w L

Plant and Soil 163: 243-255, 1994,
© 1994 Kluwer Academic Publishers. Printed in the Netherlands.

Pe 5%

Distribution of soil fractions and location of soil bacteria in a vertisol under
cultivation and perennial grass

M. Kabir!, J.L. Chotte?, M. Rahman?, R. Bally' and L. Jocteur Monrozier!

Laboratoire d’Ecologie microbienne des sols, CNRS URA 1450, Université Lyon 1, 43 Bd du 11 Novembre 1918,
69622 Villeurbanne Cedex, France, *ORSTOM, Laboratoire Matiére Organique des Sols Tropicaux, BP 8006
97259 Fort de France cedex, Martinique and 3Laboratory of Soil Microbiology, Department of Soil Science,
University of Dahka, Dakha 1000, Bangladesh

Received 26 October 1993, Accepted in revised form 9 May 1994

Key words: Azospirillum brasilense, Digitaria decumbens, microbial biomass C, regrass soﬂ rhizosphere, soil
fractionation, vertisol

Abstract

Effects of soil management on soil characteristics were investigated on the rhizosphere (RPP) and the non-
rhizosphere (NRPP) soil of are-grass vertisol under Digitaria decumbens and in the soil under continuous cultivation
(CC). A low energy technique allowed to separate eight size and density fractions, including macro- and micro-
aggregates while preserving soil bacteria. Organic C and N, microbial biomass C and the number of total bacteria
(AODC) and of Azospirillum brasilense and their distribution were determined in soil fractions isolated from the
CC, NRPP and RPP soils. Soil macroaggregates (>2000 pzm) were similarly predominant in the NRPP and RPP
soils when the dlspcr51ble clay size fraction (<2 pm) represented more than 25% of the CC soil mass. The main
increase of C content in RPP originated from the macroaggregates (> 2000 um) and from the root fraction, not
from the finer separates. The proportion of organic C as microbial biomass C revealed the low turnover of microbial
C in the PP situations, especially in the clay size fraction of the NRPP soil. A common shift of AODC toward
the finer separates from planted soils (CC and RPP) revealed the influence of living plants on the distribution of
soil bacteria. The relative abundance of A. brasilense showed the presence of the active roots of Digitaria in the
macroaggregates and their contact with the dispersible clay size fraction of the rhizosphere soil.

Introduction

Permanent grasscs provide a consistantly active rhi-
zosphere over the year contrasting with annual crops.
Consequently, grasslands maintain a higher content of
soil organic C (Tiessen and Stewart, 1983), a high-
er microbial biomass C content (Collins et al., 1992)
and higher levels of aggregation and structure stabili-
ty (Hart et al., 1988; Tiessen and Stewart, 1983) than
cuitivated soils. From a biological point of view, Has-
sink et al. (1993) showed that bacteria constituted the
largest biomass pool in grassland soils with a maxi-
mum in fine textured soils. The rhizosphere of most of
the Gramineae is considered to affect soil microor-
ganism distribution and metabolism either directly
(i.e. substrate supply through exudates or root decay,
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chemotaxis) or through the modification of their envi-
ronment. Some microbial species are typically rhizo-
sphere inhabitants and have been isolated from dif-
ferent root surfaces or from soil attached to active
roots. Dobereiner and Pedrosa (1987) observed that
the majority of diazotrophic microorganisms are close-
ly associated with roots. Different studies have been
conducted on the penetration of bacterial cells into the
roots as to localize Azospirillum spp. (O’Hara et al.,
1983; Patriquin et al., 1983). In natural conditions,
Azospirillum is not the only microorganism capable
to colonize roots. But the use of the fluorescent anti-
body technique allows to specifically identify Azospir-
illum cells in the rhizosphere of Digitaria decumbens
(Schank et al., 1979) from which A. brasilense was
first isolated by Day and Débereiner (1976).
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The presence of active roots may also influence
bacterial metabolism. Sparling et al. (1981) found that
phenolic-degrading microorganisms are stimulated by
the presence of some graminaceous crops. Denitrifica-
tion is increased in the rhizosphere environment (Smith
and Tiedje, 1979), and specific respiration would be
reduced by high CO, production in the rhizosphere
of many grasses (Santruckova and Straskraba, 1991).
One of the benefits due to the presence of Gramineae
would be a better conservation of organic C in soil
due to the presence of more numerous microorganisms
with lower C turnover.

Soil components may also influence the distribution
and activity of microorganisms. Gray and Williams
(1971) suggested that the preferential zones of micro-
bial activity are associated with sites where fresh
decomposable organic matter is released in soils, i.e.
the root environment and organic fragments from litter
fall or crop residues. More researchers have inves-
tigated the role of clay material on microbial life in
soils. Stotzky and Burns (1982) indicated that direct
interaction of clays, i.e. sorption of microbial cells or
colonies, may influence the distribution and the activi-
ty of microorganisms. Ladd and Foster (1987), Amato
and Ladd (1992) observed that soil microbial biomass
content is correlated with CEC (i.e. clay content). The
abundance of microbes and of microbial biomass C in
clay soils may be attributed to the stabilization (slow
turn-over) of microbial cells (Amato and Ladd, 1992;
Oades, 1988). Specific respiration (CO;, released per
microbial cell) is negatively correlated with clay con-
tent in soil (Chaussod et al., 1986). The stabilization
of organic matter in clay soils is also attributed to
the slower diffusion of O, and of organic solutes to
microorganisms located in the aggregates (Stotzky and
Burns, 1982).

Habitats of soil microorganisms are dependent on
soil structure which implies the presence of voids of
various shapes and sizes. Hassink et al. (1993) found
that bacterial cells were more abundant in clay and
loamy soils, where narrow pores predominate, than in
coarse textured soils. An other aspect of soil structure
concerns the size and the appearance of the individ-
ual lumps which form the soil body on or in which
microorganisms are not evenly distributed (Russell,
1973). Jocteur Monrozier et al. (1991) observed that
the microaggregates (20-2 pm) isolated from a deep
clay layer of massive structure were less porous and
contained a lower proportion of soil microbial biomass

In this paper, we studied the location of a typical rhi-
zosphere bacterium, Azospirillum brasilense, together
with the distribution of the total soil bacteria and of the
microbial biomass carbon in a clay soil submitted to
intense cultivation or permanent pasture. After seven
years of Digitaria decumbens pasture, soil structure
and aggregate stability have been strongly improved
and average organic C content increased from 12 g per
kg to more than 50 g per kg of soil. The objective of
this work was to assess if the changes in soil physics
and organic matter observed when permanent pasture
replaced continuous cultivation resulted in concomi-
tant changes in the distribution and abundance of the
soil microflora and of the rhizosphere microorganisms.

Material and methods
Field sites and soil sampling

The soil was a Vertisol (black earth) which was sam-
pled from two sites located in the southeast of Mar-
tinique (14° 3° N and 62° 34’ W, a French island in the
West Indies). One site was located in an area of perma-
nent pasture (PP) of Digitaria decumbens and the other
in a nearby area under continuous cultivation (CC) of
seasonal crops. The permanent pasture soil exhibited
vertic cracks between soil under Digitaria shoots with
dense root hair (RPP) and the next bare soil between
the tufts with merely no rhizosphere (NRPP), which
were separately sampled. The upper 10 cm layer of
each soil was carefully cored to avoid structure distur-
bance and stored unsieved at 4°C. Fifteen replicates of
each soil (approximately 100 g) were sampled in the
field. Six of them were used for fractionation and the
others for soil analyses. The main characteristics of
soils sampled from the three situations CC, NRPP and
RPP are described in Table 1.

Physical fractionation of soil

Physical fractionation of soils was performed accord-
ing to Chotte et al. (1993) (Fig.1). Subsamples of moist
unsieved soil weight equivalent to 100 g of dry soil
were submerged in 250 mL of cold (4°C) distilled
water in a 400 mL plastic beaker and kept at 4°C for
36 hours. Before fractionation (Fig. 1), coarse roots
and plant debris (>20 mm) were picked up with tweez-
ers, rinsed with distilled water and collected for fur-
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Table 1. Main characteristics of the studied Vertisol soils
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Soil characteristics Continuous Non- Rhizosphere
cultivation rhizosphere permanent
bulk soil permanent pasture  pasture soil
CcC soil RPP
NRPP
Root mass (g kg~! soil) 12+1.3a 2174 1.15a 1324 4:72b
Gravel (> 2000 pm) 0 0 0
C(gkg™hH 119 4 0.8¢ 356+3.1d 54 +£2.6d*
N(gkg™h 1.1£0.17e 3.5 4 0.4f 444026
Biomass C (mg C kg™ !) 316 £ 45g* 1960 = 196h 2485 3 673h
Mechanical analysis (< 2000 pm %)
Clay (< 2 um) 50.6i 53.71 55.4i
Fine loam (2-20 pm) 27.9j 31.0 25.5j
Coarse loam (20-50 pm) 6.4k 6.5k 9.0k
Fine sand (50-200 j:m) 6.41 5.91 7.91
Coarse sand (200-2000 pm) 8.7m 2.8m 2.2m

Values are mean = standard deviation. Values with * are means of two replicates only. Mean values with unlike
letters are significantly different (p < 0.05) by a Fisher PLSD test.

through 2000 yim, 200 pm and 50 pm mesh size sieves
by gentle washing with distilled water to separate frac-
tions >2000 pum, 2000-200 pum size and 200-50 um
size with the minimum of disturbance. The fraction
2000-200 um was divided by flotation in water into
light (d<1 g cm™?) and dense (d>1 g cm™?) fraction
noticed FL. and FD respectively. The remaining soil,
fraction (<50 pm size) was collected and fractionat-
ed at increasing g into three fractions. The fraction of
50-20 um size was allowed to settle in 1250 mL glass
cylinders at 1g, when particles and microaggregates of
20-2 um size were pelleted from the unsettled 1g sus-
pension by centrifugation (90 g, 3 times) at 10°C. The
resulting supernatant containing the <2 um size frac-
tion was flocculated by addition of CaCl, (0.5 M final)
and centrifugated at 2460 g to concentrate the <2 um
particles as a slurry. Aliquots of the wet fractions were
stored at 4°C if microbial analyses could not be per-
formed immediately. Twenty four hours was the usual
time required to achieve the fractionation process of
one soil in duplicate.

The mechanical analysis was performed in parallel
on air dried subsamples of each soil. After dry sieving
at 2 mm, organic matter was destroyed by oxidation
with boiling hydrogen peroxide. The mineral residue
was dispersed in water by addition of NH,CI (1 M
final) and shaking for 1 hour. The resulting dispersion

was sieved to collect the coarse sand (2000 to 200
pum) and the fine sand (200 to 50 um), which were
oven dried and weighed. The distribution of the <50
um size particles was obtained by a laser diffraction
analyser (Mastersizer/E, Malvern).

C, N and microbial biomass C

Organic C and N were determined by catharometry of
CO;, and N, after combustion (900°C under O, flow)
of 50 mg of crushed air dried soils or of 50-10 mg of
crushed oven dried fractions in a CNS analyzer (Na
1500 Carlo Erba, Milano, Italy). .

Microbial biomass C of unfractionated moist soils
(CC, RPP, NRPP) (5 replicates) or of aliquots of
moist soil fractions (in duplicate) was determined by
a fumigation — extraction method (Amato and Ladd,
1988), with determination of ninhydrin-N reactive
compounds extracted from soils with 2 M KCl after
a 10 day-fumigation period. Biomass C = Ninhydrin-
N x 21 (ug g~} of dry soil or soil fraction).

Direct enumeration of bacteria
Direct enumeration of soil bacteria was performed on

soil suspensions. Five grams of unfractionated soil or
particle size fractions were homogenized in 50 mL ster-
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Fig. 1. Flow chart of soil fractionation. Equivalent dry weight is
abbreviated as e.d.w.

- Fraction <2 pm

ile distilled water in a Waring blender (Eberbac Corp)
for 2 minutes and bacterial cells were stained with
Acridine Orange (A.O., 0.1% in 0.2 pm filtered ster-
ile distilled water) according to Ramsay and Bawden
(1983).

The immuno-fluorescence technique (IF) described
by Schmidt (1974) was used for the direct enumera-
tion of the population of Azospirillum brasilense. In
our study, we used a serum which has been shown to
be specific to Azospirillum brasilense species (sp245)
(Gamard, 1991). The stained cells (AODC or IF) were
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Fig. 2. Distribution of the size fractions isolated from the Verti-
sol soils in the three situations: cultivated soil (CC), non-rhizosphere
pasture soil (NRPP) and rhizosphere pasture soil (RPP). Mech. Anal.:
average grain-size distribution resulting from the mechanical analy-
sis of the texture of the Vertisol under CC, NRPP and RPP situations.

enumerated using the epifluorescence microscope. At
least 20 microscope fields were counted, when 5 or
more cells were present per field. All the results pre-
sented here were expressed per g of dry soil or dry
fraction.

Statistical analyses

Stastistical analyses of the data were performed by
One factor or Two factor ANOVA using Microsoft
StatView® (Microsoft Corporation). A Fisher PLSD
test was used for comparisons between soils and
between soil fractions for organic C contents, biomass
C contents, total soil bacteria numbers (AODC) and IF
counts.

Results
Weight distribution of the particle size fractions

Weight recoveries after soil fractionation amounted to
100% for each situation. The results were expressed
as percent of the sum of the fractions. The fractions
>2000 pm were predominant in all of the three sit-
uations, and accounted for 23% of the cultivated soil
(CC), 48% of the non-rhizosphere pasture soil (NRPP)
and 45% of the rhizosphere pasture soil (RPP) (Fig. 2).
Particles > 2000 pm were not found by mechanical
analysis (Table 1).

The weight of the root fraction ranged from 0.02%
in CC, 0.15% NRPP to 1.61% in RPP. The collected
material was mainly coarse, woody, hard pieces of
roots and less shoots or aerial parts of the plants. The
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proportion of the FL 2000-200 pm fraction, which also
contained plant residues, ranges from 0.25% in the CC
soil to about 1.80% in the pasture soil samples (RPP
and NRPP). Thus organic residues from plants (roots
+ FL 2000200 um fraction) accounted for less than
0.3% in the CC soil and more than 3.0% in the RPP
soil.

The proportion of the FD 2000-200 pm fraction
decreased from 16% in CC to 11% in the RPP and 8%
in NRPP. The 20-2 um fraction was found approxi-
mately in the same proportion in the three situations
(i.e., 13.8% in CC soil, 13.6% in NRPP and 12.5% in
RPP) and lower than the proportion of the nominated
size particles obtained by the mechanical analysis (i.e.
27.9%, 31.0%, and 25.5% in CC, NRPP, and RPP soil
respectively). The clay size fraction (<2 um) amount-
ed to 24.6% of sample weight in the CC soil, 15.8% in
the NRPP soil and 14.5% in the RPP soil. These quan-
tities amounted to 48.6%, 29.4% and 26.2% respec-
tively of the clay content obtained by the mechanical
analysis.

Organic C, N and microbial biomass C

The amount of organic C increased from 11.9 mg g~
in the cultivated soil (CC) to 35.6 mg g™! in the non-
rhizosphere pasture soil (NRPP) and 54 mg g™! in the
rhizosphere pasture soil (RPP) (Table 1). The quantity
of N amounted to 1.1 mg g=! in CC, 3.5 mg g~} in
NRPP, and 4.4 mgg~' in NRPP. This difference also
occurred in the case of microbial biomass C. The total
biomass C in unfractionated soils ranged from 316 ug
Cg~!inCCto 1960 ug C g~! in NRPP and 2485 ug
C g”' in RPP. Considering the C, N and biomass C
contents of unfractionated soils, the permanent pasture
soils (NRPP and RPP) were found to be significantly
different (Fisher PLSD test, p < 0.05) from the soil
under continuous cultivation (CC) but not different
from each other.

Organic C and N recovery after fractionation was
equal to 99% and 99%, 104% and 111%, 104% and
105% in CC, NRPP and RPP respectively. Microbial
biomass C recovery after fractionation amounted to
114% of the unfractionated CC soil content, 74% in
NRPP and 105% in RPP. The distribution of C, N and
microbial biomass C were expressed as percent of the
recovered amounts.

In the cultivated soil (CC), organic C and N were
predominantly found in the finest particles (<2 pm)
which contained 26% and 30% of the total soil organic
C and N (Fig. 3) as well as a high proportion (35%)
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Fig. 3. Distribution of organic C and microbial biomass C in
the fractions of the cultivated soil (CC), non-rhizosphere pasture
soil (NRPP) and rhizosphere pasture soil (RPP). C/N ratios of the
fractions are at the top of the bars.

of the microbial biomass C. By contrast, organic C,
N and microbial biomass C were concentrated in the
macroaggregates (> 2000 um) of the non-rhizosphere
soil (NRPP) (50% of the organic C, 49% of N and
39% of the biomass C) and to a lesser extent in the
macroaggregates of RPP (35% of the organic C, 41%
of the unfractionated soil N and 37% of the biomass
C). Except for RPP, the root fraction plus the FL. 2000-
200 pm fraction represented a small proportion of soil
C, N and microbial biomass C due to the low mass of
organic debris.
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Table 2. Organic C and microbial biomass C contents in fractions of the Vertisol soils under continuous cultivation (CC), and
under permanent pasture of Digitaria decumbens in non-rhizosphere (NRPP) and rhizosphere (RPP) situation

Soil type cC NRPP . RPP
C Biomass C C Biomass C C Biomass C
Fractions (mgg™' (ugg™' % (mgg=!  (ugg~' (% (mgg™!  (ugg™! (%
fraction) fraction) fraction fraction) fraction) fraction fraction) fraction)  fraction

0 C) C)

Roots 385+ 49 3223~ 0.8 3644 48 65044309 1.8 4534+ 8  7724* 1.7

> 2000 um 108 £ 1.1 2954+20 2.7 374+2.1 1668£260 3.1 485464 24214+368 5.0

FL 1124+ 26 4544~ 4.1 1397476 18653+ 67 1.3 149.0+6.0 78444140 5.3
2000-200 pm

. .

FD 100£03 88%£38 09 86106 423+ 65 4.9 505428 3534180 7.1

2000-200 pm

200-50 pm 74401 240+58 32
50-20 pm 152+09 490+ 2 32
20-2 pm 13.74£08 559+ 4 4.1
<2pm 126 £1.7 547+£38 43

3924142 15074+ 24 3.8
430422 17483 44 4.1
270+ 1.0 15034141 5.6
30009 2520+ 158 B84

495423 2725+ 51 55
563£5.8 2684150 4.8
28474 181612290 64
357+£3.0 2024 +£267 5.7

Values are mean =+ standard deviation. Values with * are data with one replicate only. Biomass C % fraction C: proportion (in %)
of fraction C in biomass C.

Organic C contents (Table 2) of the root fraction
were quite high: 385 mg g~! in CC, 364 mg C g~
in NRPP, and 453 mg g™~! in RPP. This evidenced the
absence of mineral grains in the root fractions. In con-
trast, the FL 2000-200 pum fraction with lower organic
C concentration (112 mg g~'in CC, 139.7 mg g~! in
NRPP, and 149.0 mg g~! in RPP) would contain more
than 70% of mineral components. The organic frac-
tions of the cultivated soil were significantly different
(Fisher PLSD test, p < 0.05) from the same fractions of
the rhizosphere pasture soil, while the two pasture soils
only differed from each other by the organic content of
the root fraction.

Except for these fractions, maximum organic C
contents were recorded for the 50-20 ym fraction of
each soil ranging from 15.2 mg g~! in CC to 43.0 mg
g~ !inNRPP and to 56.3 mg g~ ! in RPP. Lower organic
C contents were found in the coarser aggregates of the
CC soil. The largest difference between NRPP and
RPP organic C content was found in the FD 2000-200
um fraction which contained 8.6 mg C g~! in NRPP
and 50.5 mg C g~! in RPP. The depletion of organic
matter also affected the finest particles (20-2 um and
<2 pm) of the NRPP soil.

Generally C/Nratio (Fig. 3) decreased from the root
fraction (24/1 in CC, 43/1 in NRPP and 73/1 in RPP)
to the FL. 2000-200 um fraction (13-14/1) and from

the coarser to the finer sized fractions (8/1), with the
noticeable exception of the FD 2000-200 pm fraction
of CC (9/1) and NRPP (5/1) soils. The highest concen-
trations of microbial biomass C (Table 2) were found in
the organic fractions (i.¢. in the root fraction and in the
FL 2000-200 pm fraction). Statistically, the biomass C
contents of the root fractions of the three soils were not
different (3223 ug g~! in the CC, 6504 ug g~! in the
NRPP and 7724 ug g~ " in the RPP root fractions) while
the biomass C contents of the light 2000-200 pm frac-
tions were significantly different (Fisher PLSD test, p
< 0.05). The microbial biomass C represented a low
proportion of the organic C in the root fraction of the
three soils (0.8% of the organic C in the CC soil root
fraction, 1.8% in the NRPP and 1.7% in the RPP soil)
and in the light fraction of the non-rhizosphere pasture
s0il (1.3% of the organic C in the NRPP FL 2000-200
pm fraction). Contrastingly, microbial biomass C rep-
resented 4.1% and 5.3% of the organic C in the FL
2000-200 um fraction of the cultivated soil and of the
rhizosphere pasture soil.

Among the organo-mineral fractions, the highest
biomass C concentration was found in the 20~2 um
(559 pg g~') and in the <2 pum (547 pg g~ ") fractions
of the CC soil, in the 50-20 pm (1748 pg g~!) and
in the <2 pm (2520 pg g=') fractions of the NRPP
soil and in the FD 2000-200 ym fraction (3534 ug




g~} of the RPP soil. The biomass C contents of the
organo-mineral fractions of the CC soil were signif-
icantly different (Fisher PLSD test, p < 0.05) from
the data obtained from the same fractions of the rhi-
zosphere pasture soil. Besides, the biomass C contents
of the medium size fractions (i.e., FD 2000-200 um,
200-50 pm and 50-20 um fractions) of the rhizosphere
pasture soil were significantly different from the same
fractions of the non-rhizosphere soil. Significant differ-
ences were not shown between the coarse aggregates
(>2000 um) and between the finest fractions (20-2 ym
and <2 um size fractions) of the two pasture soils. The
proportion of the organic C present in biomass (Table
2) in the organo-mineral fractions ranged from 0.9%
(FD 2000200 pm fraction) to 4.3% (<2 um fraction)
in the cultivated soil, from 3.8% (200-50 um fraction)
to 8.4 (<2 pm fraction) in the non-rhizosphere pasture
soil and from 4.8% (50-20 um fraction) to 7.1% (FD
2000-200 pm fraction) in the rhizosphere soil.

Direct enumeration of soil bacteria (AODC)

The number of bacterial cells of the unfractionated soil

samples were found to be significantly different (Fisher
PLSD test, p < 0.05) and increased from the contin-
uously cultivated soil to the non-rhizosphere pasture
soil and to the rhizosphere pasture soil (3.0 x 108, 2.0
x 10° and 4.1 x 10° cells per g of soil) (Table 3). The
rates of recovered AODC after the fractionation pro-
cess amounted to 8.1 x 10% in CC, 1.9 x 10° in NRPP
and 4.5 x 10° in RPP. The soil bacteria AODC budget
was established on the basis of recovered AODC.

The largest proportion of bacteria in the CC soil
fractions peaked at 35% of the total AODC in the <2
pm fraction (Fig. 4). Most of the remaining AODC
were distributed among three other fractions, name-
ly the fraction 20-2 um (21%), the fraction >2000
um (16%), and the FD 2000-200 pum fraction (12%).
In NRPP, the 20-2 pm fraction and the >2000 um
fraction respectively contained 42% and 25% of the
recovered AODC. In RPP soil, 33% of the recovered
AODC were found in the <2 um and 27% in the 20-2
jm size fractions.

The higher densities of bacteria were enumerated
(Table 3) in the root fraction of the three soils (7.6 x
1019,2.8 x 10'® and 2.5 x 10'® cells per g of the root
fraction in CC, NRPP and RPP soil samples) followed
by the light fraction of the pasture soils (1.3 x 10'0 in
RPP and 1.5 x 100 in NRPP). Significant differences
(Fisher PLSD test, p < 0.05) were observed in the
distribution of bacterial numbers in the root fraction

Immuno Fluorescence Counts of
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Fig. 4. Distribution of total bacteria enumerated by AODC (above)
and of A. brasilense enumerated by IF (below) in the fractions of
the cultivated soil (CC), non-rhizosphere pasture soil (NRPP) and
rhizosphere pasture soil (RPP).

of the three situations. Coarse aggregates also showed
significant differences of the total bacterial numbers.

Substantial concentrations of bacteria also were
found in the 20-2 ym size fraction of each soil: 1.15 x
10, 5.0 x 10% and 9.4 x 10° cells per g of the fraction
in CC, NRPP and RPP respectively. Total soil bacteria
numbers were not significantly different (Fisher PLSD
test, p < 0.05) for most of the fractions of the cul-
tivated soil (except the root fraction). In the pasture
soils, the organic fractions (root- and FL 2000-200
pm fractions) exhibited significant differences (Fish-
er PLSD test, p < 0.05) of the numbers of bacteria,
while no significant differences were found within the
medium size fractions of both soils. The bacterial den-
sities of the two finest fractions (20-2um and <2um
fractions) were similar in the rhizosphere soil and sig-
nificantly different (Fisher PLSD test, p < 0.05) in the
non-rhizosphere soil.

Direct enumeration of Azospirillum brasilense (IF)

The numbers of Azospirillum brasilense cells (Table 3)
were found to be significantly different (Fisher PLSD
test, p < 0.05) and increased from the CC (2.5 x 10°
cells g~ ') to the NRPP (3.5 x 10° cells g~!) and to
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Table 3. Total bacteria numbers (AODC) and A. brasilense numbers (IF) in soils and soil fractions in the cultivated (CC), non-rhizosphere

(NRPP) and rhizosphere (RPP) situation

Soil type cC NRPP , RPP
Fraction AODC A. brasilense  A. brasilense AODC A. brasilense  A. brasilense AODC A. brasilense  A. brasilense
10% cells g~ 10% cells g™ % 108 cells g=!  10% cells g~ % 108 cellsg™" 10%cells g~* %
fraction fraction AODC fraction fraction AODC fraction fraction AODC
Roots 765+ 63 57 & 37 0.07 280 X 105 & 7 04 255 & 7 155 & 7 0.61
> 2000 pm 53+ 07 L7+ 04 0.32 86 0.6 03 003 0.03 194+ 07 89 6 4.68
FL’ nd nd nd 150 % 26+ 14 0.17 134 & 7 215+ 7 1.60
2000-200 pm
FD 53%& 05 015+ 003 0.03 22+ 0.1 053+ 0.06 0.24 56+ 23 77+ 08 1.38
2000-200 pm
2
200-50 pm 2.87 &+ 0.32 024 & 002 0.08 14 £ 001 0.37 & 0.03 0.26 325+ 007 3.0+ 02 0.92
50-20 pm 635+ 05 034 % 001 0.05 215+ 05 038 £ 004 0.18 334+ 01 36F 007 1.09
20-2 pm 1.5+ 07 088 & 0.03 0.08 50 £ 6.1 % 01 0.12 94 + 6 55+ 6 0.59
<2 pm 105+ 07 12+ 03 0.11 115+ 07 81% 03 0.7 105 & 7 305+ 35 2.90
Unfract. soil 3.0+ 002 025 £ 003 0.08 20+ 25 35+ 02 0.18 41+ 07 28% 2 0.68

Dara are means of two replicates = standard deviation.

the RPP situation (2.8 x 107 cells g~!). The budget of
Azospirillum brasilense cells showed the same pattern
as AODC budget. The results are expressed as percent
of total recovery.

The distribution of A. brasilense among the soil
fractions (Fig. 4) of the three soils evidenced two max-
ima in the >2000 pm and in the <2 pm size fractions:
17% and 71% of the recovered A. brasilense cells in the
cultivated soil, 32% and 26% in the non-rhizosphere
pasture soil, and 41% and 44% in the rhizosphere soil.
In the non-rhizosphere pasture soil, the pattern of A.
brasilense distribution was slightly difterent than in the
other soils, with substantial percentages of the recov-
ered A. brasilense cells found in the root and FL. 2000-
200 pm fractions (13% and 10% respectively) and in
the 20-2 pm fraction (17%).

The density of A. brasilense cells (Table 3) was
maximum and significantly different (Fisher PLSD
test, p < 0.05) in the root fraction of the three soils
(5.7 x 108 cells g~! in CC, 1.01 x 108 cells g~} in
NRPP and 1.55 x 108 cells g~! in RPP). In the FL
2000-200 pm and <2 pm fractions of the rhizosphere
soil, high numbers of A. brasilense cells (2.15 x 108
cells g~! and 3.0 x 108 cells g~) also were enumer-
ated.

A. brasilense represented 0.08% of the AODC
counts in the cultivated soil, 0.18% in the non rhi-

zosphere pasture soil and 0.68% in the rhizosphere
soil (Table 3). The highest proportions of A. brasilense
cells in the NRPP soil were found in the <2 pm size
fraction (0.7%) and then in the root fraction (0.4%).
By contrast, in the rhizosphere soil, the rhizospheric
bacteria contributed for 4.68% to the bacterial cells
in the >2000 pm fraction, 2.90% in the <2 pum size
fractions, then for 1.60% and 1.38% in the FL 2000-
200 pm and FD 2000-200 pum fractions respectively
and for only 0.61% of the bacteria attached to the root
fraction.

Discussion
Distribution of soil fractions

The energy used to disperse soil organization is cru-
cial to obtain representative substructures, i.e. macro
and microaggregates or particles (Chotte et al., 1992;
Christensen, 1992; Elliott, 1986). Ultrasonic energy
was not used for dispersion since it was demonstrat-
ed to have germicidal effects (Scherba et al., 1991).
The low energy method used for the disruption of the
Vertisol confirmed the high stability of the >2000 ym
macroaggregates in permanent pasture situations. The
abundance of the macroaggregates did not distinguish



the active rhizosphere soil (RPP), where 45% of the
soil mass was found in the >2000 um fraction, from
the non-rhizosphere soil (NRPP) where 48% of the soil
mass was in those macroaggregates. By contrast in the
Vertisol under seasonal crops (CC) only 23% of the
soil was found as macroaggregates and the fractiona-
tion procedure gave more colloidal material (24.6% of
the soil mass) because of a weaker cohesion of parti-
cles. Considering the rhizosphere characteristics, the
most prominent difference between the pasture soils
was the abundance of the root fraction which repre-
sented 1.61% of the soil mass under rhizosphere con-
trol (RPP) and 0.15% in the non-rhizosphere situation
(NRPP).

The distribution of soil fractions obtained by this
gentle procedure confirmed that soils under long
term pasture or in regrassed sites exhibited greater
soil aggregate stability than the corresponding soil
under continuous crop (Haynes and Swift, 1990).
From the small differences between rhizosphere and
non-rhizosphere soil with respect to the distribution
of the size fractions when under permanent pasture
(NRPP and RPP), it is likely that the stability of soil
macrostructures was less due to the presence of cur-
rently active roots (Sparling and Cheshire, 1985) than
to the lack of soil disturbance in no-till management
(Mahboubi et al., 1993).

Organic Cand N

Organic C content of the particle size fractions allowed
to distinguish organic C-rich root and FL 2000-200
pm fractions, containing more than 100 mg of C per g,
from organo-mineral fractions with less than 50 mg of
C per g. With the highest content of organic C (453 mg
per g) and the highest C/N ratio (73/1), the elemental
composition of the material of the root fraction of the
rhizosphere soil (RPP) is close to the composition of
oat or of timothy roots (Russell, 1973). It is likely that
this fraction contained only a minor part of fine, active
roots just as in the root fraction of the non-rhizosphere
pasture soil (C/N: 43/1). Still, a high content of organic
C (385 mg per g) but lower C/N ratio (24/1) of the
root fraction of the cultivated soil correspond to more
biodegradable material which would not persist in soil
(Duchaufour, 1977; Russell, 1973). The FL 2000-
200 pm fractions of the three soils exhibited similar
organic C content (112 to 149 mg C per g), evidencing
a higher contribution of inorganic material to these
fractions than to the root fraction. The narrow C/N
ratio (13-14/1) of these light fractions suggests that the
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inorganic components are clays with N-rich adsorbates
(proteins) which could contribute to the small C/Nratio
of this fraction. Such clay adsorption on plant pieces
has been demonstrated on collapsing roots (Foster et
al., 1983) or on fine (200 pm size) living roots (Dorioz
and Robert, 1987) by scanning electron microscopy.
Hydrophobic interactions would then explain that this
clay-organic debris association (FL 2000-200 um size
fraction) would be floating in water.

The more mineral fractions exhibited a lower C/N
ratio, decreasing with the decreasing size of the fraction
as already described by many earlier reports (Catroux
and Schnitzer, 1987; Jocteur Monrozier et al., 1991;
Tiessen and Stewart, 1983: Turchenek and Oades,
1979) and could be due to the increasing contribu-
tion of microbial tissue to the finest fractions (Catroux
and Schnitzer, 1987; Ladd and Amato, 1988; Tiessen
etal., 1984).

The main difference between the organic content
of the rhizosphere and the non-rhizosphere pasture soil
could be attributed to the root fraction (40%) and to the
FD 2000-200 pm size fraction (33%). The >2000 um
and the FL 2000-200 um fractions only contributed
for 15% and 9% respectively to the higher amount of
organic C in the rhizosphere soil under Digitaria com-
pared to the non-rhizosphere soil. None of the finer sep-
arates contributed to a specific enrichment of the rhi-
zosphere soil in organic material as recently observed
by Angers et al. (1993).

Allthe fractions of the cultivated soil contained less
organic C than the corresponding fractions in the pas-
ture soils. Fourty-one percent of the organic C decrease
in the cultivated soil originated from the macroaggre-
gates (> 2000 um size fraction) which combined a
strong decrease of C content with a lower mass than
in the rhizosphere pasture soil. Two other fractions,
namely the root fraction and the dense fraction of
2000-200 um size, contributed to the difference of
C content between the rhizosphere pasture soil and the
cultivated soil. The strong decrease of the mass of the
root fraction contributed for 22% of the C decrease in
the CC soil, when the reduction of the C content in
the FD 2000-200 pum size fraction explained 15% of
the C decrease in the continuously cultivated soil. All
these results confirmed that both the macroaggregate
fraction (Oades, 1988) and the root fraction as partic-
ulate organic matter (POM) (Cambardella and Elliott,
1992) contribute in the organic matter content of the
grassland soils.
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Microbial biomass C

Our results evidenced the concentration of biomass C
(ug per g of fraction) in the root fraction and in plant
debris from the light fraction of the three soils. Never-
theless the proportion of the soil biomass C found in
the organic fractions remained lower than 10% due to
the low mass of these fractions in the three soils. On
the other hand, the major proportion of soil biomass C
(% of recovered biomass C) was found in the > 2000
um fraction of the permanent pasture soils: 41.5% of
the soil microbial biomass C of the rhizosphere soil
and 47.5% of the soil microbial biomass C of the non-
rhizosphere pasture soil were found in this macroag-
gregate fraction. In contrast most of the biomass C
of the cultivated soil was heavily concentrated in the
<2 pm fraction (34.5%) and in the 20-2 pm fraction
(19.8%).

The proportion of organic C found as microbial
biomass C was the same (5.5-5.6%) in the unfrac-
tionated pasture soils, contrasting with the low value
of this proportion (1.2%) in the biomass C-poor cul-
tivated soil. Angers et al. (1993) found that micro-
bial biomass C averaged 1.3% and 4.2% of the total
organic C in plowed and minimum tillage situations
respectively. In fractions, the proportion of organic C
as microbial biomass C ranged from more than 8%
in the <2 um fraction of the non-rhizosphere pasture
soil to approximatively 1% or less in the root frac-
tion of the rhizosphere soil and in the FD 2000-200
um fraction of the cultivated soil. In most fractions,
microbial biomass C as % of organic C increased from
the cultivated soil to non-rhizosphere soil and to the
rhizosphere pasture soil. This reveals a higher immo-
bilization rate of organic C as microbial biomass in the
rhizosphere soil, than in the non-rhizosphere pasture
soil and still more than in the cultivated soil.

In the non-rhizosphere pasture soil, the FL 2000-
200 pm size fraction exhibited the smallest ratio of
microbial biomass C to organic C among the three
light fractions and among all the fractions of this soil.
The organic C found in this fraction could be a residue
of decomposed plant material. Contrastingly, the <2
um fraction of this non-rhizosphere soil exhibited the
highest proportion of microbial biomass C to organic
C (8.4%) of any of the other fractions. Since the pro-
portion of microbial biomass C in the organic C pool
is considered to reflect the microbial turnover (Amato
and Ladd, 1992), the dispersible (outer) microorgan-
isms would have a slower turnover rate in the non-

rhizosphere soil than in both Digitaria and seasonal
crop planted soils,

Enumeration and distribution of soil bacteria

In the cultivated soil, AODC data confirmed the
biomass C distribution, i.e. that most of the microor-
ganisms were located first in the two finer fractions
and then in the >2000 um size fraction. In the per-
manent pasture soils the distribution of AODC and of
biomass C did not evidence the same similarities than
in the cultivated soil: when the maximum of biomass C
(more than 40%) was found in the >2000 um fraction
of both RPP and NRPP soils, the maximum AODC
were found in the finer fractions of the rhizosphere soil
(as observed in the cultivated soil too) and in the 20-2
jum of the non-rhizosphere pasture soil.

From the AODC data, it results that most of the
bacterial cells of the planted soils, i.e. the cultivat-
ed soil and the rhizosphere soil under Digitaria, were
found in the finest fractions (202 ym and <2um frac-
tions). Most of the bacteria of the non-rhizosphere bare
soil resided in the micro- (20-2 um) and in macro-
aggregates (>2000 um) and not in the dispersible frac-
tion (<2um). The distribution of bacteria was influ-
enced not only by the abundance of stable macroag-
gregates but also by the presence of living plants which
suggests a shift in the distribution of the bacterial pop-
ulations toward the dispersible and small aggregate
fractions in planted soils. In the absence of a plant,
microbial cells mostly reside in aggregates of micron
or of millimeter size suggesting either a lack of fresh
organic substrates in the dispersible phase (no exu-
dates) or a preferential survival in aggregates as sug-
gested by several authors (Hattori, 1988; Postma et al.,
1990; Rutherford and Juma. 1992).

Distribution and location of Azospirillum brasilense

The direct enumeration in soil by fluorescent antibody
techniques showed a maximum abundance of Azospi-
rillum brasilense in the rhizosphere pasture soil com-
pared to the other studied soils. This difference indi-
cates the important role of the active roots of Digitaria
in the selection of A. brasilense together with the pos-
sible role of these active roots in the stabilization of
macroaggregates. In our study, in the rhizosphere soil,
where the bacterial populations (4.10° cells per g of
soil) should be stimulated by the exudates of Digitaria
roots, the proportion of A. brasilense on the root frac-
tion represented 107 cells g=! dry soil, i.e. 0.6% of
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Table 4. The rhizosphere effect expressed as the ratio (R/S)
of bacterial numbers in rhizosphere soil (RPP) over those
in non-rhizosphere soil (NRPP), for total bacteria (R/S,o11)
and A. brasilense (R/S4. prasilense)

Soil Total soil bacteria A, brasilense (IF)
fractions (AODC)
(pm) R/Sioul bacteria R/SA. brasitense
Roots 1 15
> 2000 2 297
2000-200 1 8.3
d<1
2000-200 2.5 14.5
d>1
200-50 2.3 8
50-20 1.5 10
20-2 2 9
<2 9 37
Unfrac. soil 2 8

the bacterial counts in that fraction. In their study on
Kallar grass grown in a Punjab (Pakistan) soil, Rein-
hold et al. (1986) found 6 x 10° A. lipoferum cells
per g of grass root and 10* in the non-rhizosphere soil.
A smaller number of cells and a smaller proportion of
Azospirillum were enumerated in the non-rhizosphere
pasture soil except in the root fraction where the high
proportion of A. brasilense evidenced the presence of
a few active roots of D. decumbens in this soil.
Rhizosphere to non-rhizosphere soil bacteria den-
sity ratio has been established to evidence the influence
of root vicinity on the concentration of bacteria and on
the selection of some microbial species (Balandreau
and Knowles, 1978). The bacterial density ratios of rhi-
zosphere to non-rhizosphere soil (R/S) were calculated
using AODC counts (R/Siotal bacteria) OF IF enumera-
tion (R/S 4. brasilense) ON the rhizosphere pasture soil
(R) and on the non-rhizosphere pasture soil (S) (Table
4). In the unfractionated soils, R/S 4. prasilense (8/1)
was higher than R/Sy,141 bacteria (2/1). The effect of
the rhizosphere situation on the concentration of bac-
teria was evidenced by R/Sio1q1 bacteria Values 3> 1.
The highest values of R/S4 prasilense were
observed in the dispersible clay size fraction (<2 um

& R/S 4. brasilense: 37/1) and particularly in the macroag-

gregate fractions (>2000 um R/S 4 prasitense: 297/1).
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Then the presence of fine, active roots of D, decum-
bens in the macroaggregates of the rhizosphere
soil is revealed by the relative abundance of A.
brasilense. Unexpectedly, the R/S 4. prasitense and the
R/S;01al bacteria Of the root fraction were similarly low
(1.5/1 versus 1/1). This demonstrated that the coarse
roots of Digitaria in the active rhizosphere did not offer
amore suitable niche than the non-rhizosphere soil nei-
ther to A. brasilense nor to soil bacteria. The selection
of the rhizosphere bacteria was more effective in the
light fraction of the 2000-200 ym size separate where
the R/S 4, prasilense ratios was 8.3 higher than the cor-
responding R/Siotal bacterial ratio.

Soil fractions and their biolegical content as indices
of soil changes

Since the higher stability of macroaggregates would
involve the cohesion due to soil enmeshment by roots
(Tisdall and Oades, 1982), and the soil compaction due
to water suction by roots (Haynes and Swift, 1990}, fine
living roots and their bacterial communities should be
found in macroaggregates. The presence of such active
roots in the macroaggregates was confirmed by the high
proportion of A. brasilense in the macroaggregates
(>2000 um) of the rhizosphere soil under Digitaria
where A. brasilense represented 4.7% of the total bac-
terial counts. The relative abundance of this bacteria,
compared to the total microflora, demonstrated that this
fraction offered a suitable niche for a microorganism
adapted to the rhizosphere. Moreover the abundance
of A. brasilense revealed the presence of active roots
enhancing the proportion of the rhizosphere bacteria
and evidencing that fine roots would penetrate these
macrostructures in the rhizosphere pasture soil. The
relative abundance of the rhizospheric bacteria in oth-
er fractions of the rhizosphere soil would evidence the
presence of Digitaria fine roots in the plant debris of
2000-200 um size and a contact between active fine
roots of Digitaria and the dispersible clay size fraction
of this soil.

Conversely, the stability of microaggregates
involved the role of organic colloids, especially of
polysaccharides from bacterial (Foster, 1988) or of
root (Haynes and Swift, 1990) origin or of humic com-
pounds (Oades, 1988) and of mineral cements like clay
minerals and calcium bridges. Such microaggregates
were found to be less sensitive to soil management
(Oades, 1988) and would protect surviving microor-
ganisms as well as old organic matter while they offer
external sites for bacterial adsorption. The abundance
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of microaggregates of less than 200 pm size obtained
by the very mild dispersion technique used did not dif-
ferentiate the three situations. This supports the opin-
ion by Oades (1988) that they are less influenced by
soil management than the macrostructures.
Microbiological data revealed that the diversity of
the different fractions within the soil was decreasing
from the rhizosphere soil to the non-rhizosphere pas-
ture soil and to the continuously cultivated soils. Sta-
tistically, all the fractions of the cultivated soil were
not different from each other, except the root fraction.
- Concluding, the mild technique used to disperse
and fractionate a tropical clay soil yielded meaningful
soil fractions wherein organic and microbial charac-
teristics were preserved. This allowed to quantify both
a rhizosphere effect and a management effect on the
main changes in soil aggregate distribution.
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