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Abstract 

Effects of soil management on soil characteristics were investigated on the rhizosphere (RPP) and the non- 
rhizosphere (NRPP) soil of a re-grass vertisol under Digitariudecuiizberzs 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 Azospirilluni brasilense and their distribution were determined in soil fractions isolated from the 
CC, NRPP and RPP soils. Soil macroaggregates (>2000 p i )  were similarly predominant in  the NRPP and RPP 
soils when the dispcrsible clay size fraction (<2 pm) represented more than 25% of the CC soil mass. The main 
increase of C contcnt in RPP originated from the macroaggregates (> 2000 pm) 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. brusilense showed the presence of the active roots of Digitaria in the 
macroaggregatcs and their contact with the dispersible clay size fraction of the rhizosphere soil. 

Introduction 

Permanent grasses 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 
cultivated 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. Döbereiner 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 Azospirilluiiz spp. (O’Hara et al., 
1983; Patriquin et al., 1983). In natural conditions, 
Azospirilluiiz is not the only microorganism capable 
to colonize roots. But the use of the fluorescent anti- 
body technique allows to specifically identify Azospir- 
illuiiz cells in the rhizosphere of Digitaria decuinbens 
(Schank et al., 1979) from which A. brasilense was 
first isolated by Day and Döbereiner (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 COZ production in the rhizosphere 
of many grasses (Santruckova and Straskraba, 1991). 
One of the benefits due to the presence of Gramineae 
would be a betrer conservation of organic C in soil 
due to the presence of more numerous microorganisms 
with lower C turnover. 

Soil compbnents 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 02 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 
C than when isolated from a crumbly rhizosphere soil 
with the same clay content. 

In this paper, we studied the location of a typical rhi- 
zosphere bacterium, Az,ospirillum brasiletise, 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 decumbetts 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 arid soil satripling 

The soil was a Vertisol (black earth) which was sani- 
pled from two sitcs located in the southeast of Mar- 
tinique (14" 3' Nand 62' 34' W, a French island in the 
West Indies). One site was located i n  an area of permn- 
nent pasture (PP) of Digitaria decruiiDerzs and the othcr 
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. 

Physicalfi.actioizntiorl 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. l), coarse roots 
and plant debris,(>20 mm) were picked up with tweez- 
ers, rinsed with distilled water and collected for fur- 
ther analyses (root fraction). The soil suspension plus 
the root fraction leachates 'were successively passed 
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Table I. Main characteristics of the studied Vertisol soils 

Soil characteristics Continuous Non- Rhizosphere 
cultivation rhizosphere permanent 
bulk soil permanent pasture pasture soil 

cc soil RPP 
NRPP 

Root mass (g kg-l soil) 1 . 2 f 1 . 3 a  2.17f1.15a 13.24f7.2b 

Gravel (> 1000 pm) 

N (g kg-') 
Biomass C (ing C kg-') 

c (g kg- 1) 

O O O 
11.9 f 0 . 8 ~  35.6 f 3.ld 54 f 2.6d" 
1.1 f 0 . 1 7 e  3.5 f 0.4f 4.4 f 0.2f 
316&45g* 1960 f 196h 2485 f 6 7 3 h  

! 

I 

I 

Mechanical analysis (< 2000 pin %) 

Fine loam (2-20 pm) 27.9j 3 1 .Oj 25.5j 
Coarse loam (20-50 pm) 6.4k 6.5k 9.0k 
Fine sand (50-200 pm) 6.41 5.91 7.91 
Coarse sand (200-2000 pin) 8.7111 2.8111 2.2111 

Clay (< 2 pin) 50.6i 53.71 55.43 

Values xe inean f standard deviation. Values with * are inenns of two replicates only. Mean values with unlike 
letters are significantly dirferent ( p  < 0.05) by n Fisher PLSD test. 

through 2000 pm, 200 pm and 50 pm mesh size sieves 
by gentle washing with distilled water to separate frac- 
tions >2000 pm, 2000-200 pm size and 200-50 pm 
size with the minimum of disturbance. The fraction 
2000-200 pm was divided by flotation in water into 
light (d< 1 g cm-3) and dense (d> 1 g fraction 
noticed FL and FD respectively. The remaining soil. 
fraction (<50 p m  size) was collected and fractionat- 
ed at increasing g into three fractions. The fraction of 
50-20 pm size was allowed to settle in 1250 mL glass 
cylinders at lg, when particles and microaggregates of 
20-2 pm size were pelleted from the unsettled l g  sus- 
pension by centrifugation (9Og, 3 times) at 10°C. The 
resulting supernatant containing the <2 pm size frac- 
tion was flocculated by addition of CaC12 (0.5 M final) 
and centrifugated at 2460 g to concentrate the <2 p m  
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 NH4Cl (1 M 
final) and shaking for 1 hour. The resulting dispersion 

was sieved to collect the coarse sand (2000 to 200 
pni) and the fine sand (200 to 50 pm), which were 
oven dried and weighed. The distribution of the <50 
p m  size particles was obtained by a laser diffraction 
analyser (MastersizerR, Malvern). 

C, N arid riiicrobial bioriiass C 

Organic C and N were determined by catharometry of 
CO2 and N2 after combustion (900°C under 0 2  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 Opf 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 KC1 after 
a 10 day-fumigation period. Biomass C = Ninhydrin- 
N x 21 (pg 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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Fresh soil 
l00g (c.d.w.) 
immersed in 

250 ml distilled waer 

1 Cold roo; (4'0 

I Grain size fractionation I 
Sieving under 
distilled water 

Roots & fraction >2000 pm 

t 
Light fraction d<l 

Dense fraction d>l 

FL 2000-200 ptl 

FD 2000-200 ptl 
C 

t 

+ I 2 0 0 p  :I Flohtion 

-A- Moch AnaL 

Rools >ZOO0 FL F D  200-50 50.20 20-2 c 2  

2000-200 Fraction size(") 

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, NRPPand RPP situations. 

enumerated using the epifluorescence microscope. At 
least 20 microscope fields were counted, when 5 or 

Ahnosphcric gravily 4 Fraction 50-7.0 pm 

Supemion < 2 0 p  

J 
Centrifugati& 8 min at lOoC -P Fraction 20-2 p 

9og 

t 
Suspension c2pm 

+ caCl2 

t 
Fraction <2 pm Flocculation 1 night at 4°C 

centrifugation 5mn at 10°C ~ 

2460 g 
Fig. 1. 
abbreviated as e.d.w. 

Flow chart of soil fractionation. kquivalent dry weight is 

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 Azospirillitm brasilense species (sp245) 
(Gamard, 1991). The stained cells (AODC or IF) were 

P 

more cells were present per field. All the results prc- 
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 Microsoli 
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 numbcrs (AODC) and IF 
counts. 

I l 

Results 

Weight distribiitioti 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 2000-200 pm 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 pm 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 niechanical analysis (i.e. 
27.9%, 31.0%, and 25.5% in CC, NRPP, and RPP soil 
respectively). The clay size fraction (<2 pm) 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 contcnt obtained by the mechanical 
analysis. 

Organic C, N und 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 mg-g-' in NRPP. This difference also 
occurred in the case of microbial biomass C. The total 
biomass C in unfractionated soils ranged from 316 pg  
C g-' in CC to 1960 pg C g-I in NRPP and 2485 pg 
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 11 1%, 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 10.5% 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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Fi&'. 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 pm) 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 FX 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 Digiraria decirtriberis in non-rhizosphere (NRPP) and rhizosphere (RPP) situation 

Soil type cc NRPP RPP 
C Biomass C C Biomass C C Biomass C 

fraction) fraction) fraction fraction) fraction) fraction fraction) fraction) fraction 
Fractions (mgg-' (pgg-l (% (mgg-l ( p g g - l  (% (mg g-' g-I (% 

C) C) C) 

Roots 3 8 5 f  49 3223' 0.8 3 6 4 f  48 6 5 0 4 f 3 0 9  1.8 4 5 3 f  8 7724' 1.7 
>2000pm 1 0 . 8 f I . 1  295f.20 2.7 37 .4f2 .1  1 6 6 8 f 2 6 0  3.1 48.5 f 6.4 242 1 f 368 5.0 

FL 112f 26 4544' 4.1 139 .7f7 .6  1865 f 67 1.3 149.0f6.0 7 8 4 4 f  140 5.3 
2000-200 pm 

B 

FD 10.050.3 8 8 f 3 8  0.9 8 . 6 f 0 . 6  423 5 65 4.9 50.5 f 2 . 8  3 5 3 4 5  180 7.1 

200-50 pm 7 . 4 f 0 . 1  240 f 5 8  3.2 39.2 f 4 . 2  1507 5 24 3.8 49.5 f 2 . 3  2725 f 51 5.5 
50-20 p m  15.2 f 0 . 9  4 9 0 f  2 3.2 43.0 f 2 . 2  1748 f 44 4.1 56.3 f5.8 2684 f 150 4.8 
20-2 pm 13.7f0.8 5 5 9 f  4 4.1 27 .0f  1.0 1 5 0 3 f  141 5.6 28.4k7.4 1816f290 6.4 
< 2 p m  12 .6 f  1.7 5 4 7 f 3 8  4.3 30 .0 f0 .9  2520% 158 8.4 35.753.0 2 0 2 4 f 2 6 7  5.7 

2000-200 pm 

Values are mean f standard deviation. Values with * are data with one replicate only. Biomass C R 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-I 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 pm fraction with lower organic 
C concentration (1 12 mg g-lin CC, 139.7 nig 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 pm fraction of 
each soil ranging from 15.2 mg g-' in CC to 43.0 mg 
g-' in NRPP 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 
p m  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 p m  and 
<2 pm) of the NRPP soil. 

Generally C/N ratio (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 p m  fraction (13-14/1) and from 

I 

the coarser to the finer sized fractions (8/1), with the 
noticeable exception of the FD 2000-200 p m  fraction 
of CC (9/1) and NRPP (511) soils. The highest concen- 
trations of microbial biomass C (Table 2) were found in  
the organic fractions (i.e. in the root fraction and in the 
FL 2000-200 p m  fraction). Statistically, the biomass C 
contents of the root fractions of the three soils were not 
different (3223 pg g-I in the CC, 6504 pg  g-' in thc 
NRPP and 7724 p g  g-' in  the RPP root fractions) while 
the biomass C contents ofthe light 2000-200 p m  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 
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I 
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fraction, 1.8% in  the NRPP and 1.7% in the RPP soil) 
and in the light fraction of the non-rhizosphere pasture 

1 
I 
! soil (1.3% of the organic C in the NRPP FL 2000-200 

p m  fraction). Contrastingly, microbial biomass C rep- 
resented 4.1% and 5.3% of the organic C in the FL 
2000-200 p m  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 p m  
(559 pg g-') and in the <2 pm (547 pg g-I) fractions 
of the CC soil, in the 50-20 pm (1748 pg g-I) and 
in the <2 p m  (2520 pg g-I) fractions of the NRPP 
soil and in the FD 2000-200 p m  fraction (3534 pg 
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g-I) 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 pm, 
200-50pm and 50-20 pm 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 
(>2000pm) and between the finest fractions (20-2 pm 
and <2  p m  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 2000-200 pni fraction) to 4.3% (<2 pni fraction) 
in the cultivated soil, from 3.8% (200-50 pin fraction) 
to 8.4 (<2 pm fraction) in the non-rhizosphere pasture 
soil and from 4.8% (50-20 p i  fraction) to 7,1% (FD 
2000-200 pm fraction) in the rhizosphere soil. 

Direct enunieration 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 lo', 2.0 
x lo9 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. l x 10' in CC, l .9 x lo9 in NRPP 
and 4.5 x IO9 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 
p m  fraction (Fig. 4). Most of the remaining AODC 
were distributed among three other fractions, name- 
ly the fraction 20-2 pm (21%), the fraction >2000 
pm (16%), and the FD 2000-200 pm fraction (1 2%). 
In NRPP, the 20-2 pm fraction and the >2000 pm 
fraction respectively contained 42% and 25% of the 
recovered AODC. In RPP soil, 33% of the recovered 
AODC were found in the <2 pm and 27% in the 20-2 
/im size fractions. 

The higher densities of bacteria were enumerated 
(Table 3) in the root fraction of the three soils (7.6 x 
lo'', 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 1O'O in 
RPP and 1.5 x 10'' in NRPP). Significant differences 
(Fisher PLSD test, p < 0.05) were observed in the 
distribution of bacterial numbers in  the root fraction 

R W  >Zoo0 FL FD 200-50 50.20 262 4 

U H H ) d M )  Fraction size (pn) 

Ë a - i  Roo& >ZOO0 FL FD 200-50 50-20 20-2 CZ 

Fraction size (pn) 2000-200 

Fig. 4. Distribution of total bacteria enumerated by AODC (above) 
and of A. bmsile,cse 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 pm size fraction of each soil: 1.15 x 
lo9, 5.0 x IO9 and 9.4 x IO9 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 
p m  fractions) exhibited significant differences (Fish- 
er PLSD test, p < 0.05) of the numbers of bacteria, 
while no significant differences were fobnd within the 
medium size fractions of both soils. The bacterial den- 
sities of the two finest fractions (20-2pm and <2pm 
fractions) were similar in the rhizosphere soil and sig- 
nificantly different (Fisher PLSD test, p < 0.05) in the 
non-rhizosphere soil. 

Direct enunieration 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 los 
cells g - ' )  to the NRPP (3.5 x lo6 cells g-I) and to 
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Table 3. Total bacteria numbers (AODC) and A. brasilerise 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. brusilense A. brusileuse AODC A. brasilense A. brwsilerzse AODC A. brusilensr A. brusilerise 

lo8 cells g-l lo6 cells g-' % lo8 cells g-l lo6 cells g-l  cl^ lo8 cells g-' lo6 ceils g-'  cl^ 
fraction fraction AODC fraction fraction AODC fraction fraction AODC 

Roots 765 f 63 5.7 f 3.7 0.07 280 f 14 105 f 7 0.4 255 f 7 155 f 7 0.61 
19 I 0.7 89 f 6 4.68 

I34 f 7 215 f 7 1.60 

> Zoo0 p m  5.3 f 0.7 1.7 f 0.4 0.32 8.6 f 0.6 0.3 f 0.03 0.03 

FL' nd nd nd I50 f 14 26 f 1.4 0.17 
2000-200 pm 

FD 
2000-200 pm 

5.3 f 0.5 0.15 f 0.03 0.03 2.2 f 0.1 0.53 i 0.06 0.24 5.6 f 2.3 7.7 f 0.8 1.38 

e 

1.4 f 0.01 0.37 f 0.03 0.26 3.25 4 0.07 3.0 f 0.2 0.92 200-50 p m  2.87 f 0.32 0.24 f 0.02 0.08 
3.3 I 0.1 3.6 f 0.07 1.09 50-20pm 6.35 f 0.5 0.34 f 0.01 0.05 2.15 f 0.5 0.38 f 0.04 0.18 

20-2 p m  11.5 f 0.7 0.88 f 0.03 0.08 50 f 3 6.1 f 0.1 0.12 94 f 6 55 f 6 0.59 
11.5 0.7 8.1 f 0.3 0.7 105 cl: 7 305 f 35 2.90 < 2 b m  10.5 f 0.7 1.2 f 0.3 0.11 

Unfruct.soi1 3.0 f 0.02 0.25 f 0.03 0.08 20 f 2.5 3.5 f 0.2 0.18 JI & 0.7 28 f 2 0.68 

Dara are means of two replicates f standard deviation. 

the RPP situation (2.8 x lo7 cells g-I). 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 7 1% 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 different 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 lo6 cells g-I in CC, 1.01 x cells g-' in 
NRPP and 1.55 x lo8 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 IO8 
cells g-' and 3.0 x IO8 cells g-I) also were enumer- 
ated. 

A. brasiletise 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. brasiletise 
cells in the NRPP soil were found in the <2 pm sizc 
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 pm sizc 
fractions, then for 1.60% and 1.38% in the FL 2000- 
200 pm and FD 2000-200 pm fractions respectively 
and for only 0.61% of the bacteria attached to the root 
fraction. 

Discussion 

Distribution of soil fractioiis 

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 pm 
macroaggregates in permanent pasture situations. The 
abundance of the macroaggregates did not distinguish 

A 
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the active rhizosphere soil (RPP), where 45% of the 
soil mass was found in the >2000 pm 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 O. 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), i t  is likely that the stability of soil 
macrostructures was less due to the presence of cur- 
rently active roots (Spading and Cheshire, 1985) than 
to the lack of soil disturbance in no-till management 
(Mahboubi et al., 1993). 

Organic C and N 

Organic C content of the particle size fractions allowed 
to distinguish organic C-rich root and FL 2000-200 
p m  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 p m  fractions of the three soils exhibited similar 
organic C content (1 12 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 

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 p m  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 
et al., 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 p m  
and the FL 2000-200 p m  fractions only contributed 
for 15% and 9% respectively to the higher amount of 
organic C in  the rhizosphere soil under Digifaria 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). 

All the 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 pm 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 pm size, contributed to the difference of 
C content between the rhizosphere pasture soil and the 
cultivated soil. The strong decrease of tKe 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 pm 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 bioniass C 

Our results evidenced the concentration of biomass C 
(pg 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 
pm 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 frachon. 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 p m  fraction 
(19.8%). 

The proportion of organic C found as microbial 
biomass C was the same (555.6%) 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 pm 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 
pm 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 cultiwted 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  
pm 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, 

Etutmeration arid distribiitioti 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 pm 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 p m  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 
pm 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 (20-2 pm and <2pm frac- 
tions). Most of the bacteria of the non-rhizosphere bare 
soil resided in  the micro- (70-2 pm) and in macro- 
aggregates (>2000 pm) and not in the dispersible frac- 
tion (<2pm). 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 sizc suggesting either a lack of fresh 
organic substrates in  the dispersible phase (no exu- 
dates) or a preferential s u n  ival in  aggregates as sug- 
gested by several authors (Hattori, 1988; Postma et al., 
1990; Rutherford and Juma. 1992). 

Distribution atid locatimi of Azospirillum brasilense 

The direct enumeration in soil by fluorescent antibody 
techniques showed a maximum abundance of Azospi- 
rillicm brasiletise 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 Digifaria 
roots, the proportion of A. brasilense on the root frac- 
tion represented lo7 cells g-l dry soil, i.e. 0.6% of 
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Table 4. The rhizosphere effect expressed as the ratio (WS) 
of bacterial numbers in rhizosphere soil (RPP) over those 
in non-rhizosphere soil (NRPP), for total bacteria (R/Stoval) 
and A. brasilense (RISA. l,rosile,,se) 

Soil Total soil bacteria A. brasilerise (IF) 
fractions (AODC) 

(pm) R/Stotnl bacteria WSA. brtisilcrise 

Roots 1 I .5 
> 2000 2 297 

2000-200 1 8.3 

2000-200 2.5 14.5 
d < l  

d >  1 

200-50 2.3 8 
50-20 I .5 10 
20-2 2 9 

< 2  9 37 

Utlf,.ac. 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 IO6 A.  lipoferurn cells 
per g of grass root and IO'' in the non-rhizosphere soil. 
A smaller number of cells and a smaller proportion of 
Azospirillum were enunieratcd in the non-rhizosphere 
pasture soil except in  the root fraction where the high 
proportion of A .  brasilerise evidenccd the presence of 
a few active roots of D. decrinibens in  this soil. 

Rhizosphere to non-rhizosphere soil bacteria den- 
sity ratio has been established to evidcnce 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 (WS) were calculated 
using AODC counts (R/Stotal bacteria)  or IF enumera- 
tion @/SA. bras l l ense )  on the rhizosphere pasture soil 
(R) and on the non-rhizosphere pasture soil (S) (Table 
4). In the unfractionated soils, R/S-4. brasTlense (811) 
was higher than R/Stofal becteria (2/1). The effect of 
the rhizosphere situation on the concentration of bac- 
teria was evidenced by WSìotal bacteria values >> 1. 

The highest values of RfS.4. bTas&nae were 
observed in the dispersible clay size fraction (<2 pm 
WSA. bTesi[ense:  37/1) and particularly in the macroag- 
gregate fractions (>ZOO0 p m  WS,4. brasi lense:  29711). 

Then the presence of fine, active roots of D. decum- 
beim in the macroaggregates of the rhizosphere 
soil is revealed by the relatiye abundance of A. 
brasilense. Unexpectedly, the WS.4. brasi lense and the 
WSioial bacteria Of the root fraction were similarly IOW 
(131 versus Ul). This demonstrated that the coarse 
roots ofDigitaria in the active rhizosphere did not offer 
a more suitable niche than the non-rhizosphere soil nei- 
ther to A. brasileilse nor to soil bacteria. The selection 
of the rhizosphere bacteria was more effective in the 
light fraction of the 2000-200 pm size separate where 
the R / ~ A .  brasi lense ratios was 8.3 higher than the cor- 
responding FUSìotai bocferial ratio. 

Soil finctioris aiid their biological content as indices 
of soil clzanges 

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. brclsilerise in the macroaggregates 
(>2000 pm) of the rhizosphere soil under Digitaria 
where A. brasileme 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 0th- 
er fractions of the rhizosphere soil would evidence the 
presence of Digitaria fine roots in the plant debris of 
2000-200 p m  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 fractiogate 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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