poor soil contact could not be explained by
less favourable abiotic conditions, N deficiency nor ex-
clusion of larger animals by mesh bags. Reduced straw-
soil contact delayed measured increases in fungal ergos-

terol concentration, ratio of fungal to bacterial substrate-
induced respiration, number of cellulase-producing, col-
ony-forming bacterial units and activity of cellulases and
hemicellulase on the residues. Thus, the results support-
ed our hypothesis and underscore the importance of en-
suring representative conditions for the soil microflora
when decomposition dynamics are studied in micro-
cosms experiments designed to mimic field conditions.
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Introduction

Crop residues left in the field after harvest are the raw
materials for humus formation and may represent a sig-
nificant supply of nutrients to subsequent crops. Knowl-
edge about residue decomposition dynamics is, there-
fore, essential for management of agroecosystems. Our
present understanding is based on results from numerous
decomposition studies performed under various field or
laboratory conditions. These include different methods
of application, e.g. residues placed on the soil surface,
more or less evenly mixed into the soil or confined in
mesh bags within the soil. Surface placement or hetero-
geneous distribution reduces the residue-soil contact as
compared with a homogeneous distribution. This may af-
fect the decomposition dynamics (Parr and Reuszer
1959; Beare et al. 1993; Breland 1994; Ladd et al. 1996).
Knowledge of such effects is important when results
from different studies are being compared and is essen-
tial when developing and calibrating decomposition
models (Henriksen and Breland 1999a). It is also impor-
tant when assessing effects of tillage practices resulting
in different degrees of residue-soil contact, e.g. no-till,
ploughing and rotovating.

The influence of reduced residue-soil contact on de-
composition seems to be negligible or slightly positive
for easily degradable materials such as alfalfa (McCalla
and Duley 1943) and white clover (Breland 1994). The

T.M. Henriksen (✉ ) · T.A. Breland
Agricultural University of Norway, 
Department of Chemistry and Biotechnology, 
P.O. Box 5040, 1432 Ås, Norway
e-mail: trond.henriksen@planteforsk.no
Tel.: +47-61-166911, Fax: +47-61-166901

Present addresses: 
T.M. Henriksen, The Norwegian Crop Research Institute, 
Apelsvoll Research Centre, 2849 Kapp, Norway

T.A. Breland,  Agricultural University of Norway, 
Department of Horticulture and Crop Sciences, P.O. Box 5022, 
1432 Ås, Norway

Biol Fertil Soils (2002) 35:41–48
DOI 10.1007/s00374-001-0438-0

O R I G I N A L  PA P E R

Trond M. Henriksen · Tor A. Breland

Carbon mineralization, fungal and bacterial growth, and enzyme 
activities as affected by contact between crop residues and soil

Received: 17 October 2001 / Published online: 25 January 2002
© Springer-Verlag 2002



positive effect of reduced soil contact may be explained
by a reduced volume of detritusphere soil, the 4–5 mm
surrounding zone that, for readily degradable material in
particular, retains a significant part of decomposing resi-
due C and N (Ladd et al. 1996; V. Gaillard, unpublished
PhD thesis, ENGREF, Paris, 2001). Decomposition of
straw, however, is reduced when it is placed on or above
the soil surface as compared with burial in soil (Douglas
et al. 1980; Christensen 1986). The density of fungal hy-
phae is also reduced by surface placement and the fungal
species composition is different (Beare et al. 1993). Dif-
ferences in decomposition have mainly been explained by
differences in abiotic factors such as moisture and tem-
perature (Christensen 1986; Douglas and Rickman 1992)
or N deficiency when N-poor residues are spatially sepa-
rated from soil (Ames et al. 1984; Holland and Coleman
1987). However, compared with a homogeneous distribu-
tion, decomposition is also reduced if straw is heteroge-
neously distributed within the soil matrix (Parr and 
Reuszer 1959). It seems, therefore, that close contact with
the soil microflora is a key factor for the degradation of
straw. This hypothesis is supported by observation of an
increase in the decomposition rate when soil is added to
straw residues confined in mesh bags (Malkomes 1980).

Straw residues are, in contrast with herbaceous mate-
rial such as clover residues, poor in easily utilizable sug-
ars and proteins but rich in cellulose and hemicelluloses.
Consequently, straw decomposition depends on an ap-
propriate colonization and growth of microorganisms
producing extracellular cellulases and hemicellulases, an
activity in which fungi play a prominent role (Swift et al.
1979). Our working hypothesis was, therefore, that a de-
layed colonization by microorganisms degrading cellu-
lose and hemicellulose contributes to the reduced straw
decomposition rate normally observed when residue-soil
contact is poor.

Our objective was to determine effects of reduced
crop residue-soil contact on degradation of herbaceous
(red clover) and structural materials (cereal straw) at the
process level and then to investigate our hypothesis that
poor residue-soil contact delays colonization by holocel-
lulose-degrading microorganisms in particular.

Materials and methods

Plant and soil material

Stems and leaves of flowering red clover (Trifolium pratense L.)
and mature wheat (Triticum aestivum L.) and barley (Hordeum
vulgare L.) straw were dried at 50°C, cut into 2-cm pieces and
stored air dry. Selected chemical properties of the plant materials
are given in Table 1. Three different soils were taken from sites in
southeastern Norway. A loam topsoil was sampled from a spring
barley field (Apelsvoll Research Centre, Div. Kise, at 60°47′N,
10°48′E) in October and moderately dried at room temperature
until sieving (4-mm mesh) was feasible. A silty subsoil was sam-
pled from a spruce forest (Hvam, at 60°6′N, 11°22′E) in October,
dried at 30°C and sieved (1-mm mesh). A sandy topsoil was sam-
pled from a ley near Elverum (at 60°54′N, 10°42′E) in May, mod-
erately air dried and sieved through a 1-mm mesh. Selected soil
properties are given in Table 2. 

Experimental treatments

In Experiment 1, we studied C mineralization dynamics for red clo-
ver and barley straw as affected by the extent of residue contact with
the loamy topsoil and the silty subsoil. Samples equivalent to 2.0 g
ash-free dry matter of red clover foliage or barley straw were moist-
ened with 5.0 ml water before placement in soil. The plant materials
were either confined in circular nylon mesh bags (5.5 cm×2 cm,
1 mm mesh) and buried (2 cm depth) or homogeneously mixed into
soil cores (150 g soil dry matter) contained in PVC pots (height
70 mm, inner diameter 68 mm) that were closed at the lower end by
a 1-mm nylon mesh and placed on Petri dishes. Soil containing bar-
ley, but not red clover, was fertilized with (NH4)2SO4 to a level of
870 mg inorganic N kg–1 dry soil to avoid N-limited straw decompo-
sition (Henriksen and Breland 1999b). Control cores of the two soils
without added plant materials were also prepared, and all cores were
incubated at 15°C and –30 kPa water potential (adjusted weekly by
addition of water to the target weight).

In Experiment 2, the objective was to study whether distribu-
tion effects on C mineralization from herbaceous and structural
material, as observed in Experiment 1 (see Results section), were
repeatable and, if so, to investigate further whether results for the
holocellulose-rich straw could be explained by our hypothesis of a
delayed colonization by holocellulose-degrading microorganisms.
Samples of red clover foliage (5 g dry matter) or wheat straw (3 g
dry matter) were pre-moistened with water (2.5 ml g–1 dry matter).
The plant materials were either confined in nylon mesh bags or
homogeneously mixed as described for Experiment 1 into cores
with sandy topsoil. Soil containing wheat, but not red clover, was
fertilized with (NH4)2SO4 to a level of 150 mg inorganic N kg–1

dry soil. To investigate whether the N added to soil was fully
available to organisms decomposing straw inside mesh bags, a
supplementary treatment was applied where the same amount of N
was added directly to wheat straw before confinement in mesh
bags and burial in soil. Controls with fertilized and unfertilized
soil only were also included. All samples were incubated in moist
chambers in the dark at 15°C. The soil water potential was kept at
–10 kPa by weekly addition of water to the target weight.

Measurements

In both experiments, C mineralization was measured at increasing
time intervals. This was achieved by incubating three randomly cho-
sen pots of each treatment in 2-l sealed glass jars containing alkali
traps (3 M NaOH) for CO2. Trapped CO2-C was determined by in-
jection of diluted alkali subsamples into 0.5 M H2SO4 contained in a
volume of CO2-free air circulating through an infrared gas analyser
(ADC, Series 225, Hoddeson, England). Mineralization of residue C
was calculated by the difference method (evolution of CO2-C in
samples with residues minus that from the respective control soil).
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Table 1 Selected chemical properties of the plant materials used
in the experiments

Red clover Barley Wheat 
foliage straw straw

(% of dry matter)

Hemicellulosea 10.3 33.6 40.5
Cellulosea 20.3 47.5 41.5
Lignina 3.4 6.1 5.0
Ashb 7.3 4.3 5.8
Cc 46.2 47.3 46.6
Nc 2.4 0.6 0.4
C/N ratio 19.4 80.2 116.5

a Proximate analysis (Goering and Van Soest 1970)
b Oven digestion (550°C)
c C/N analysis (Leco CHN-1000)



In Experiment 2, effects of wheat straw-soil contact on the mi-
crobial community and its activity were assessed on days 3, 9, 22
and 70. On each occasion, five microcosms of each treatment were
destructively sampled, the content was very lightly dried (25°C),
and soil and remaining straw were separated. For homogeneously
distributed straw, this was done by sieving (1 mm mesh). The ex-
perimental error at the level of individual microcosms appeared to
be very small as judged from the SEs for CO2 evolution (Figs. 1B,
2B), whereas the subsampling error for microbiological and enzy-
matic analyses usually tends to be large owing to microscale het-
erogeneity. We gave priority to decreasing the subsampling error.
Therefore, in order to have enough plant material for representa-
tive subsampling for all microbiological and enzymatic analyses,
soil and remaining straw were pooled separately and treatment-
wise. Three parallel subsamples (1 g plant material or 50 g soil)
were dried at 105°C for dry matter determination and ashed at
550°C. The remaining wheat straw was then cut to approximately
5 mm length before further analysis. 

Fungal ergosterol was extracted from remaining straw (single
subsample only) by the method described by Seitz et al. (1977)
and slightly modified by Henriksen and Breland (1999b). Briefly,
60 ml CH3OH, 5 g KOH and 0.5 g pyrogallol were added to 1–2 g
remaining (ash-free dry matter equivalents) wheat straw in a 
250-ml glass bottle. Bottles were boiled in an autoclave (101 kPa,
10 min) and ergosterol extracted with petroleum ether. The con-
centration of ergosterol was determined quantitatively by HPLC
(Henriksen and Breland 1999b). Fungal ergosterol concentration
varies with composition of the fungal community and its physio-
logical age (Stahl and Parkin 1996). Therefore, we did not calcu-
late fungal biomass from ergosterol data.

Numbers of cellulase-producing colony-forming bacteria were
determined by plate dilution. Three parallel subsamples (1.0 g) of
remaining wheat straw were crusted in a ceramic mortar and
washed into 20-ml sterile glass flasks with 19 ml sterile 0.15%
NaCl solution. The subsamples were further homogenized with
an ILADO X 10/20 homogenizer (Int Labor, Ballrechten-Dottin-
gen, Germany) at 25,000 r.p.m. (3×1 min, intermittent cooling on
ice) and diluted with sterile 0.15% NaCl solution. Appropriate di-
lutions were plated (5×0.1 ml) on carboxy-methyl-cellulose
(CMC) agar as described by Henriksen and Breland (1999b).
Staining for 15 min with Congo red (0.1% solution), followed by
fixation with 1 M NaCl for 15 min, was used for visualization of
zones of hydrolized CMC by endocellulase around bacterial colo-
nies (Teather and Wood 1982). The number of clearing zones
larger than 5 mm diameter were counted on dilutions giving <20
clearing zones per plate.

The total number and cell sizes of bacteria on wheat straw
were determined by epifluorescence microscopy of the homoge-
nates described above (Hobbie et al. 1977). Preparation of slides
was done as described by Bakken (1985). To avoid a subjective bi-
as, specimens were coded before size determination and counting.
Average bacterial cell size and amount of bacterial biomass C
were calculated from numbers and average cell volume within

each of four determined volume groups, assuming a density of
1.1 g cm–3, 30% dry weight and 44% C in bacterial dry matter
(Bakken 1985).

Fungal and bacterial substrate-induced respiration (SIR; modi-
fied after Beare et al. 1990) were measured in both straw treat-
ments. In each of three parallel measurements, four subsamples of
remaining straw (0.5 g dry matter equivalents) or the surrounding
soil (2.0 g dry matter equivalents) were added separately to 
120-ml serum vials. Fungal and bacterial inhibitors (cycloheximide
and streptomycin, respectively) were added to the plant materials
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Table 2 Selected physical,
chemical and biological soil
properties

Properties Units Silty Sandy Loamy 
subsoil topsoil topsoil

Sand % 51 91 44
Silt 47 7 35
Clay 2 2 21
Acidity pH?H2O) 5.0 6.5 6.8
Ca % of dry soil 0.2 1.8 2.6
Na 0.03 0.09 0.26
P mg kg–1 dry soil 0.03 0.07 0.11
K 0.01 0.06 0.13
Soil inorganic N 1.1 5.9 1.7
Total SIRb mg CO2 -C kg–1 dry soil h–1 1.4 3.0 4.3
Fungal SIR:bacterial SIRc Ratio 1.8 1.6 3.4
Cellulase-producing CFUd 109 kg–1 dry soil 0.008 1.15 2.3

a C/N analysis (Leco CHN-1000)
b Glucose-induced respiration
[substrate-induced respiration
(SIR); Beare et al. 1990]
c SIR with selective inhibitors
(Alphei et al. 1995)
d Plate dilution on carboxy-
methyl-cellulose agar
CFU Colony-forming units

Fig. 1 C mineralization (difference method) from red clover fo-
liage (A) and barley straw (B) homogeneously (filled symbols) or
heterogeneously (open symbols) distributed in a loam topsoil
(squares) or a silty subsoil (diamonds) in Experiment 1. Error bars
represent ±SE (n=3)

Fig. 2 C mineralization (difference method) from red clover fo-
liage (A) and wheat straw (B) homogeneously (Filled symbols) or
heterogeneously distributed (opensymbols) in a sandy topsoil. Re-
sults from a supplementary treatment, where N was applied direct-
ly on heterogeneously distributed wheat straw are also shown (tri-
angles). Error bars represent ±SE (n=3)



as described by Neely et al. (1991) and to the soil as described by
Alphei et al. (1995) before incubation for 12 h at 4°C. Before addi-
tion of glucose, the serum vials were brought to 25°C, flushed for
30 s with air (360 µl l–1 CO2) and sealed. Respiration was measured
2.5 h after glucose addition by injection of headspace gas in an in-
frared gas analyser (ADC, Series 225, Hoddeson, England).

Exocellulase, endocellulase and hemicellulase activities were
measured in two parallel extracts of remaining wheat straw. Ex-
tracts were prepared by adding 30 ml of 1 M NaCl to 3.0 g fresh
weight of remaining straw in 100-ml glass bottles, shaking for
30 min (120 r.p.m.) and filtering (Whatman GFF) before addition
of NaN3 to 0.04% final concentration. The synthetic substrate p-
nitrophenyl β-D-glucopyranoside (Sigma N-7006) was used to as-
say β-glucosidase activity (Van Tilbeurgh et al. 1982). Details are
described by Henriksen and Breland (1999b). The activity was
calculated as nmols nitrophenol released s–1 ml–1 extract (nkatals)
based on a curve for p-nitrophenol standard solution (Sigma 
N-104–1).

Blue substrates (Loewe Biochemica nos. 04100, 04103) were
used for the determination of endo-acting cellulase and hemic-
ellulase activities. Details are described by Henriksen and Breland
(1999b). The results were calculated as enzyme units h–1 g–1 ash-
free dry matter on the basis of standard curves obtained by dilu-
tion of extracts with the highest measured activities of endocellul-
ase and xylanase, respectively.

The potential activities of soil enzymes, as assayed under con-
trolled conditions, are in general not easily related to their actual
activities in soil (Ladd et al. 1996). A factor of uncertainty, specif-
ic to our experiment, is a possible difference in enzyme extraction
efficiency owing to a different degree of contact between straw
and soil particles. For example, enzymes may adsorb to organic
and inorganic soil particles (Burns 1982; Ladd et al. 1996) and
may be dissolved in water adhering to soil particles that were sep-
arated from the straw in the sampling procedure. Consequently,
we focused on temporal patterns instead of absolute values by ex-
pressing enzyme activity data as percentage of maximal activity
for the respective treatments. Absolute peak values are given in
the text.

Differences in cumulative C mineralization at the end of the
experiments caused by residue distribution were tested statistically
by one-way ANOVA applied separately on data from the clover
and straw treatments. Main effects of distribution and time and
their interaction on C mineralization rates were tested for each
plant material separately in a split-plot model. Time was tested
against time×replicate as the error term and distribution and distri-
bution×time against the residual. For microbial parameters mea-
sured in straw-amended soil in Experiment 2 (bacterial number
and biovolume, cellulase-producing colony-forming bacteria, SIR
and enzyme activities), true replicates of distribution treatments
did not exist since five parallel microcosms were pooled in order
to prioritize representative subsampling and analysis (see above).
Therefore, main effects of distribution and time were tested
against their interaction term, which could not be statistically test-
ed then owing to the absence of true replicates.

Results

C mineralization

C mineralization from red clover material progressed
rapidly with small but significant effects of the degree of
residue-soil contact (Figs. 1A, 2A). Poor contact resulted
in a slight delay in C mineralization initially (days 0–3;
P<0.001). From day 3 onwards, C mineralization from
clover material in mesh bags exceeded that of material
homogeneously mixed into soil. In the topsoils but not in
the subsoil, this resulted in a 5% and 3% increase with
respect to initial C mineralized at the end of Experi-

ments 1 and 2, respectively (P<0.01). At the end of Ex-
periment 1, there was no significant difference between
the microbiologically poor silty subsoil and the richer
loamy topsoil (Table 2) with respect to cumulative C
mineralization (Fig. 1A), and mineralization in the sandy
topsoil was also comparable (Fig. 2A).

In contrast with the results for clover material, miner-
alization of straw was highly affected by degree of resi-
due-soil contact (Figs. 1B, 2B, P<0.001) and soil type
(Fig. 1B, P<0.001). At the end of the experiments, poor
residue-soil contact had reduced cumulative CO2-C evo-
lution by 6.7%, 5.1% and 6.3% with respect to initial C
in the loamy topsoil, the silty subsoil, and the sandy top-
soil, respectively, as compared to mineralization when
straw was homogeneously distributed. In the loamy top-
soil, 32.7% of added barley straw C had evolved as CO2-
C as compared to 20.6% in the silty subsoil (mean of
distribution treatments). The corresponding figure for
wheat straw in the sandy topsoil was 30.8%.

The addition of mineral N directly to wheat straw in-
side mesh bags tended to reduce cumulative C mineral-
ization by day 70 as compared to where N was added to
the surrounding soil (Fig. 2B). However, the difference
(2.2% of initial C) was not statistically significant.

Microbial numbers and biomass

Number of colony-forming, cellulase-producing bacteria
showed different temporal patterns for the two treat-
ments throughout the experiments (Fig. 3A). Intimate
soil contact resulted in a higher number of colony-form-
ing units than poor contact on the first 2 sampling days,
whereas the relationship was opposite on days 22 and 70.

Fungal ergosterol increased more rapidly on wheat
straw intimately associated with soil than on straw in
poor contact with soil (Fig. 3B). On day 70, however,
there was more ergosterol on confined straw. Although
the validity of the ergosterol results may be questioned
because each data point represents a single measurement
only, the temporal pattern agrees with those of C miner-
alization (Figs. 1B, 2B) and cellulase-producing, colony-
forming bacteria (Fig. 3A).

Throughout the experiment, the total counts of bacte-
ria were higher on straw in intimate association with soil
than on straw spatially separated from soil (P<0.01;
Fig. 3C). This was counterbalanced by a significantly
smaller bacterial cell size (P<0.05; Fig. 3D), resulting in
essentially equal amounts of bacterial biomass in the two
treatments (results not shown).

Microbial activities

Poor soil contact resulted in higher total SIR rates on re-
maining wheat straw than did intimate contact (P<0.01;
Fig. 4A). For the surrounding soil it was the other way
around (P<0.05; Fig. 4B). The SIR response was much
stronger on plant material than in the surrounding soil.
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The fungal to bacterial SIR ratio (SIRF:SIRB) on
wheat straw was below unity in the early phase of de-
composition (day 3; P<0.01), and thus indicated a bacte-
rial dominance. Later there was a shift towards a domi-
nance of fungal activity. On day 70, the SIRF:SIRB ratio
was above unity for both treatments (P<0.01; Fig. 4C).
On every sampling day, SIRF:SIRB ratios were higher on
straw with intimate soil contact than on straw with poor
soil contact (P<0.05). In the soil, the initial SIRF:SIRB
ratio was 1.6, and it remained above unity regardless of
treatment throughout the study [mean value 2.0±0.1
(±SE); n=24]. No effect of treatment or time was detect-
ed (results not shown).

The activities of the measured enzymes showed dif-
ferent temporal patterns for the two treatments through-
out the experiment and consistently peaked earlier where
straw was mixed homogeneously with soil than where
residue-soil contact was poor (Fig. 5A–C). However, the
maximum activity of exocellulase and endocellulase, but
not that of xylanase, was higher if residue-soil contact
was poor. The exocellulase activity in extracts from 
homogeneously distributed wheat straw peaked at
0.10±0.0003 (n=2) nkatals g–1 organic dry matter (day 3)
as compared with 0.74±0.03 nkatals g–1 (day 9) for het-
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Fig. 3 Number of cellulase-producing, colony-forming bacterial
units (cfu) on carboxy-methyl-cellulose agar (A), ergosterol concen-
tration (B), total bacterial number (C) and mean bacterial cell vol-
ume (D) on remaining wheat straw with poor or intimate soil con-
tact. Error bars in A, C and D represent ±SE (n=3, 2 and 2, respec-
tively). Data points in B represent single values only. DM Dry matter

Fig. 4 Total substrate-induced respiration (SIR) on remaining wheat
straw (A), in the surrounding soil (B) and ratio of fungal SIR (SIRF)
to bacterial SIR (SIRB) (C) on straw residues with poor or intimate
soil contact. Note differences in scales of y-axes between results of
total SIR for residues and soil. Error bars represent ±SE (n=3)

Fig. 5 Activity of exocellulase (A), endocellulase (B) and xylan-
ase (C) in extracts prepared from decomposing wheat straw with
poor or intimate soil contact. See Materials and methods for fur-
ther explanation of units used and the text for absolute peak values
measured. Error bars represent ±SE (n=2)



erogeneously distributed straw. The corresponding val-
ues for endocellulase were 55.7±3.4 (day 9) and
100±0.3 enzyme units h–1 g–1 ash-free dry matter
(day 22). For xylanase, the peak values were 100±10.8
(day 3) and 92.4±2.9 enzyme units h–1 g–1 ash-free dry
matter (day 9) for homogeneous mixing and mesh bags,
respectively.

Discussion

Poor soil contact owing to the placement of residues in
mesh bags reduced C mineralization from both red clo-
ver and wheat straw in the early phase of decomposition
compared to residue distributed homogeneously in soil
(Figs. 1, 2). For clover material, differences in C miner-
alization caused by the incorporation method were rela-
tively small and transient. Apparently the microbial in-
oculum on heterogeneously distributed clover residues
and in surrounding soil was biochemically adequate and
was offered colonization and growth conditions compa-
rable to those of homogeneously distributed material.
This seemed to be the case even in the microbiologically
poorer subsoil, where clover C mineralization differed
little from mineralization in the loamy topsoil (Fig. 1A).

After the initial delay, limited soil contact in the top-
soils had a slightly positive effect on C mineralization
from clover (Figs. 1A, 2A). This agrees with similar ob-
servations made previously for readily degradable resi-
dues (McCalla and Duley 1943; Breland 1994; Henrik-
sen and Breland, 1999a). The positive effect may be ex-
plained by a reduced volume of detritusphere soil, which
by various mechanisms retains a significant fraction of
decomposing C from herbaceous crop residues (Ladd et
al. 1996; V. Gaillard, unpublished PhD thesis).

For straw, however, there was a negative effect of
poor soil contact on C mineralization throughout the ex-
periment (Figs. 1B, 2B). We anticipated this result, and
our working hypothesis was that a delayed colonization
or growth of microbes capable of producing extracellular
cellulases and hemicellulases is a major reason for re-
duced straw decomposition under conditions where resi-
due-soil contact is poor. However, there are also other
possible explanations such as less favourable abiotic
conditions, limited N availability and exclusion of mac-
rofauna by the mesh bags.

In our experiment, less favourable abiotic conditions
cannot explain the reduced C mineralization from straw
with limited soil contact. Temperature was constant
(15°C), and all straw residues were moistened before
burial in soil. Moreover, when residues are placed within
soil, their water potential eventually becomes equal to
the soil water potential, regardless of incubation method
(Parr and Papendick 1978).

We added N to soil in amounts sufficient to meet the
microbial requirement (Recous et al. 1995; Henriksen
and Breland 1999b). Even so, spatial segregation of C
substrates from available N might possibly result in N-
limited decomposition. However, the slightly reduced C

mineralization in the supplementary treatment where N
was applied directly to straw (Fig. 2B) excluded this
possibility.

Mesh bags made of 1-mm mesh prevent larger ani-
mals from reaching the plant material. This may contrib-
ute to reduced decomposition (Jensen 1985). However,
we did not observe large animals, e.g. earthworms, in
any of the incubation pots, suggesting that the soil pre-
treatment (sieving and moderate air drying) prevented
large animals from playing a significant role even in the
decomposition of unconfined residues.

Fungi are generally regarded as the main decompos-
ers of plant materials rich in holocellulose because of the
widespread capability within this group of producing ex-
tracellular depolymerizing enzymes (Swift et al. 1979).
In Experiment 2, the concentration of fungal ergosterol
(Fig. 3B) and the SIRF:SIRB ratio (Fig. 4C) showed that
fungal colonization was delayed when soil contact was
poor. So also was the increases in cellulase and xylanase
activity (Fig. 5A–C) and the growth of cellulase-produc-
ing colony-forming bacteria (Fig. 3A). Consequently,
our results provided substantial support for our hypothe-
sis that the functional group of holocellulose degraders
may be a limiting factor for the degradation of straw het-
erogeneously distributed in soil.

Straw cellulose and hemicelluloses are partly embed-
ded in lignin, which may provide some protection
against attack by cellulases and hemicellulases. Bowen
and Harper (1990) found that weight losses from straw
in excess of 20% appeared to depend on the activity of
lignin-modifying or -degrading microorganisms. It is
possible, therefore, that impeded lignin degradation in
the heterogeneously distributed straw also contributed
to our results. This could only be a partial explanation,
though. Straw decomposition was reduced from the start
of the incubation (Figs. 1B, 2B), and our measurements
of microbiological and enzymatic parameters strongly
suggested that impeded colonization by holocellulose
degraders was the major reason, at least during the early
stages.

The physiological status of the microbial inoculum is
very important for the potential of fungi to colonize and
utilize a resource (Lockwood and Filonow 1981), and a
supply of readily available energy influences cellulose
decomposers positively if their activity is low (Alexan-
der 1977). In our Experiment 2, microbial activity was
low in soil surrounding mesh bags (Fig. 4B). This agrees
with results of Rønn et al. (1996), who found that effects
of residues on microbial activity and microfaunal popu-
lations were very local. Gaillard et al. (1999) also
showed that the detritusphere soil is mainly limited to
the 4- to 5-mm zone surrounding the decomposing resi-
dues and that this zone has a steep gradient in the con-
centration of residue-derived C and N and in microbial
activity and growth. On this basis, we believe that the
physiological status of the initial fungal community of
our soil was insufficient for rapid ingrowth, proliferation
and activity of cell wall-decomposing microorganisms
when the distance between the inoculum and straw was
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increased by placement in mesh bags. Strong competi-
tion with non-cellulolytic microorganisms for the small
amount of readily available substrates in straw may have
contributed further to this. In an experiment of Hu and
van Bruggen (1997), fungal cellulose degradation started
earlier when a bacterial inhibitor (streptomycin) was
added. Our observations of a more bacteria-dominated
microbial community (Fig. 4C), fewer but larger bacteria
(Figs. 3C, 3D), and a stronger SIR response (Fig. 4A) on
straw in mesh bags than on homogeneously distributed
straw suggest that rapidly growing bacteria got hold of a
relatively larger share of readily available resources from
straw in mesh bags than from homogeneously distributed
straw. On straw mixed into the soil, competition for sim-
ple substrates was less likely to limit the degradation of
straw as the initial number of microbial propagules in in-
timate contact with straw residues was higher.

In another laboratory study (Henriksen and Breland
1999a), we incubated different plant residues in mesh
bags in the sandy topsoil used in Experiment 2. In one
treatment, we inoculated with 10% (w/w) of soil which
had previously been amended with red clover material
and was not dried or sieved before incubation. In the in-
oculated soil, we observed a prolific growth of fungal
mycelium, and we found increased decomposition rates
of some residues (barley straw, ryegrass foliage and po-
tato haulm), while others (white clover foliage and cab-
bage leaves) were less affected. The increase in decom-
position in inoculated soil was significantly correlated
with the cellulose and hemicellulose concentration of
the residues. This supports the above assumption that
differences in the colonization potential of holocellulose
decomposer may substantially influence straw decom-
position.

It may be argued that observed differences in decom-
position as affected by residue-soil contact (Experi-
ment 2) or inoculation (Henriksen and Breland 1999a)
could be due to soil treatment before incubation, for ex-
ample sieving, which seems to damage fungi in particu-
lar (Petersen and Klug 1994). Thus, the differences
might not be as distinct under natural field conditions
with an undisturbed microflora. However, poor straw-
soil contact consistently resulted in reduced straw de-
composition in all three soils tested in our experiments,
regardless of initial microbiological activity (Table 2) or
the degree of soil macrostructure disruption before the
start of the experiments (see the Materials and methods
section). Mueller et al. (1997) estimated a substantially
greater decay rate of structural plant material under field
conditions in a soil with recent supplies of readily avail-
able energy than in a fallow soil. Moreover, Parr and
Reuszer (1959) found that banding of wheat straw in a
field soil caused a temporary initial reduction of decom-
position. These results suggest that significant variations
in the potential of the microflora to degrade holocellu-
lose may occur even under field conditions and that our
findings may be relevant to conditions where ploughing,
for example, results in very heterogeneous straw distri-
bution.

In conclusion, C mineralization from red clover mate-
rial was unaffected or slightly stimulated when the resi-
due-soil contact was poor, whereas that from barley and
wheat straw was reduced significantly. Our results strong-
ly suggested that the mechanism underlying the latter ob-
servation was an insufficient colonization and growth of
holocellulose-degrading microorganisms. Straw decom-
position also differed between soil types of different ini-
tial biological activity. This shows the necessity of ensur-
ing realistic conditions for the decomposer microflora
when studying effects of substrate quality on decomposi-
tion and when extrapolating results for holocellulose-rich
residues to field conditions, e.g. by modelling.
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