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Summary-FThe distance between “hot spots” for N-mineralization (N-rich clover residues) and for N- 
immobilization (high C-to-N straw) in soil was experimentally manipulated to investigate its effect on 
the competi tion between plant roots and microorganisms for mineralized N. The experiment demon- 
strated that plant roots were reasonably competitive, resulting in deprivation of the N-supply to the 
microorganisms growing on the straw material, but this was totally dependent on the distance between 
the N-rich and the N-poor sites in the soil. The critical distance was somewhere between 3 and 6 mm, 
above which plant roots outcompeted the microorganisms more or less completely. Our study illustrates 
an important mechanism by which plant roots can interfere with microbial N-transformations in soil. It 
may be the mechanism responsible for an often alleged “stimulation” of N-mineralization by plant 
roots. The mineralization rate of clover- and straw-C was measured in planted as wel1 as unplanted 
soil. The presence of plant roots retarded the straw-C mineralization significantly, but not clover C. 0 
1997 Elsevier Science Ltd 

INTRODUCTION 

The trophic inter,action between plant roots and 
microorganisms in soil is complex. Living plant 
roots represent an important source of C and 
energy for the soil microflora (Rovira and Davey, 
1974). Microbial assimilation of N is apparently 
competing with plant roots (Jackson et al., 1989), 
and hence the root stimulates its own potential 
competitors for mineral N. Although much of this 
microbially assimilated N wil1 be remineralized due 
to rapid turnover rates, a significant part wil1 inevi- 
tably remain as relatively stable organic N in soil 
(Breland and Bakken, 1991). On the other hand, 
plant roots may apparently compete successfully 
with microorganisms for mineral N, but their com- 
petitiveness seem I:O be strongly dependent on the 
spatial heterogeneity of the soil (Wang and Bakken, 
1989). 

Bakken (1990) Ihas stated that a proper under- 
standing of these mechanisms of interaction may 
reconcile the apparently conflicting observations 
that the effect of plant roots on the mineralization 
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of organic C in soil is generally negative (or neu- 
tral), whereas the effect on microbial N-mineraliz- 
ation is generally positive. 

Wang and Bakken (1989) found circumstantial 
evidente that plant roots stimulated net N-mineral- 
ization not necessarily by an enhancement of micro- 
bial activity, but rather by limiting the supply of 
mineral N to the microflora. This interpretation 
was strengthened by the fact that the apparent 
“stimulation” was strongly dependent on the spatial 
heterogeneity of the soil with respect to “hot spots” 
for net N-mineralization and N-immobilization. 
The two types of “hot spots” were created by mix- 
ing or layering straw and clover at some distance 
between each other in the soil. 

We have continued and refined these experiments 
in several ways. The mineralization of C in the two 
types of organic materials (straw and clover) was 
monitored throughout the experiment, so as to see 
if the C-mineralization rates were affected positively 
or negatively by plant roots. The critical distance 
between N-rich (clover leaves) and N-poor (barley 
straw) sites in soil was investigated in more detail. 
The decomposition of and the microbial growth on 
the two types of materials have been monitored. 
Furthermore, the experiments have been taken one 
step closer to the natura1 condition by conducting 
an additional experiment with an agricultural soil 
as previous experiments were conducted only with a 
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Fig. 1. Arrangement of clover leaves and straw as separate 
layers in soil (treatment B) (a), and root distribution after 

transplantation (b). 

silty subsoil with extremely low organic matter con- 
tent. 

MATERIALS AND METHODS 

Spatial arrangement of plant residues in soil 

To experimentally manipulate the physical dis- 
tante between “hot spots” for immobilization and 
mineralization of N in soil, we placed two types of 
plant residues as separate layers in the soil 
[Fig. l(a)]. The soil had been air dried, sieved 
(2 mm) and remoistened to 5% moisture content; 
the plant residues had been ground (1 mm). The 
distance between the layers was 3, 6, 9 and 12 mm. 
In addition, there was also a “0 mm” treatment, in 
which the finely ground clover and straw material 
was mixed completely with the soil. The soil and 
plant residues were layered in a transparent box, 
then transferred to an open aluminum box and 
stored at 4°C until the start of the plant exper- 
iments (2 d). The use of moderately moist soil was 
absolutely neccessary to obtain sufficient coherente 
of the layers for successful transfer to the aluminum 
trays. The final size of the pot was approximately 
100 x 70 x 27 mm. 

One-half of the pots were then planted with bar- 
ley seedlings, and the other half were kept in the 
same room unplanted. Periodically, a set of pots 
was taken for measurement of plant N, mineral N 
and organic C and N in the soil and microbial 
counts. 

Two separate experiments were conducted. In ex- 
periment 1 a silty subsoil with extremely low con- 
tent of organic matter was used, so as to allow the 
decomposition of the plant materials to be moni- 
tored by measurement of total organic C and N. In 
experiment 2 a cultivated clay loam soil was used, 
in order to control whether the observations in ex- 

periment 1 could be reproduced under more 
“normal” conditions with respect to initial numbers 
of microorganisms and organic materials. 

Soils and plant residues 

Experiment 1 The silty subsoil (lO-100pm par- 
ticle size) was taken at 0.5-1 m depth in a field 
grown with smal1 grains at Hvam, Norway. This 
soil contained very little organic matter (Table 1), 
and a negligible amount of mineral N (below detec- 
tion limit). To ensure a reasonable pH (the silty 
subsoil has a very low pH buffering capacity) and 
an ample supply of al1 other mineral nutrients than 
N, the soil was limed (3.2 g of dolomite lime kg-‘), 
fertilized (68 mg P and 133 mg K kg-‘), and sup- 
plied with a mixture of micronutrients (100 mg 
“fritt” kg-‘, a slow release micronutrient mixture 
containing Mo, B, Cu, Zn, Mn and Fe), prior to 
layering. After liming and fertilization, pH (water) 
was 7.2-7.4, and the values kept constant during 
the experiment. 

To ensure a minimum of active organisms at the 
onset of the experiment, the pots were inoculated 
with 5 ml of a 10-’ g ml-’ of a suspension of freshly 
sampled clay loam soil (Wang and Bakken, 1989), 
the soil used in experiment 2. 

The amount of soil, straw and clover leaves per 
pot, and the C and N content of each component is 
shown in Table 1. The same amount of soil and 
plant residues was used for each treatment. Five 
treatments with respect to the distance between clo- 
ver leaves and straw were used: A, 12 mm; B, 
9mm; C, 6mm; D, 3 mm; and E, “Omm” (i.e. 
complete mixture of soil, straw and clover leaves). 
A total of 10 replicates of each pot type were pre- 
pared, of which five were planted and five were left 
unplanted. 

In addition to the pot types mentioned above, we 
prepared two extra types of controls. One was a set 
of five pots in which only clover material was 
mixed with soil (same proportions as in Table 1). 
The other was a set of five pots with straw added 
alone (Table 1) plus 100 mg KNOs-N per pot. 
These pots were placed together with the rest, and 
served as a control for measurements of net N-min- 
eralization and N-immobilization as stimulated by 
each plant residue alone or in the absente of plant 
roots. 

Experiment 2 The cultivated soil (0-20 cm depth) 
used was a clay loam soil, classified as Typical Hap- 
laquet, containing 16% clay, 42% silt and 32% 
sand, with 3% organic C, 0.3% organic N and 

Maten& 

Silty subsoil 
Clover leaves 
straw 
Total 

Table 1. Nitrogen and C added to soil and plant materials. experiment 1 
Weight (g pot-‘) N content (mg g-‘) Total N (mg pot-‘) Total C (mg pot-‘) 

200.0 0.15 29.9 523 
2.50 30.6 16.5 954 
5.00 5.04 25.2 2065 

207.50 131.6 3542 

C-to-N ratio 

17.5 
12.6 
81.9 
26.9 
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pH 5.7. In contrast to experiment 1, the soil was 
not allowed to dry out; the moisture content was 
about 0.15 ml g-’ dry weight during pot prep- 
aration, to ensure an active microflora at the onset 
of the experiment. Liming and P, K and micronutri- 
ent fertilization was conducted as in experiment 1, 
but without inoculation. 

The amount of soil, clover leaves and straw per 
pot was the same as in experiment 1, but only two 
treatments with respect to the distance between clo- 
ver leaves and straw were used: B, 9 mm; E, 
“0 mm” (same codes as for experiment 1). For each 
treatment 16 repllicates were prepared, to allow 
duplicates to be analyzed each time. 

Procedure for plant culture for both experiments 

One-week-old ‘barley seedlings (germinated on 
moist paper) were washed with distilled water and 
transplanted to the pots (three plants per pot). The 
roots were spread evenly on the soil surface 
[Fig. l(b)] and covered with about 20 g of soil, 
which had been put aside during preparation of the 
pots. The planted pots were covered by an alumi- 
num lid with a minimum opening for the plants, 
and placed in a temperature-controlled (1YC) room 
with constant relative humidity (80-90%) and 18 h 
of light at an intensity of 225-250 PE rnp2 s-’ (400- 
700 nm) from a 400 W high-pressure sodium lamp 
(OSRAM Vialux :NAV-T), which was placed 70 cm 
above the pots. Unplanted pots were partly covered 
with aluminum foil to minimize evaporation, and 
placed in the same room. 

To avoid or minimize horizonal water movement 
and splash effects during watering, distilled water 
was sprayed slowly onto the soil surface. This was 
done each day while the pot was standing on a bal- 
ante, so as to carefully adjust the moisture content 
to a standard vahie. The soil moisture after water- 
ing was 42 gpot-’ for the silty subsoil, 67 g pot-’ 
for the clay loam soil. The water losses through 
evaporation and transpiration were 2-3 and 5- 
8 g pot-’ d-’ . m unplanted and planted pots, re- 
spectively (increasing in planted pots towards the 
end of experiment). Thus the planted and unplanted 
pots were not allowed to dry much between each 
watering. This was considered important so as to 
minimize possible “drying-rewetting” cycles affect- 
ing the mineralization rates in the planted pots. 

Sampling and chemical analyses 

Sampling Two weeks after planting, samples were 
taken every week (ene pot of each treatment in ex- 
periment 1 and two replicates in the second exper- 
iment). For treatments A and B (12 and 9 mm 
distance between layers), the straw and clover layers 
were separated. The soil was split into thin sections 
by cutting with a knife through the middle of the 
soil layer between straw and clover layer. Al1 layers 
of the same kind I:clover or straw) were then com- 

bined and a constant amount of soil was separated 
between clover layers (103.0 + 4.3 for clover resi- 
dues and nearby soil) and straw layers (93.0 f 4.3 
for straw residues and nearby soil). The measured 
variables were related to the total dry weight 
(including both soil and plant residues). “Clover 
layer” and “straw layer” refer to corresponding 
plant residues together with the nearby soils. 

In experiment 1, the roots were first separated 
from soil by dry sieving (2.0 mm mesh). The roots 
were then washed in two portions of 50 ml distilled 
water and removed from the wash water by sieving 
with a special bottle, containing a 1.5 mm steel 
mesh in the middle. Soil and washes were combined 
and mixed with a stirrer (detailed description by 
Breland and Bakken, 1991). Subsamples were taken 
from the slurry by a syringe during stirring. 
Sampled slurries used for mineral N determination 
were mixed 1:l with 2 M KCI solution (1 M KCI 
after mixing), shaken for 2 h and filtered. The rest 
of the soil slurries, except that for biological analy- 
sis (Wang and Bakken, 1997), were dried at 105°C 
and a smal1 portion was bah-milled for total N and 
organic C analysis. In experiment 2, roots were not 
separated from the soil; otherwise the procedures 
were identical to those for experiment 1. 

Soif mineral N NHl-N and NO;-N, were deter- 
mined in the 1 M KCl extracts by flow injection 
analysis technique (FIA), after extraction with 1 M 

KCI by shaking on a reciprocal shaker for 2 h. 
Total organic C and N Soil samples were dried at 

105°C for 24 h, ball-milled, and analyzed for total 
C and N on a Carla Erba CHN Elemental Analy- 
zer (Model 1106, Carlo Erba Strumentazione, 
Italy). Plant materials were dried at 80°C ball- 
milled and analyzed with the same equipment. 

Statistical analysis 

Standard statistical methods (analysis of var- 
iance) were used to test the effects of plant roots, 
distance between clover and straw layers and the 
interaction between these factors (samplings treated 
as blocks), and the effects were tested against a re- 
sidual mean square. 

RFSULTS 

Plant N uptake and root distribution 

In experiment 1 [Fig. 2(a)], there was a gradual 
accumulation of N in the plants in al1 treatments, 
but less accumulated in treatment E compared to 
treatments D and A-C. The latter three treatments 
were statistically similar. Experiment 2, where a 
clay loam soil was used [Fig. 2(b)], showed a similar 
pattern as to the plant N accumulation in treatment 
B, but treatment E gave much lower values than 
the same treatment with the silty subsoil in exper- 
iment 1. As a whole, the plants grew more slowly in 
the clay loam soil compared to the silty subsoil, 
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Fig. 2. Total plant N in treatments APE in experiment 1 
(above) and shoot N in treatments B and E in experiment 
2 (below). Thickness of soil layers is indicated for each 
treatment. In experiment 2, standard error is shown as 

vertical bars (n = 2). 

and after 5 wk of growth the plant biomass was 
0.77 and 0.27 mg pot-’ for treatments B and E, re- 
spectively; the corresponding figures were 2.02 and 
1.26 mg pot -’ in experiment 1. This might be due to 
the differente in the soil physical conditions. 
Besides, for treatment E in particular, due to the 
high clay content of the soil, the very low plant N 
accumulation may also be attributed to the high 
soil ammonium-fixing capacity and low mobility of 
ammonium, which also favors N immobilization. 

Root densities in the separate layers from exper- 
iment 1 (treatments A and B) are shown in Table 2. 
It shows a higher root density in the clover layer 
(statistically significant). As in a previous exper- 
iment (Wang and Bakken, 1989), there was little 
branching of the roots in the straw layers. 

Soil mineral N accumulation 

The mineral N, mainly consisting of ammonium, 
was constantly at a low concentration in the 
planted pots with the maximum values at the first 
sampling (Fig. 3). In the unplanted pots there was a 
transient mineral N accumulation. Analysis of var- 
iance showed that the mineral N concentrations in 
treatments A and B were significantly higher than 
that in treatments CE, but within each group there 
were no statistically significant differences (separate 
ANOVA for the planted and the unplanted pots). 
The mineral N concentration in the clay loam soil 
(data not shown) followed a similar pattern as that 
in experiment 1, but the amounts declined more 
rapidly to low concentrations (1 mg N pot-’ in the 
planted pots, treatment B). 

In experiment 1, soil mineral N mainly consisted 
of ammonium at the first three samplings. Later, 
the relative amounts of nitrate increased and 
reached similar concentrations as ammonium (data 
not shown). However, in experiment 2 the nitrate 
concentration was very low throughout the whole 
experiment. 

Mineral N in separate layers 

The average across treatments A and B is shown 
in Fig. 4. For both layers the maximum values were 
found at the first sampling. The mineral N concen- 
trations in the unplanted pots were much higher 
than in the planted pots, but the two treatments 
(planted and unplanted) converged towards similar 
low concentrations towards the end of the exper- 
iment. The nitrate concentration was constantly low 
(< 1 mg pot-‘) in the straw layers (planted and 
unplanted) as wel1 as in the clover layers of the 
planted pots. In the clover layers of unplanted pots, 
however, some nitrate accumulated (1-2 mg NO;- 
N pot-‘) towards the end of the experiment (data 
not shown). 

N mineralized from N-rich plant residues 

The accumulated microbial N-mineralization in 
the planted pots was calculated as the sum of 
measured plant N (root N + shoot N - N in seeds) 
and mineral N in soil. The results for experiment 1 
are shown in Table 3. Similarly calculated values 
for experiment 2, after subtraction of the initial 
mineral N in the soil, are shown in Fig. 5. The root 
N in this case was estimated based on the root-to- 

Days 

Tabie 2. Root distribution in separate layers. averaged across treatments A and B. experiment I (mg DW pot-‘) 

14 21 28 35 42 

Clover layer 105.6 f 1.2” 202.0 f 5.3 309.7 f 2.4* 458.2 f 24.1 445.6 f 2.8 
Straw layer 84.6 f 4.9 150.0 f 4.5 170.8 f 7.7 306.6 f 7.0 394.9 f 5. I 

‘Standard error (n = 2). 
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Fig. 3. Soil Inineral N (NHI and NOs) in the planted and unplanted pots for each treatment, depending 
on the distance between the clover and straw layers, in experiment 1 for treatments A-E. 
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Fig. 4. Soil mineral N in the planted and unplanted clover 
and straw layers (average across treatments A and B), in 
experiment 1 with silty subsoil, and also with standard 

error bars (n = 2). 

shoot ratio of the corresponding treatment observed 
in experiment 1 (data not shown). 

In both experiments, N mineralization was sig- 
nificantly higher in the planted pots than that in the 
unplanted pots, even for the treatment mixture in 
the clay loam soil. However, the effect of the spatial 
placement of N-rich and N-poor plant residues on 
net mineralized N concentrations was evident. As 
demonstrated in experiment 1, from treatments C- 
E the mineralized N gradually decreased with 
decreasing distance between N-rich and N-poor 
plant residues (Table 3). In experiment 2 with the 
clay loam soil there was a significant differente 
between the two treatments (B and E), correspond- 
ing wel1 with the observations with the silty subsoil. 

The accumulated mineral N in the unplanted 
pots with clover added alone was somewhat higher 
than the estimated microbial N-mineralization in 
planted pots of treatments A and B (about 26mg 
N pot-’ after 28 days). The N immobilization in 
control pots with straw added together with excess 
nitrate was about 30 mg N per pot (data not shown). 

Plant residual C mineralization 

Native soil organic matter represented only a 
smal1 fraction of organic C and N in the pots in ex- 
periment 1 (Table 1). The stability of native soil or- 
ganic matter and its presence as a smal1 fraction of 
the total organic matter in each pot allows US to 
assume that C mineralized from native soil organic 
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Table 3. Mineralized N recovered as plant-N accumulation” plus mineral N. experiment I (mg N pot-‘) 

Days after planting 

Treatment 14 21 28 3s 42 

A Planted ll.66 13.64 19.82 
Unplanted 8.48 5.05 6.38 

B Planted 9.91 14.06 18.04 
Unplanted 8.30 7.06 5.79 

C Planted 1.22 13.43 16.64 
Unplanted 3.24 3.96 2.42 

D Planted 6.07 12.15 13.65 
Unplanted 3.65 2.59 2.06 

E Planted 9.28 8.38 10.00 
Unplanted 5.42 2.23 2.01 

18.95 21.13 
4.31 2.50 
19.53 21.72 
2.89 2.64 
19.91 17.89 
1.65 1.12 

14.70 16.70 
1.17 1.19 

ll.18 ll.16 
I .08 0.97 

“N in plants corrected for initial plant N (2.02 mg pot-‘). 

matter contributed insignificantly to the observed 
decline in total C. Hence the residual straw- and 
clover-C were estimated from measured total-C and 
N minus tota1-C and N which sterns from the soil 
organic matter (based on the C and N in the orig- 
inal soil materials, Table 1). This calculation has 
been used throughout the rest of the paper to esti- 
mate residual straw- and clover-C in separate layers 
as wel1 as in the whole pots. 

Amounts of residual straw- plus clover-C in treat- 
ments C-E are shown in Fig. 6. Initially, the 
amounts were identical in planted and unplanted 
pots, but towards the end of the experiment there 
was a tendency for lower amounts in the unplanted 
pots compared to the planted pots (significant at 
P < 0.05 for the last two samplings). Amounts of 
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Fig. 5. Total mineralized N estimated as plant N accumu- 
lation plus soil mineral N accumulation, the mineral N at 
the beginning subtracted, for treatment B (B) and E (E) in 

experiment 2, with standard error bars (n = 2). 

residual C in separate layers is shown in Fig. 7 
(average of treatments A and B). The amounts of 
the residual clover C in the planted pots were iden- 
tical to that in the unplanted pots throughout the 
whole experiment. In the straw layers, the planted 
pots had higher amounts than the unplanted pots 
towards the end of the experiment (significant 
differente, P < 0.05 for the last three samplings). 

The presence of the plants retarded decompo- 
sition of plant material, and analyses of the ma- 
terials in separate layers indicated that it was only 
straw-mineralization that was affected. Clover 
leaves mineralized significantly faster than straw 
throughout the experiment in terms of percentage 
material decomposed. After 3 wk, 42% of the clover 
C had been mineralized, whereas only approxi- 
mately 10% of the straw C had been mineralized. 
By the end of the experiment the percentage of min- 
eralization was approximately 60% for clover C 
and 26 and 36% for straw C in the planted and 
unplanted pots, respectively. 

Root material lost during the separation of roots 
from soil was a possible source of error. It would 
result in higher residual C values for planted than 
unplanted, as observed for the straw layers. 

:j :yf& , , , , ] 
0 7 14 21 28 35 42 49 

Days after transplanting 

Fig. 6. Changes in plant residual C with standard error 
bars (n = 3) (averaged across treatments C-E), as affected 

3500r------ 

by the plant roots, in the silty subsoil in experiment 1. 
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Fig. 7. Changes in plant residual C (averaged across treat- 
ments A and B) in the clover (above) and the straw layer 
(below), as affected by the plant roots in experiment 1, 

with standard error bars (n = 2). 

However, the following relationships are essential 
for evaluating this possible source of error. The 
differente in residual straw-C (planted VS unplanted) 
towards the end of the experiment was around 
200 mg C per pot. In comparison, the measured 
amount of roots in the straw layers was 300- 
400 mg dry weight per pot, which is equivalent to 
120-160mg root-<: per pot. Thus, more than 50% 
of the total root mass would have to be lost in 
order to meet the observed differente. 

Organic N in soil, recovery of immobilized N 

The measured organic N (original soil organic C 
not included) in the separate layers is shown in 
Fig. 8. In the clover layers, the amounts decreased 
gradually from 76 to 33 mg N per pot, with no 
apparent differente between planted and unplanted 
pots. In the straw layers, the amounts increased in- 
itially from 25 to 41 and 44 mg N in planted and 
unplanted pots, respectively. Thereafter, the 
amounts continued to increase in the unplanted 
pots (final value 50 mg N per pot) whereas the 
amounts in the pknted pots gradually declined to 
36 mg N per pot. For the unplanted pots of treat- 
ments C-E the amounts of organic N were constant 
throughout the experiment, whereas the amounts in 
the planted pots gradually declined to amounts 

7 0 60- 
n 

Straw 

?? Unplanted 

'0 7 I 14 I 21 I 20 I 35 i 42 I 1 
Days dter transplanting 

159 

9 

Fig. 8. The effects of plant roots on soil organic N content 
(original organic N in soil subtracted) in the different 
layers, clover (above) and straw (below), in experiment 1 

with standard error bars (n = 2). 

which were in good agreement with plant N uptake 
(data not shown). 

N losses and recovery 

As judged from the N recovery at the end of ex- 
periment 1 (N in plant plus soil), the N-loss 
(denitrification and ammonia volatilization) was ap- 
proximately 6 mg N pot-’ in the planted pots, and 
10 mg N pot -’ in the unplanted pots for treatments 
C-E (data not shown). Somewhat higher (l-2mg 
N pot-‘) losses (but not statistically significant) 
were observed for the separate layers of treatments 
A and B. In experiment 2 with clay loam soil, the 
N losses were apparently insignificant (98% N 
recovery). 

DISCUSSION 

A considerable amount of N was released from 
the decomposition of clover leaves as indicated by 
the accumulation of mineral N in unplanted soil 
without added straw (data not shown), as wel1 as 
by the remaining clover residual N (Fig. 8). The N 
immobilization potential of decomposing straw was 
sufficient to utilize al1 of the mineralized N from 
clover leaves, as demonstrated by the mineral N- 
contents in the unplanted pots, where straw and 
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clover were mixed completely (treatment E, Table 3 
and Fig. 5). Therefore it was obvious that the plant 
roots and the microorganisms were competing for 
the same N source. A gradual increase in plant-N 
from treatments E (mixture) to C (6 mm thickness 
of soil) in experiment 1, and a large differente in 
shoot-N between treatments B and E in experiment 
2 (Fig. S), show that the competitiveness of the 
plants gradually increased with distance between 
the clover leaves and straw. With further increase in 
distance from 6 to 12 mm, no extra plant-N was 
obtained. Net N mineralization in the planted pots 
in treatments A-C was similar to that in the 
unplanted clover control in silty subsoil without 
added straw. This indicated that in the layer treat- 
ments with distance 26 mm, plants sequestered the 
majority of mineralized N, and hence they outcom- 
peted the heterotrophic microflora more or less 
completely. The allocation of more root growth to 
the clover layer than to the straw layer (Table 2) 
would help the plant roots to absorb mineralized N 
more efficiently. 

As a result of the competitiveness for the same 
pool of N with the heterotrophic microflora, plant 
roots had a negative effect on C mineralization. The 
hypothesis was supported not only as shown by sig- 
nificantly higher residual C, remaining in the 
planted soil compared to that in the unplanted soil 
in the later stages of experiment 1 (Figs 3, 6 and 7) 
but also by measurement of N-mineralization and 
immobilization potential in soil slurries (Wang and 
Bakken, 1997). Plant roots had induced a signifi- 
cantly higher N immobilization potential, which 
indicated that more C substrates were readily avail- 
able in the planted compared with the unplanted 
soil. 

Knapp et al. (1983a) investigated the effect of 
mineral N-supply on the mineralization rate of 
straw incubated with soil, and concluded that the 
mineralization rate of straw was N-limited only 
during the early phase (0-5 d) of decomposition. A 
similar conclusion was also made by Smith et al. 
(1989) who stated that N-limitation of microbial 
decomposition-mineralization of high-C-to-N ma- 
terials only occurred in the very early stage of de- 
composition. In contrast to these findings, the 
measured residual C both in straw layers (Fig. 7) 
and mixtures of straw and clover (Fig. 6) indicated 
that the effect of plants on reducing mineralization 
of straw increased throughout the experiment. This 
strongly indicates that N-limitation is likely to be 
more severe and persistent in planted than in 
unplanted soil. Thus under natura1 conditions (i.e. 
in the rhizosphere), N-limitation may have a greater 
significante than that indicated by the experiments 
with unplanted soil. 

This retardation was associated with a lower bac- 
terial biomass in the planted soil compared with the 
unplanted soil, as indicated by Wang and Bakken 

(1989, 1997) and occurred after plant roots had 
absorbed most of the mineralized N during the ex- 
periment. Therefore the negative effect of plant 
roots on C mineralization was a result of reduction 
in N availability to straw, which led to a limitation 
on bacterial growth in planted soil (Wang and 
Bakken, 1997). Plant roots did not greatly influence 
N mineralization in the N-rich plant residue, but 
did affect bacterial growth and N reimmobilization 
in N-poor (C-rich) plant residue by absorbing 
mineralized N before it could reach sites of N-poor 
residues. The same amount of N was mineralized 
from clover leaves in both the planted and the 
unplanted soil, and owing to plant uptake of miner- 
alized N, less N moved and was reimmobilized in 
the planted straw layer so that the organic N con- 
tent was significantly lower. 

It may be argued that plant root deposits and 
some root losses during sampling might contribute 
some C to the soil organic C pool in the planted 
soil. However, this contribution was insignificant 
since the majority of the root-derived C of barley 
seedling in the rhizosphere is released as COz and 
only a smal1 fraction may remain in soil (Barber 
and Martin, 1976; Whipps, 1984). As discussed ear- 
lier, root losses during sampling could not meet the 
observed differente, simply because the differences 
in the residual C in the straw layers (planted VS 
unplanted) exceeded the total amount of intact root 
C. Furthermore, the evidente that the residual C 
content in the planted and the unplanted clover 
layer was practically identical supports the view 
that root-derived C did not contribute significantly 
to the measured residual C in the planted straw 
layers. 

When discussing a possible effect of N-limitation 
on the mineralization of C, several mechanisms 
must be taken into account. The discussion becomes 
easier with a scheme (Fig. 9) showing the main 
mechanisms involved. 

Water-soluble fractions of the organic matter are 
often monomers, which can be absorbed by organ- 
isms directly. It seems likely that the uptake rate (2) 
is less affected by N-limitation compared to its 
possible effects on fractionation of the absorbed 
monomers to the three pools indicated (A, B and 
C). N-deficiency may result in an uncoupling of 
energy metabolism from biosynthesis (Senez, 1962; 
Dawes, 1989). N-deficiency also enhances the ac- 
cumulation of storage materials such as PHB (poly- 
fl-hydroxybutyric acid), but the storage capacity is 
limited by the biomass of the active cells. The net 
outcome of these two effects is hard to predict, but 
it seems likely that there is no severe restriction of 
the mineralization rate. Thus the decomposition 
and mineralization of readily available, water-sol- 
uble components is unlikely to be severely affected 
by N-limitation of the microbial growth. On the 
other hand, severe and persistent N-limitation of 
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Fig. 9. Scheme to represent decomposition processes of 
plant residues by soil microorganisms. The monomers and 
polymer represents the readily available and slowly avail- 
able C sources for the microbes, respectively, and A. B 
and C symbolize the possible C pools after microbial 

transformation. See text for further explanation. 

microbial growth is more likely to affect the pro- 
duction of extracedlular enzymes for polymer degra- 
dation (1 in Fig. 9). 

Contradictory results reported in the literature 
concerning the effect of plant cover on the de- 
composition of plant residues indicate the complex- 
ity of the process. Many factors, abiotic and biotic, 
including properties of plant residues, are involved. 
Among them, C and N availability in plant residues 
are major rate-controlling factors in decomposition 
(Knapp et al., 1983a,b; Reinertsen ei al., 1984; 
Jawson and Elliot, 1986; Broder and Wagner, 1988; 
Muller et al., 1988; Kirchmann and Bergqvist, 
1989). In our investigation, differences in the effects 
of plant roots on the decomposition of the two 
plant residues existed: a negative effect on the de- 
composition of straw and apparently no clear effect 
on the decomposil:ion of clover leaves. 

However, plant roots might have had a “real” 
stimulating effect on the decomposition of the clo- 
ver material. This: conclusion is apparently contra- 
dicted by the observation that the measured 
residual C in clover layers was identical in planted 
and unplanted pots. Considering that the measured 
residual C included remains of lost root materials 
(sloughed cells and exudates), a possible stimulation 
of decomposition and C-mineralization by plant 
roots may have been “bidden” by a similar amount 
of root-derived C in the planted clover layers. Since 
the amounts of root C (as measured in the intact 
roots) is fairly large compared to the remaining C 
in the clover layers (170 and 350 mg pot-‘, respect- 
ively, at the end of the experiment), this source of 
error in the residual clover C measurement may be 
significant. 

In conclusion, considering competition for N 
between plant roots and heterotrophic microorgan- 
isms, it is apparent that plant roots play a centra1 
role by two oppa’site effects. Root deposits supply 
microbial cells with substrates to sustain a substan- 
tial microbial population in rhizosphere soil 
(Newman, 1985). In return, a considerable amount 
of N is immobilized (Breland and Bakken, 1991). 

On the other hand, plant roots compete for the 
same available N with microorganisms in soil by 
reducing N reimmobilization, as demonstrated by 
Wang and Bakken (1989) and in the present investi- 
gation. Retardation of plant roots on C decompo- 
sition varied with residues and decomposition 
stages. Moreover, microbial growth in soil could be 
limited by N deficiency. 
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