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Abstract

Purpose Sulfur (S) plays a vital role in plant metabolism, and
the detrimental impact of S deficiency in several field crops
has increased over the last 30 years. The bio-availability of
organic S to plant depends on arylsulfatase (ARS), a key
enzyme for S mineralization in soil. In this study, we charac-
terized the spatial variability of ARS activity in an agricultural
soil cropped with the rape plant (Brassica napus). Because
rape requires relatively large amounts of S per yield unit
compared to most grain crops, it is very sensitive to S depri-
vation similarly to the other plants of the Brassicaceae family,
with consequences for seed quality and yield.

Materials and methods The spatial variability of (a) ARS
activity, (b) the abundance of culturable bacteria possessing
the ARS, and (c) soil properties (temperature, soil pH, SO,
~-S (sulfate-S) content, labile carbon (C) and nitrogen (N),
soil microbial biomass carbon SMB-C, and nitrogen SMB-
N) was estimated at 40 sites within a rape field, using a 4 x5-
m sampling grid. Geostatistics were used to model the
spatial distribution of the measured variables, and relation-
ships between variables were tested using linear statistical
analyses.
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Results and discussion The total ARS activity showed a
low variability ranging between 69.0 and 153.1 pgp-
nitrophenol g~' dry soil h™' while the abundance of the
culturable ARS community ranged within one order of
magnitude. The distribution of both the abundance and
activity of the ARS community exhibited spatial depen-
dence in 800 m?* agricultural field.

Conclusions The spatial pattern of ARS activity in the field
was correlated with several soil properties, and results sug-
gest that soil pH, labile C and N, and SBM-C/SBM-N ratio
were the main parameters linked to the ARS activity rather
than the abundance of the culturable ARS bacterial commu-
nity or the SO4* -S concentration.

Keywords Arylsulfatase - Geostatistic - Rape - Soil bacterial
community - Spatial distribution - Sulfur

1 Introduction

The spatial variability of microbial processes in soil has been
investigated for several decades (Parkin 1993). Soil microbial
processes are controlled by several factors, such as organic
matter, soil moisture, texture, and pH, all of which exhibit
spatial variability (Shouse et al. 1995; Askin and Kizilkaya
2006). A better characterization of the variability of microbial
processes in soil would therefore help identifying their main
driving factors and understanding of soil functioning. Spatial-
ly explicit approaches have become of great interests for
studying the distribution of microbial processes and diversity
at different scales and have been successfully applied to a few
functional communities involved in different biochemical
cycles. For example, it has been shown that some N-cycling
processes exhibit spatial patterns, which can be mapped using
geostatistical analyses (Yanai et al. 2003; Grundmann 1990;
Philippot et al. 2009; Enwall et al. 2010).
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In contrast to other biogeochemical cycles such as C and N
cycles, little attention has been paid to the sulfur (S) cycle.
However, S is an essential element for plant development and
growth which is now considered as one of the most plant
limiting macronutrients (Zhao et al. 1999). S limitation mostly
results from the decreased atmospheric depositions since the
beginning of the 1980s and the increasing use of S-free
fertilizer products. The bio-availability of S to plants requires
microbial mineralization and therefore depends on the organic
sulfur-transforming processes that occur in the soil. The nature
of organic S in soil is still not well defined, but it is believed
that sulfate esters are the most prevalent organic form of S in
agricultural soils, while sulfates are the main form assimilated
by plant roots (Leustek and Saito 1999) and are generally less
abundant (<5 %). Therefore, the arylsulfatase sulfohydrolase
(ARS), which hydrolyzes sulfate esters to sulfates in the soil,
is considered as the key enzyme of soil organic S mineraliza-
tion (Tabatabai and Bremner 1970; Fitzgerald 1978; Klose
and Tabatabai 1999). Large variability in ARS activity in soil
has previously been reported (Askin and Kizilkaya 2006;
Garcia-Ruiz et al. 2008; Cregut et al. 2009). However, our
understanding of this spatial variability for identification of
the factors driving ARS activity is limited despite being cru-
cial for modeling the S turnover and S management in arable
soil.

In this study, we characterized the spatial variability of
ARS activity in an agricultural soil cropped with rape (Brassica
napus) to identify the physicochemical and biological variables
influencing this process. For this purpose, temperature, soil pH,
SO4*"-S (sulfate-S) content, labile C and N, MB-C and MB-N
together with the size and activity of the microbial community
involved in the hydrolysis of sulfate esters to sulfates were
characterized and their distribution modeled using geostatistical
analyses. A rape field was used as model system because S
deficiency is known to affect both yield and quality of the crop
harvested products (McGrath and Zhao 1996; Janzen and Bet-
tany 1984; Scherer 2001; Dubousset et al. 2009). Indeed, rape
requires relatively large amount of S per yield unit compared to
most cereal crops (Bhupinderpal-Singh and Bowden 2006).
Zhao et al. (1999) also underlined the fact that deficiency of S
has been recognized as a limiting factor for crop production in
many regions in the world. In particular, S deficiency has
increasingly been reported in Brassica crops in western Europe
over the last decade, mainly as a consequence of a massive
decrease of atmospheric S inputs.

2 Materials and methods
2.1 Site description and sample collection

The study was carried out in an area 50%16 m in a 5-ha
agricultural field located in northeastern France (48.44°N,

6.18°E). It is a clayey soil (Vertic Stagnic Cambisol in the
WRB scheme 2001) and the landform of the studied area is
flat. The field was planted with winter rape (B. napus cv.
Grizzly), which was sown on September in sequential rota-
tions: wheat, spring barley, and rape. Rape plants received in
April 160 kg ha™' ammonium nitrate containing 33.5 % N.
No sulfated fertilization was made.

Soil samples were collected in April (rape flower bud
formation stage) in the middle of each of the 40 cells of about
4x5 m within the sampling grid (the soil sampling intervals
were chosen in order to avoid any putative effect due the
tractor wheel tracks, Fig. 1). At each sampling location,
200-300 g soil was collected from the top layer (25 cm depth,
10 cm diameter). The soil temperature was determined on site
at each sample location, and then the soil samples were sieved
(<5 mm) and stored at 4 °C less than 7 days until soil
physicochemical and microbiological analysis.

2.2 Soil physicochemical properties

Soil physicochemical properties were determined by the
Soil Analysis Laboratory of INRA (Arras, France). The soil
contained 573, 369, and 58 g kg soil clay, silt, and sand,
respectively. The main soil chemical characteristics were
30.5 gkg ! organic C, 3.73 g kg ' N, and 746 mg kg " soil
total S. For extraction of free and adsorbed SO427—S, an
equivalent of 30 g dry soil was weighed into 200-ml poly-
ethylene pots (Singh 1984). The SO4> -S contents of the
soils were extracted with 0.009 M Ca(H,PO,), solution (1/5
w/v) on an end-over-end shaker for 30 min and then filtered
through a Whatman no. 42 paper disk. The SO, -S con-
tents were measured by turbidimetry at 460 nm (Lisle et al.
1994). The soil residue was dried at 37 °C, and 12 g dry soil
was put into a 200-ml polyethylene pot with 60 ml distilled
water and incubated at 70 °C for 18 h in an oven (Sparling et
al. 1998). After manual shaking and filtering through a
Whatman no. 42 paper disk, labile C and N in the hot water
extracts were determined with a TOC analyzer (Shimadzu
TOC-VCSH). Soil pH was measured using a pH meter (pH
meter, CG840, Schott, Germany) in a 10-g/25-ml soil/water
solution mixture.

2.3 Microbial C and N biomass

The soil microbial biomass C and N (SMB-C and SMB-N,
respectively) were estimated using the fumigation extraction
technique previously described by Vance et al. (1987). Ex-
tractable C and N were measured by the automated UV-
persulfate oxidation method in a TOC analyzer (Wu et al.
1990). The microbial biomass C was determined using the
formula: microbial biomass C=(Cyumigated extract ~ Cunfumigated
oxtract)/Ke. The calculated K. factor of 0.45 was used to
convert extractable C into microbial biomass C (Jenkinson
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and Ladd 1981). The microbial biomass N was determined
using the formula: microbial biomass N=(Ngymigated extract™
Nunfumigated extract)/Kn. The calculated K, factor of 0.54 was
used to convert extractable N into microbial biomass N
(Brookes et al. 1985).

2.4 Quantification of total culturable bacteria and culturable
bacteria possessing ARS activity

Three grams of each soil sample was mixed with 30 ml
phosphate buffer (8 g NaCl, 1.44 g Na,HPO,, 0.24 g
KH,PO4/1, pH 7.2). Soil suspensions were serially diluted.
The dilutions (102 to 10~*) were used for the determination of
the number of culturable cells as colony forming units (CFU)
by spread-plating serial dilutions onto tryptone soy agar 10 %
(Difco). Three replicates for each dilution were prepared. The
agar plates were incubated in the dark at 26 °C for 2 days. The
number of bacteria was expressed as log CFU g of dry soil.
The abundance of ARS bacteria was estimated by plate count-
ing on M9-X-sulf medium (Cregut et al. 2009). Soil suspen-
sions were serially diluted, and 100-pl aliquots of appropriate
dilutions (from 1072 to 10~*) were plated in triplicate on M-
X-sulf agar plates. X-sulf is a chromogenic substrate that
reports the bacterial hydrolysis of this sulfate ester with the
appearance of a blue color (Wyss 1989). The blue colonies
(expressing ARS activity) were counted after 21 days of
incubation at 27 °C.

2.5 Arylsulfatase activities

Chloroform-fumigated soil and its non-fumigated counter-
part were simultaneously used to measure arylsulfatase ac-
tivity according the method described by Klose et al. (1999).
In the chloroform-fumigated soil samples, 1 g of soil was
incubated with 1 ml of chloroform for 2 h, and then the
chloroform-fumigated soil samples were placed for 12 h
under a laminar flow unit to remove the chloroform. Soil
samples (1 g) were then incubated with 4 ml of 0.5 M
acetate buffer (pH 5.8) and 1 ml of 50 mM of potassium
p-nitrophenyl sulfate at 37 °C for 1 h. Next, 1 ml of 0.5 M
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CaCl, and 4 ml of 0.5 M NaOH were added. Lastly, the
solutions were filtered. The p-nitrophenol released was
extracted and determined colorimetrically. Total arylsulfa-
tase activity (ARS;) was then measured in fumigated soil,
extracellular arylsulfatase activity (ARS.) was measured in
non-fumigated soil, and the intracellular arylsulfatase activ-
ity (ARS;) was the resulting difference between the ARS;
and ARS. (Klose and Tabatabai 1999). Results were
expressed as micrograms p-nitrophenol per gram dry soil
per hour.

2.6 Geostatistical and statistical analysis

The soil physicochemical and biological parameters were
analyzed by calculating a semivariogram for all the param-
eters using the following formula:

y(h) = 1/2N (1) Sl + h) — z(x)]*

where ~(h) is the experimental semivariogram value at dis-
tance interval /, N(h) is the number of sample pairs within
the distance interval /4, and z(x;) and z(x;+ %) are the sample
values at two points separated by the distance interval 4. All
pairs of points separated by a distance % (lag #) were used to
calculate the experimental semivariogram. Different models
were fitted to the empirical semivariograms. Semivariogram
models, based on the calculation of semivariance, provide
the necessary information for kriging, i.e., interpolation of
data at non-sampled points. The parameters nugget semi-
variance, range, and sill were determined. Nugget semivar-
iance is the variance at zero distance, the sill is the constant
value of the variogram when the variables do not influence
each other, and the range is the distance at which the value
of one variable becomes spatially independent of another.
One index of spatial dependence was employed in the
analysis: the O value [calculated as (sill/sill+nugget), which
indicated the spatial structure at the soil sampling scale
(Gorres et al. 1998). The Q value varies between 0 and 1.
When it is close to 0, no spatial structure is detected at the
sampling and support scale used. When the Q value
approaches 1, the spatial variation can be explained by the



J Soils Sediments (2012) 12:1360-1370

1363

semivariogram model at the analysis scale used. Maps were
then computed using ordinary kriging to evaluate the regional
patterns of variation rather than local details. The geostatistical
software GeoR version 1.6-17 under R version 2.8.1 for
Windows® (Gamma design Software) was used in the analy-
sis (Ribeiro and Diggle 1999). The resulting maps provide
visualizations of patterns. Linear statistical analyses between
variables and principal components analysis (PCA) were car-
ried using StatBox version 6, Grimmersoft, Paris, France.

3 Results

3.1 Spatial distribution of the ARS activity, abundances
of culturable bacteria possessing ARS activity,
and microbial biomass

The average ARS; activity in the rape-planted field varied
between 69.0 and 153.1 pg p-nitrophenol g_1 dry soil h™'
with an average of 108.8 and a coefficient of variation (CV)
of 16.8 %. Similarly, the ARS, activity with an average of
58.4 g p-nitrophenol g~ ' dry soil h™' was characterized by
a coefficient of variation of 14.6 % (Table 1). Calculation of
the intracellular (ARS;) activity revealed that it represented
approximately 46.3 % of total enzyme activity (ARS;). The
number of culturable bacteria-hydrolyzing sulfate esters was
about 5.5x10° cfu g dry soil. In contrast to the ARS
activities, a higher CVof 37.5 % was observed (see Table 1).
For the ARS activities, Q values, which indicate the spatial
structure at the soil sampling scale, ranged between 0.52 and
0.55. A higher value was found for the abundances of the

culturable bacteria-hydrolyzing sulfate esters (0.82). On the
other hand, the range of spatial autocorrelation was 2 m for
the later while it was up to 40 m for the ARS; activity.
Kriged maps showed similar spatial distributions between
the ARS; and ARS, activities with both the highest and
lowest activities in the west areas of the field (Fig. 2).

3.2 Spatial variability of the soil physicochemical properties

At the field site, soil temperature (average 14 °C) and pH
(average 7.0) showed a moderate variability with a coefficient
of variation below 10 %. The sulfate concentrations (average
3.1 ppm), labile C (average 0.7 mg Cg "' dry soil), and labile N
(average 0.06 mg Ng' dry soil) were slightly more variable,
with CV ranging from 13.1 to 15.6 % (see Table 1). The spatial
variability of the soil physicochemical was evaluated by fitting
different variogram models (spherical, exponential, and circu-
lar) to the full data set of each parameter to provide a single
model of the spatial variance structure in the field (see Table 1).
A strong spatial structure was detected at the scale of sampling
for all soil properties, but the sulfate concentrations were indi-
cated by the Q value ranging between 0.80 and 1.0 and spatial
autocorrelation ranging from 4 to 11 m (see Table 1). Among
these parameters, temperature, soil pH, and labile N were
characterized by a null nugget variance, which indicates the
absence of spatial structure at a finer scale than that investigated
in our study. The kriged maps show similar distribution of pH
and temperature with an east-west gradient (Fig. 3). In overall,
distribution of labile C, labile N, and soil moisture also varied
between the east and west areas of the field but with an opposite
gradient.

Table 1 Descriptive statistics and geostatistical analysis of physiochemical and microbiological parameters determined from the 40 different soils

Parameters Min Max Mean SD CV (%) Model Range (m) Nugget  Sill @]

TOC 12.0 17.0 14.0 9.3 93 Circular 11 0 4 1.00
Moisture 28.9 44.4 379 43 114  Spherical 10 5 27 0.84
pH 6.5 7.5 7.0 0.2 3.8  Spherical 4 0 0.08 1.00
SO.S 1.7 4.0 3.1 0.5 15.6  Exponential 10 0.15 0.3 0.67
Labile C 0.4 0.9 0.7 0.09 13.1 Spherical 4 0.002 0.008 0.80
Labile N 0.04 0.09 0.06  0.009 152 Circular 3 0 0.00009  1.00
ARS, 69.0 1531  108.8 183 168  Exponential 25 280 300 0.52
ARS, 39.9 75.4 58.4 8.5 146  Exponential 10 50 60 0.55
ARS; 21.3 84.4 504 157 nd Exponential 40 225 240 0.52
SMB-C (mg kg ") 150.9  301.5 2409 340 14.1 Exponential 4 500 900 0.64
SMB-N (mg kg ") 14.7 29.4 21.9 3.3 15.1 Exponential 25 9 10 0.53
Total cfu (x10” g ") 8.2 28.0 15.6 4.1 26.1 Exponential 2 50x10®  150x10° 0.75
Functional ARS cfu (x10° g ") 1.5 10.0 546 2.0 37.5  Exponential 2 10° 45x10°  0.82

SD standard deviation, CV coefficient of variation, Q Q value, nd not determined
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Fig. 2 Kriged maps of the
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Fig. 3 Kriged maps
of soil physicochemical
properties
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3.3 Determinants of the abundance and activity
of bacteria-hydrolyzing sulfate esters

PCA was performed for exploratory analysis to find ecolog-
ical patterns in the distribution of the abundance and activity
of bacteria-hydrolyzing sulfate esters and of the soil physi-
cochemical properties (Fig. 4a, b). Eigenvalues from the
PCA analysis indicate that the two principal components
(PC) accounted for 54.7 % of the variance of data (PCI
38.6 %, PC2 16.1 %). While most of the sub-site samples
where centered on the factorial map, several sub-site sam-
ples (4-1, 4-3, 4-4, and 4-5), which were all located on the
northwest border of the field, could be distinguished along
the second component. The highly weighed variables under
PC1 were SMB-C, labile C and N, soil moisture, and pH.
These variables appear to be positively correlated with ARS
activities (positive coordinates on PC1) while sulfates and
pH were negatively correlated with these activities (negative
coordinates on PC1). SMB-N was highly weighed variables
under PC2 (see Fig. 4a).

Correlation coefficients between variables are presented
in Table 2. The total and extracellular arylsulfatase activities
showed the strongest correlations with SBM-C/SBM-N ra-
tio (°=0.256, P<0.001) and SBM-C (+°=0.287, P<0.001),
respectively. Significant correlations were also observed
between ARS, and labile C, labile N, and pH. The ARS,
and the abundance of culturable bacteria-hydrolyzing sulfate
esters were correlated to labile C, labile N, pH, and the
SBM-C/SBM-N ratio. The abundance of culturable
bacteria-hydrolyzing sulfate esters also correlated to temper-
ature and soil moisture.

4 Discussion

Microorganisms are not distributed uniformly in the envi-
ronment; rather, their abundance and activity change along
environmental gradients (Robertson et al. 1988; Li and
Sarah 2003; Franklin and Mills 2003; Philippot et al.
2009). Even within a homogeneous system, biological pro-
cesses may produce aggregations of organisms at various
spatial scales. Soil systems are particularly heterogeneous,
and this heterogeneity arises as a result of the interaction of
interrelated variables that fluctuate at many different spatial
scales (Saerte and Baath 2000). The factors that affect
microbial processes in soils are known to be both biotic
and abiotic (e.g., temperature, pH, and substrate availabili-
ty). Indeed, soil properties do not vary independently; rath-
er, the general perception is that any such variable measured
at a certain point in space is the outcome of several physical,
chemical, and biological processes, all of which are spatially
variable. The driving factors of microbial community spatial
patterns are not only related to soil physicochemical
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properties but also to human activity. Indeed, many studies
have shown that soil microbial communities and enzyme
activities are sensitive to soil management practices, such as
organic fertilization by animal manures or green manures/
crop residues, as well as tillage regime and herbicide addi-
tions (Inamura et al. 2004; Nayak et al. 2007; Garcia-Ruiz et
al. 2008).

Analysis of the 40 soil samples from the rape-planted
field showed an average ARS; activity of approximately
108 pgp-nitrophenol g ' dry soil h™!, which was similar to
that reported in other previous studies (Klose et al. 1999;
Dedourge et al. 2004; Vong et al. 2004; Cregut et al. 2009).
However, a much lower ARS activity of about 2.27 pgp-
nitrophenol g' dry soil h™' was reported by Askin and
Kizilkaya (2006). These lower values of ARS; activity could
be due to the analysis of bulk soil instead of the rhizosphere
soil; in the rhizosphere, organic C released by root exuda-
tion is a strong driver of the density and activity of the
microbial community (Bowen and Rovira 1999; Lugtenberg
and Dekkers 1999). In our study, extracellular enzyme ac-
tivities represented approximately 53.7 % of total enzyme
activity, with a resulting calculated intracellular activity of
46.3 % (see Table 1). Our data are in accordance with Klose
and Tabatabai (1999) reporting an average intracellular aryl-
sulfatase activity of 57.7 % of total enzyme activity in the
upper layer of an agricultural field. A higher proportion of
the intracellular to total arylsulfatase activity was observed
by Li and Sarah (2003) in an arid Israeli soil, which was
attributed to denaturation of the extracellular arylsulfatase
due to high temperatures, salt concentrations, and low mois-
ture contents in the environment studied. We found a rela-
tively low variability of the ARS; activity ranging between
69.0 and 153.1 pg p-nitrophenol g ' dry soil h™" within the
800-m” arable field in agreement with previous studies
(Vong et al. 2004; Cregut et al. 2009). Interestingly, the same
range of variation was reported by Askin and Kizilkaya
(2006) despite of the lower ARS activity observed.

The number of sequences for the ats4 gene encoding the
key enzyme catalyzing the hydrolysis of sulfate esters avail-
able in GenBank is limited, preventing the development of
direct molecular approaches to target the ARS microbial
community as previously done for other microbial commu-
nities (Smith and Osborn 2009). As a consequence, a
cultivation-based approach using plate counting was per-
formed to estimate the abundance of this functional guild.
The abundance of the culturable ARS bacterial community
displayed high variability with the minimum, maximum,
and CV of 1.5 and 10.0x10° g”' dry soil and of 37.5 %,
respectively (see Table 1). The same range of variation
has been found for the abundance of other functional
communities at the field scale despite the field being
subjected to different agricultural practices (Philippot et
al. 2009; Wessén et al. 2011).
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Fig. 4 Principal components analysis of the 40 soil samples based on the analysis of the physicochemical and microbiological parameters. a
Physicochemical and microbiological parameters involved in the discrimination of the 40 soil samples. b PCA ordination of the 40 soil samples

Geostatistical analysis of the spatial distribution of the
soil properties together with the activity and abundance of
the ARS community revealed differences in the ratio Q,
which is used as an indicator of spatial structure at the
sampling scale. Indeed, the ratio O was close to 1 for the
abundance of the culturable ARS community and most of

soil physicochemical parameters except for the SO, con-
centration. Interestingly, a low QO ratio of 0.52 was also
observed for the ARS; activity (see Table 1). These results
indicate that the sampling distance used in this study was
adequate for most measured variables but the ARS activity
for which a smaller sampling grid would have improved its
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Table 2 Coefficients of correlation (R?) for the relationships between physiochemical and microbiological parameters

ARS; ARS, ARS; Total ARS SMB-C  SMB-N BM-C/  Labile C Labile N Moisture pH S0,*- TOC
cfu cfu BM-N S
ARS;
ARS, 0.264***
ARS; 0.783*** 0.003
Total cfu 0.036 0.000 0.049
ARS cfu 0.001 0.021 0.001 0.048
SMB-C 0.090 0.287*** 0.003  0.000 0.106*
SMB-N 0.015 0.026 0.052 0.014 0.000 0.445%%*
BM-C/ 0.256%** (.178** 0.130* 0.014 0.141*  0.120%  0.215**
BM-N
Labile C 0.104*  0.131*  0.032 0.010 0.114*  0.438*** 0.120* 0.118*
Labile N 0.163** 0.239*  0.042 0.003 0.109*  0.418*** 0.066  0.207** 0.735%**
Moisture 0.021 0.042 0.003 0.014 0.163** 0.230*%* 0.004  0.244%*  0.402%*** (.343%**
pH 0.149*  0.160** 0.054 0.019 0.265*** 0.178** 0.014  0.410%** (.428%** (.599%** (.50]***
SO427-S 0.007 0.030 0.000 0.027 0.002 0.156* 0.015 0.092%** (.112* 0.114* 0.141* 0.073
TOC 0.073 0.028 0.050 0.032 0.160** 0.082 0.015 0.242%*  (0.272%*%* (0.192*%*  0.296*** (.403*** (.070
n=40

ARS arylsulfatase activity, SMB soil microbial biomass, Cfir colony-forming unit

£p=0.05; **p=0.01; ***p=0.001

geostatistical modeling. However, our results show that the
distribution of both the activity and abundance of the ARS
community was not random but exhibited spatial dependence
at the field scale. Comparison of the interpolated maps for the
ARS communities and the soil properties revealed different or
even contrasted patterns, and both exploratory and correlation
analyses were performed to identify the soil factors driving the
ARS community. Previous studies have shown the influence
of soil moisture, soil pH, or temperature on the activities of
soil enzyme activities (Li and Sarah 2003; Chaer et al. 2009)
such as the phosphatase (Kang and Freeman 1999) and aryl-
sulfatase activities (Kang and Freeman 1999; Niemi and Vep-
saldinen 2005). In contrast, in our study, we found the ARS
activities to be only correlated to soil pH among the soil
properties measured. The effect of pH on soil enzyme activity
has been described in several studies (Taylor et al. 2002;
Askin and Kizilkaya 2006; Acosta-Martinez et al. 2007) and
has been attributed to the fact that slight deviations in pH can
disrupt the interactions between the enzymes and their sub-
strates (Acosta-Martinez et al. 2007). Similarly, soil pH was
also the soil property most closely correlated with the abun-
dance of culturable bacteria-hydrolyzing sulfate esters. Simi-
larly, several recent studies have shown that soil pH is a strong
driver of the abundance of microbial communities (Hallin et
al. 2009). Indeed, Bru et al. (2011) reported that soil pH alone
explained 17.1 and 21.4 % of the spatial variability in the
abundance of the total bacterial community and of a functional
microbial community involved in N-cycling, respectively.

It is well-known that edaphic parameters affect enzyme
activities by influencing microbial growth and substrate
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availability (Li and Sarah 2003). However, we did not find
any significant correlation between the abundance of the
culturable ARS bacterial community and ARS activities. This
could result from the fact that we targeted only the culturable
fraction of this functional community. In a comprehensive
review, Roling (2007) also highlighted that microbial process
rates are regulated by the size and properties of the enzyme
pool and by the concentrations of substrates and that it is
therefore often not sufficient to count the numbers of cells
performing a particular step in a biogeochemical process in
order to estimate its flux. Interestingly, no significant correla-
tion between ARS activity and the concentration of the
corresponding substrate, SO4> -S, was observed in this study.
An alternative explanation for the lack of relationship between
abundance and activity of the ARS community observed in
this work is that the ARS activity has not only a bacterial but
also a fungal origin. This is supported by the strong correlation
between ARS activities and the SBM-C/SBM-N ratio. Indeed,
a higher fungal abundance in soil results in a higher ratio of the
C/N biomass (Strong et al. 2004; Bhupinderpal-Singh and
Bowden 2006; White 2006). In contrast to our results, Baum
and Hrynkiewicz (2006) and Cregut et al. (2009) reported
significant but weak correlation between the abundance of
the ARS community and the ARS activity in soil.

5 Conclusions

To conclude, we found that the distribution of the abun-
dance and activity of a functional microbial community
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involved in S cycling in 800 m? agricultural field exhibits
spatial dependence. The ARS activity showed a relatively
low spatial variability while the abundance of the culturable
ARS community ranged within one order of magnitude. The
spatial pattern of ARS activity in the field was correlated
with several soil properties, and results suggest that soil pH,
labile C and N, and SBM-C/SBM-N ratio were the main
parameters driving the ARS activity. Since microbial pro-
cesses can vary not only in space but also in time, future
work should focus on bridging spatial and temporal scales
for a better understanding of S cycling in arable soil.
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