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Summary—The capacity of bacteria and protozoa to mineralize soil nitrogen was studied in microcosms
with sterilized soil with or without wheat plants. The effect of small additions of glucose or ammonium
nitrate or both, twice a week was also tested. Plant dry weight and N-content, number of microorganisms
and biomass plus inorganic N were determined after 6 weeks.

The introduction of plants profoundly influenced the N transformations. In the presence of root-derived
carbon, much more N was mineralized from the organic matter and immobilized mainly in plant biomass.
“Total observable change in biomass N plus inorganic N was negative in the unvegetated soils without
additions, while a mineralization of 1.7 mg N microcosm ~' was observed in microcosms with wheat plants
grown with bacteria only. When protozoa were included, the N taken up by plants increased by 75%.
Sugar additions resulted in an 18°% increase of total N in the shoots when protozoa were present, but
had no significant effect in the absence of grazers. Plants with the same root weight were more efficient
in their uptake of inorganic N when protozoa were present. Plants grown with protozoa also had a lower
R/S ratio, indicating a less stressed N availability situation. The lowest ratio was found with N additions
m the presence of protozoa.

The results indicate that, with energy supplied by plant roots or with external glucose additions, soil
bacteria can mineralize N from the soil organic matter to support their own growth, Grazing of the
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bacteria is necessary to make bacterial biomass N available for plant uptake.

INTRODUCTION

Most nitrogen mineralization studies published so far
have been performed by incubating faillow soil in the
field or in the laboratory under standardized tem-
perature and moisture conditions (Stanford, 1982), or
with different moisture and temperature regimes
(Clarholm et al., 1981). In these experiments, the
amount of inorganic N present at the end of the
incubation has been used to estimate the size of the
mineralization. For two reasons, it is difficult to relate
the results from such studies to the vegetated field
situation. Firstly, the bacterial activities leading to N
mineralization would have been depressed because of
the lack of a suitable energy source, which is supplied
by plant roots in the vegetated soil. Secondly, without
root uptake, unnaturally high amounts of inorganic
N will build up in the soil, possibly retarding further
mineralization. In field studies, Bartholomew and
Clark (1950) found, using '’ N, that the total mineral-
ization of N in cropped soils was much higher than
in fallow soil. They also estimated that the total
microbial activity was roughly four times greater in
the vegetated soil.

To be active, bacteria are usually dependent on an
easily-available energy source. Lynch (1976) exam-
ined the evidence in several investigations estimating
bacterial growth rates and concluded “that there is
little or no growth of the populations in the bulk soil,
and that the rhizosphere and the area around crop
residues are the only sites of active growth”. By
means of a selective inhibition technique, Vancura
and Kunc (1977) showed that bacteria contributed
more than fungi to the respiration in the rhizosphere,
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while the reverse was true in the bulk soil. It therefore
seems likely that the bacterial mineralization of N in
the vegetated field soil will be underestimated in
investigations without plant roots or an added suit-
able energy source.

In a number of experiments, Coleman and co-~
workers (Coleman ef al., 1977, Woods et al., 1982)
followed the development of bacteria, bacterial
grazers and inorganic N in microcosms with sterilized
soil after an initial addition of glucose. Adding sugar
caused an immobilization of added inorganic N in
bacterial biomass. This N was later released through
grazing by protozoa and nematodes. The added sugar
was sufficient to make the bacteria immobilize all the
N present at the start, but not enough to sustain
prolonged bacterial growth, which would require a
supply of additional C. Even in a later experiment
where C was added more than once (Bryant et al.,
1982), the N demand of the bacteria could be satisfied
by the N released by grazing, since no roots were
present to withdraw inorganic N from the soil solu-
tion.

The above mentioned microcosms may be viewed
as models of the events occurring in a specific volume
of soil when it is under the temporary influence of a
root (Coleman et al., 1978). The C addition, which
may be considered equivalent to the input of C from
the root, results in bacterial growth followed by
growth of bacterial grazers, leading to the release of
inorganic N. Here the resemblance to natural condi-
tions ends, since roots for the N-uptake were lacking,.

Elliott (as cited by Anderson et al., 1981) has
suggested a series of events on the root surface,
starting with an output of root-derived carbon just
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behind the apex followed by bacterial growth re-
sulting in N immobilization and subsequent mineral-
ization through protozoan grazing. The inorganic N
was assumed to enter the rhizosphere through
diffusion from an unidentified source. Another possi-
bility, which I have explored, is that bacteria can
release N from the organic matter, when supplied
with a suitable source of energy. The experiment was
set up to investigate the role of root-derived carbon
for the bacterial-mediated N mineralization, and if
protozoan grazing is necessary to make the bacterial
N available for root uptake.

MATERIALS AND METHODS

The experimental design contained in all 16 alterna-
tives, each with 4 replicates. Sterilized soil with
reintroduced bacteria was incubated with or without
protozoa, with or without plants. These 4 treatments
were in turn exposed to 4 sets of repeated additions:
water only, water with a C source, water with an N
source, or water with both C and N.

The microcosms consisted of large test-tubes
(200 x 25 mm) each filled with 35g air-dried soil,
which had been stored at field moisture at 2°C for 6
months. The soil was sieved (<4 mm), dried at room
temperature and then wetted to field capacity. The
test-tubes were plugged with cotton wool and auto-
claved twice, with an interval of 2 days between
autoclavings.

The soil used was a top soil from the experimental
field of the “Ecology of Arable Land” project. The
top soil is a loam, 27 cm thick; 6.6% loss on ignition;
0.25% N; pH 6.3 (Steen et ai., 1983).

Bacteria for inoculation were prepared by mixing
soil with water in a kitchen mixer (Braun) and then
filtering the water phase twice through a 3 um Nu-
cleopore filter. The filtrate was allowed to stand for
24h so that any small contaminating flagellates
would multiply and be detectable by microscopic
examination. Bacteria were counted by epi-
fluorescence microscopy at 1000 times magnification
after staining with acridine orange (Clarholm and
Rosswall, 1980). Biomass was calculated from size-
class estimations (Clarholm and Rosswall, 1980)
assuming a dry weight of 0.2 of the wet weight and
a density of 1.0 of the dry weight.

Protozoa for inoculation were obtained by col-
lecting protozoan cysts from several wells of micro-
titration plates previously used for enumerations of
protozoa in the same soil (Clarholm, 1981). The sizes
of the inocula added to each microcosm in 1 ml water
were 4 x 10° bacteria, 3 x 10° amoebae and 3 x 10°
flagellates g ' dry wt soil; ciliate numbers were below
the detection limit (~50 g ~'). Protozoa were counted
by a most probable number method (Darbyshire et
al., 1974) using microtitration plates. Amoebae saline
(Page, 1967), mixed with washed growing bacteria
originating from the same soil, served as food source
for the protozoa.

The dry weights used for biomass calculations were:
I ng for amoebae (Band, 1959; Coleman er al., 1980),
260 pg for flagellates (Fenchel, 1982) and 1.4 ng for
ciliates (Curds and Cockburn, 1968). An N content
of 5%, of the dry weight was assumed for bacteria and
protozoa.
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Wheat seed were surface-sterilized with ethanol
and, after germination on nutrient agar plates, three
seedlings were planted in each microcosm. The
microcosms were inoculated and planted on the same
day (day 1). The experiment was run in a growth
chamber at 15°C, and the daily dark-light cycle was
8-16h.

The level of C additions was determined in a
separate experiment where glucose to obtain concen-
trations between 0 and 26.4mgml~' soil water
(0-8000 ug g~ ' dry soil basis) was added to pots with
4.7 kg unsterilized soil and 52 wheat seedlings. The
experiment was run at 60%, of water-holding capacity
for 5 weeks and glucose was added twice a week. Dry
weight and N content of the shoots and dry weight
of the roots were determined at the end of the
experiment.

The 250 ugg~" additions resulted in 17% higher
plant dry weights and 4% higher N contents than the
plants without sugar additions, and also in 15%
higher dry weights and 269, higher N contents than
the plants with the 500 ug g~' additions. A level of
175 ugg~"' was chosen since it would certainly be
beneficial, and possibly more so than the 250 ugg~".
taking the large decrease in N contents between 250
and 500 ug g~ into consideration.

N additions were then made as 0.25 of the C
concentrations. Additions of 1.2mg C (175 ugg™'
dry soil basis) as glucose and 0.3 mg N as NH,NO,
were made to the respective microcosms of the main
experiment twice a week for 6 weeks. In all, 144 mg
C and 3.6 mg N were added. All additions were
sterile.

At the sampling at the end of the experiment, the
test-tubes were wrapped in a towel and gently broken
with a hammer. The plant shoots were cut off, the soil
with roots was thoroughly mixed, and subsamples for
organisms and inorganic N determinations were
taken. The roots were then collected on a sieve by
washing. Dry weight of the plant and water content
of the soil were determined after drying at 85°C.

Inorganic N was extracted by shaking the soil with
2M KCl for 2h. NO; and NH;" were determined by
flow injection analysis (Gine et al., 1980) using an
FIA 06 Flow Photometer (Bifok, Sollentuna, Swe-
den). Total N in seeds, plant shoots and roots were
determined with an automatic elemental nitrogen
analyzer (Carlo Erba, Milan).

The statistical significance of differences was tested
by analysis of variance or *‘Student’s” ¢-test. Statisti-
cally significant differences reported were significant
at least at the 99.99 level.

RESULTS

Effects on plant biomass

In all treatments, plants grown with protozoa had
a larger biomass (Table 1) and contained larger
absolute amounts of N in the shoots but not in the
roots (Table 3). The R/S ratio did differ between
treatments, with the root biomass weighing between
32 and 62%, of the shoot biomass (Table 4).

Effects on bacteria

Without protozoa, bacterial numbers did not differ
significantly between treatments. With protozoa
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Table 1. Weight and N-concentration of wheat plants grown in microcosms for 6 weeks with different microorganism and N or
C additions. Mean and coefficient of vanation {(CV = standard deviation as % of the mean) n =4

Wheat
Shoots Roots Inorganic N
(mg dry wt (mg dry wt NH; NO;
Treatments Additions microcosm™') N (%)  microcosm™') N (%) (ugg™" (egg™"
— None 49027 0.1(0)
— 144mg C 5.1(14) 2965
Bacteria 3.6 mg N 3.8 (34) 0.5 (44)
C+N 7.2(7) 0.1 ()
Mean of treatment 5.2 (30) 0.5 (226)
n = 16)
— None 5.4 (31) 1411
Protozoa 144mg C 4231 2.7(3)
Bacteria 3.6mg N 43(11) 31(5)
C+N 6.9 (16) 3.5(9)
Mean of {reatment 5.2(30) 2.3(38)
{n=16)
Wheat None H547) 3.4(11) 68 (25) 1.4 (10} 1.8¢42) 2.4(5)
— 144mg C 118 (18) 3.6(4) 69 (26) 1.2(14) 0.4(174) 000
Bactena 36mg N 120 (6) 4.2 (5) 65 (46) 1.5(17) 5.5(26) 1.2 (20}
C+N 13 (16) 3.6(4) 56 (23) 1.4Q12) 6.0(15) 1.9 (60)
Mean of treatment 16 (16) 379 65 (29 1.4(7) 34077 1.1
(n=16)
Wheat None 213(5) 2.1(5) 113(17) 1.2(7 2.9¢47) 3.5(4)
Protozoa 144mg C 170 (21) 3.2(23) 73 (60) 1.5 (10) 0.1 (0) 00(0)
Bactena 3.6mg N 193 (15) 3.4(15) 63(38) 15(16) 01(78) 0.3 (68)
C+N 183 (%) 3330 39 (46} 1.7(8) 1033 01(0)
Mean of treatment 189 (14) 3.0 (24) 77 45) 15(169) 1.0 (135) 08(178)
(n =16)

present, the bacterial numbers were significantly
higher with plants (Table 2). Bacterial biomass was
always significantly higher in the presence of plants
while protozoa did not have any effect.

The direct microscopical observations of the soil
revealed that the microaggregate structure, seen in
natural unsterilized soil, was not restored after auto-
claving. The bacteria seemed to adhere less strongly
to the particle surfaces, and fewer aggregated bacteria
were also observed. The individual bacterial cells
were larger, but their numbers were only half to
one-third the level obtained in field estimations
(Schniirer er al., 1982).

Effects on protozoa

Flagellates and ciliates were significantly more
numerous with plants than without (Table 2),
while extremely high populations of amoebae were
observed in the unplanted soils with additions,
especially of C.

Soil N and plant N

Microcosms with plants contained less NH; and
less NO; (Table 1) as compared with the equivalent
unplanted treatments. The highest level of total inor-
ganic N, 10 ugg~', was recorded in the soil without
plants with C+ N additions and protozoa.

With protozoa present, the mineralized N taken up
by plants increased by 75%, on average, for all four
additions (Table 3). With plants and bacteria only,
around 1.7 mg N was mineralized from the soil, of
which most was immobilized by the plant. Without
plants or C additions, no mineralization (observable
change in biomass N plus inorganic N) could be
detected (Table 3).

Soil water content and plant dry weight

The soil water contents of the series with plants,
protozoa and bacteria were only half the level of
those in the three other treatments (Table 2) at the
end of the experiment. The high evapotranspiration
in this treatment caused an accidental drying out 1
week before the experiment was ended. The plants in
the C, N and C+ N additions dried out so severely
that most of the shoots died and growth was minimal
for the last week. Therefore, the total N contents of
the plants, where those in series without additions
had the lowest levels, probably provide better indi-
cations of the effect of additions than the dry weights
do.

Responses to C and N additions

Additions of C to the plants grown in soil with
protozoa, resulted in a significant 18% increase of N
in the shoots (calculated by multiplication of dry
weights and %N contents in Table 1), while the N
contents did not vary significantly without grazers.
An addition of N alone resulted in significantly
higher N contents of the shoots both with and
without protozoa. If the N additions were made
together with C, the plants were only able to utilize
the N when grazers were present.

When the “total observable change in biomass plus
inorganic N (Table 3) was calculated, large losses
were found in five of the eight cases where inorganic
N had been added. The losses were reduced in the
presence of protozoa in treatments with plants or
when C had been added to the unvegetated soil. In
the first case the N was immobilized in plant biomass,
and in the second, in an extremely large amoebal
biomass.
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Table 3. Inorganic N and mtrogen content in organisms after 6 weeks. The microcosms held 35 g dry soil and contained

0.68 mg norganic N after autoclaving. The N contents of the three seeds (3.24 mg) have been subtracted from the figures

given for plant N. Total observable change was calculated by addition of all biomass values and subtraction of the 0.68 mg

present at start and of 3 6 mg where N had been added All values are given in mg microcosm ~'. Values are derived from
figures in Tables 1 and 2

Total observable

Inorganic Bacterial Protozoan Plant N- change in biomass
Treatment Additions N N N seed N N plus inorganic N
- None 0.17 036 —0.15
— 144mg C 0.26 0.53 0.11
Bacteria 36mg N 0.15 0.34 —379*
C+N 026 0.39 —363*
—_— None 0.24 0.28 0.23 —0.07
Protozoa 144mg C 0.24 0.36 4.66 458
Bacteria 36mg N 0.26 0.36 0.96 ~2.70*
C+N 0.36 0.31 4.79 1.18*
Wheat None 0.15 0.45 1.61 153
— 144mg C 0.01 0.70 1.78 181
Bacterna 3.6mg N 0.23 0.63 2.65 —0.77*
C+N 0.28 0.58 1.67 —175*
Wheat None 0.22 0.44 0.16 2.55 269
Protozoa 144mg C 0.00 0.56 0.18 3.04 310
Bacteria 3.6mg N 0.41 0.41 0.22 4.13 0.89*
C+N 0.04 0.52 0.20 3.74 0.22*

*3.6 mg N added during the experiment.

DISCUSSION

The bacteria in microcosms without plants or C
additions were severely energy-limited throughout
the experiment, and little N mineralization was ob-
served in treatments (Table 3) where the only C
source was the killed microorganisms. The minimum
amounts of C and N available to the bacteria through
autoclaving can be calculated. The biomass of bacte-
ria per g dry wt of the unsterilized soil was 0.20 mg
dry wt. Assuming a 1-to-4 relation between the
biomass of bacteria and fungi (Schniirer et al., 1982)
and a fumigation factor of 0.4 (Jenkinson, 1976), the
autoclaving would lead to an addition of approxi-
mately 7mg C and 0.9 mg N per microcosm, if the
often quoted C/N ratio of 8 is used.

In the microcosms with plants, the largest C addi-
tion came from the roots. The input would have been
around 130 mg for 3 plants during the 42 days, if
calculated on the basis of Fig. 2 in Sauerbeck and
Johnen (1976). An addition of 144mg C led to a
mean increase of 0.44mg N in “total observable
change’ (Table 3). This indicates that 130 mg root C
would lead to a mineralization of about 4 mg N of
which 2.55mg was immobilized in plant biomass
(Table 3, no addition, with protozoa).

Regardless of treatments, plants grown with proto-
zoa present always contained larger amounts of N
as compared with plants grown with bacteria only
(Table 3). Annual plants take up most of the N
during their early growth phase (Knowles and
Watkin, 1931), resulting in high % N contents ini-
tially, which decrease as the plant grows. For a
correct evaluation of the effect of a treatment or an
addition on the N uptake, it is therefore necessary to
compare total amounts of N in the plants. In the
treatments where N had been added, the amounts of
root biomass were the same with or without grazers
(Table 1). The roots had thus been more effective in
their N uptake with grazers present, which is also
indicated by the lower inorganic N values (Table 1).
Increased uptake of inorganic N by plants in the

presence of protozoa was also reported by Elliott
et al. (1979).

In the present experiment, all or part (in the
treatments with N additions) of the N incorporated
into the plant, in excess of seed N, originated from
the soil organic matter. The mechanism of the release
may be as follows: the carbon released from the roots
serves as an energy source for the normally energy-
limited bacteria (Stotzky and Norman, 1963); tempo-
rarily released from their substrate shortage, the
bacteria are able to mineralize N from the organic
matter for their own growth; bacterial grazers, of
which protozoa seem to be the most important, will
consume the bacterial production; by excretion of
surplus N as ammonium (Hardin, 1944; Fenchel and
Harrison, 1976), the bacterial grazers make the N
available for plant uptake.

Without grazers, the plants in all treatments took
up about 1.7mg N (Table 3) except when N was
added alone. This N probably originated mainly from
the microorganisms killed by autoclaving and was
released by ammonifying bacteria. The most often
used C/N ratio of 8 would give 0.9 mg N from the
microbial biomass as previously calculated. Other
experiments (J. Schniirer, personal communication)
indicate, however, that a ratio of 4 is more appropri-
ate for the soil used. This would lead to a release of
about 1.8 mg N by autoclaving. The input from the
necromass is a one-time event and the differences in
N available for plant uptake are likely to have
become larger over a longer experimental period.

The C or C + N additions had no effect of the plant
N content without grazers. The increase in plant N
content observed after C additions in the presence of
protozoa could be explained by the creation of an
enlarged rhizosphere effect by the “rain” of carbon.
The addition caused bacterial growth everywhere in
the soil followed by protozoan growth and N release.
Some of this N was captured by the roots, leading to
the observed increase, but it is likely that much of it
was also denitrified.

Without plants, the C additions created amoebal
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Table 4 Root dry weight as percentage of shoot dry weight for 3

wheat plants grown with C, N or C + N additions twice a week for

6 weeks 1n soil microcosms in the absence and presence of protozoa,
respectively. Mean + standard deviation, # =4

f}‘_ifi_i_"‘ingmw o Bactena Bacteria -+ Protozoa
None 62 +23 5347

C 60 + 214 42419

N 54 £25 32+9

C+N 53+ 10 32413

populations 20 times larger than those normally
found in vegetated soil (Elliott and Coleman, 1977).
They can be viewed as an abnormal reaction to an
abnormal situation. Without roots there is normally
little suitable energy source for bacteria and thus little
food production for protozoa. With roots present,
the bacterial growth is enhanced but there is also
competition from the roots for the released N, and N
availablility will control bacterial growth. The com-
paratively low and normal {Clarholm, 1981) numbers
of amoebae observed in the presence of roots, plus
the fact that more N was immobilized by the plants
(Table 3), indicate that the plant was a successful
competitor.

There was a clear response to the N additions in
the way the plants proportioned their growth into
shoots and roots (Table 4). A lower proportion of the
biomass in roots indicates higher N availability
(Davidson, 1969). Accordingly, the most limited N
situation for the plant must have been in the soil
without protozoa and with no additions. With
grazers, both C and N additions improved the plant’s
access to N as compared with no additions, with the
smallest proportion in roots in the N additions.

The major loss of N from the microcosms (Table
3) is likely to have been through denitrification.
Theoretically an N-to-C ratio of 1:1.25 is needed for
denitrification {Delwiche, 1981). Total denitrification
of the 3.6 mg N added would thus only need 4.0mg
C, still leaving most of the added C available for
bacterial growth on other N sources. The large N loss
observed in the bacteria + N treatment was probably
caused by denitrifying bacteria, using the dead micro-
bial cells from the sterilization as an energy source.
By comparing plant N with and without N additions,
it is obvious that most of the added N must have been
lost also in microcosms with plants. Denitrifiers are
more than 1000 times more common in the rhi-
zosphere (Rouatt et al., 1960), where they are less
energy-limited.

The observations of fewer but larger bacterial ceils
and the partial loss of the microaggregate structure of
the soil indicated a different situation for the bacteria
in the sterilized microcosms than for those in natural
soil. This may be explained by the fact that fungi as
well as the whole predator chain above protozoa were
lacking, but it is also possible that the soil structure
normally observed needs a longer time to develop.

The close relationships demonstrated between
plants, bacteria, protozoa and soil make it question-
able whether the components could be relevantly
studied in isolation. Barber and Lynch (1977) found
that the average bacterial generation time on ster-
ilized roots grown in nutrient solution increased after
7 days. Their result might have been different if
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protozoa, always present in soil, had been included in
the experiment. The grazers would have reduced the
bacterial populations on the older parts of the roots.
Instead, an increasingly larger bacterial biomass
would have had to share the C coming mainly from
a small region behind the root tip (Schippers and van
Vuurde, 1978) resulting in overall lower growth rates.
In soil, physical barriers would also have restricted
the diffusion of C to all parts of the bacterial popu-
lation resulting in a differentiation of growth rates at
different parts of the root.

Microcosms are useful tools for increasing our
understanding of complicated interactions, especially
if they contain all the biotic components pertinent to
the questions asked. The present results show that
bacteria are able to mineralize N from the soil
organic matter, but only when supplied with energy
from the roots or with external additions. The results
also show that grazing, in this case by protozoa, is
necessary for the release of N from bacterial biomass
for plant uptake. More added inorganic N can like-
wise be taken up by plant roots, in an otherwise
identical situation, with protozoa present.

Acknowledgements—I thank T. Rosswall and T. Lindberg
for helpful discussions and constructive criticism. Inger
Ohlsson for skilful technical assistance., and K. Paustian for
help with the data processing. The work was carried out
within the “Ecology of Arable Land” project supported by
the Swedish Council for Planning and Coordination of
Research, the Swedish Council for Agricultural and For-
estry Research, the Swedish Natural Science Research
Council and the Swedish National Environment Protection
Board.

REFERENCES

Anderson R. V., Coleman D. C. and Cole C. V. {1981])
Effects of saprotrophic grazing on net mineralization. In
Terrestrial Nitrogen Cycles. Processes Ecosystem Strate-
gies and Management Impacts (F. E. Clark and T. Ross-
wall, Eds). Ecological Bulletins (Stockholm) 33, 201-215.

Band R. L. (1959) Nutritional and related studies on the
free-living soil amoeba Harimannella rhysoides. Journal of
General Microbiology 21, 80-95.

Barber D. A. and Lynch J. M. (1977) Microbial growth in
the rhizosphere. Soil Biology & Biochemistry 9, 305-308.

Bartholomew W. V. and Clark F. E. (1950) Nitrogen
transformations in soil in relation to the rhizosphere
microflora. Transactions of the Fourth International Con-
gress of Seil Science 2, 112-113.

Bryant R. J., Woods L. E., Coleman D. C., Fairbanks
B. C., McClellan J. F. and Cole C. V. (1982) Interactions
of bacterial and amoebal populations in sml microcosms
with fluctuating moisture content. Applied and Environ-
mental Microbiology 43, 747-752.

Clarholm M. (1981) Protozoan grazing of bacteria in soil-—
impact and importance. Microbial Ecology 7, 343-350.
Clarholm M. and Rosswall T. (1980) Biomass and turnover
of bacteria in a forest soil and a peat. Soil Biology &

Biochemistry 12, 49-57.

Clarholm M., Popovi¢ B., Rosswall T., Soderstrém B.,
Sohlenius B., Staaf H. and Wirén A. {1981) Biological
aspects of nitrogen mineralization in humus from a pine
forest podsol incubated under different moisture and
temperature conditions, Oikos 37, 137-145.

Coleman D. C., Cole C. V., Anderson R, V., Blaha M.,
Campion M. K., Clarholm M , Elliott E. T., Hunt H. W,



Rhizosphere interactions for N release

Schaefer B. and Sinclair J. (1977) An analysis of
rhizosphere-saprophage interactions in terrestrial eco-
systems. In Soil Organisms as Components of Ecosystems
(U. Lohm and T. Persson, Eds). Ecological Bulletins
{Stockholm) 25, 299-309.

Coleman D. C., Cole C. V., Hunt H. W. and Klein D. A.
(1978) Trophic interactions in soil as they affect energy
and nutrient dynamics. I Introduction. Microbial Ecology
4, 345-348.

Coleman D. C., Anderson R. V., Cole C. V., Elliott E. T.,
Woods L. and Campion M. K. (1980) Trophic inter-
actions in soils as they affect energy and nutrient dynam-
ics. IV. Flow of metabolic and biomass carbon. Microbial
Ecolagy 4, 373-380.

Curds C. R. and Cockburn A. (1968) Studies on the growth
and feeding of Tetrahymena pyriformis in axenic and
monoxenic culture. Journal of General Microbiology 54,
343-358.

Darbyshire J. F., Wheatley R. F., Greaves M. P. and Inkson
R H. E. (1974) A rapid micromethod for estimating
bacterial and protozoan populations in soil. Révue
d'Ecologie et de Biologie du Sol 11, 465475,

Davidson R, L. (1969) Effect of soil nutrients and moisture
on root/shoot ratios m Lolwm perenne L. and Trifolium
repens L. Annals of Botany 33, 5§71-577.

Delwiche C. C. {(1981) The nitrogen cycle and nitrous oxide.
In Denitrification, Nitrification and Atmospheric Nitrous
Oxide (C. C. Delwiche, Ed.), pp. 1-15. Wiley, New
York.

Elliott E. T. and Coleman D. C. (1977) Soil protozoan
dynamics in a short-grass prairie. Soil Biology & Biochem-
istry 9, 113-118.

Elliott E T., Coleman D. C. and Cole C. V. (1979) The
mfluence of amoebae on the uptake of nitrogen by plants
in gnotobiotic soil. In The Soil-Root Interface (J. L.
Harley and R. S. Russell, Eds), pp. 221-229. Academic
Press, London.

Fenchel T. (1982) Ecology of heterotrophic microflagellates,
IV. Quantitative occurrence and importance as con-
sumers of bacteria. Marine Ecology Progress Series 9,
35-42.

Fenchel T. and Harrison P. (1976) The significance of
bacterial grazing and muneral cycling for decomposition
of particulate detritus. In The Role of Terrestrial and
Aquatic Organisms in Decomposition Processes {J. M.
Anderson and A. Macfadyen, Eds), pp. 285-300.
Blackwell, Oxford.

Gine M. F,, Bergamin F. H., Zagatto E. A. G. and Reis
B. F. (1980) Simultaneous determination of nitrate and
mitrite by flow injection analysis. Analytica Chimica Acta
114, 191-197.

187

Hardin G. (1944) Physiological observations and their
ecological significance: a study of the protozoan Oiko-
monas termo. Ecology 28, 192-201.

Jenkinson D. 8. (1976) The effects of biouidal treatments on
metabolism in soil. V. A method for measuring soil
biomass. Soil Biology & Biochemistry 8, 209-213.

Knowles F, and Watkin I. E. (1931) The assimilation and
translocation of plant nutrients m wheat during growth.
Journal of Agricultural Sciences 2, 612-632.

Lynch J. M. (1976) Products of soil microorganisms in
relation to plant growth. Critical Reviews in Microbiology
§, 67-107.

Page F. C. {1967) Taxonomic criteria for hmax amoebae
with descriptions of 3 new species of Hartmannella and 3
of Vahikampfia. Journal of Protozoology 14, 499-521.

Rouatt J. W., Katznelson H. and Payne T. M. B. (1960)
Statistical evaluation of the rhizosphere. Soil Science
Society of America Proceedings 24, 271-273.

Sauerbeck D. R. and Johnen D. (1976) Der Umsats
von Pflanzenwurzeln im Laufe der Vegetationsperiode
und dessen Beitrag zur Bodenatmung. Zeitschrift fur
Pflanzenernihrung und Bodenkunde 1976, 315-328.

Schippers B. and van Vuurde J. W. L. (1978) Studies of
microbial colonization of wheat roots and the manipu-
lation of the rhizosphere microflora. In Microbial Ecology
(M. W. Loutit and J. A. R. Miles, Eds), pp. 295-296.
Springer, Berlin.

Schniirer J.,, Clarholm M. and Rosswall T. (1982) Micro-
organisms. In Ecology of Arable Land~—The Role of
Organisms in Nitrogen Cycling, Progress Report 1981
(T. Rosswall, Ed.), pp. 77-78. Swedish University of
Agricultural Sciences, Uppsala.

Stanford G. (1982) Assessment of soil nitrogen availability.
In Nitrogen in Agricultural Soils (F. J. Stevenson, Ed.)
Agronomy 22, pp. 651-688. ASA-CSA-SSSA Publisher,
Madison, Wisconsin.

Steen E., Jansson P.-E. and Persson J. (1984) Experimental
site of the “Ecology of Arable Land” project. Acta
Agricultura Scandinavica 34, 153-166.

Stotzky G. and Norman A. G. (1963) Factors limiting
microbial growth activities in soil, III. Supplementary
substrate additions. Canadian Journal of Microbiology 10,
143-147.

Vantura V. and Kunc F. (1977) The effect of streptomycin
and Actidione on respiration in the rhizosphere and the
non-rhizosphere. Zentralblat! fiir Bakieriologie Abted 1I
132, 472-478.

Woods L., Elliott E. T., Anderson R. V. and Coleman
D. C. (1982) Nitrogen transformations in soil as affected
by bacterial-microfaunal interactions. Soil Bwlogy &
Biochemistry 14, 93-98.



