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Farm-Scale Mapping Of Soil Microbiological Indicators Using Geostatistical Technique

ABSTRACT
Soil microbiological properties viz. soil microbial biomass carbon (MBC) and dehydrogenase

activity (DHA) are sensitive soil quality indicators. Spatial modeling and prediction map of soil MBC
and DHA were generated for a semiarid agricultural farm, New Delhi, India from 288 geo-referenced
grid samples spaced 100 m x 100 m distance using geospatial techniques and geo-statistics. Soil
microbial biomass carbon (MBC) ranged from 19.7 to 519.7 ug g™ with standard deviation of 84.1 and
soil DHA varied from 1.2 to 17.2 ug TPF g'1 dry soil hr' with sample variance of 10.89. Soil MBC and
DHA had high data viability with coefficient of variation (CV) of 42.5 % and 53.2%, respectively. The
best fit semivariogram for both soil MBC and DHA was exponential model and had practical spatial
range of 1500 m and 1473 m respectively. Environmental disturbances or extrinsic factors dominantly
influenced the spatial variability of soil MBC, expressing its weak spatial dependency. Besides, both
soil structural/internal factors and extrinsic factors controlled soil DHA variability with moderate level of
spatial dependency. Spatial variability map of soil MBC and DHA, prepared with good accuracy
through ordinary kriging in GIS software, showed that major area of the farm had soil MBC ranging
from 150 to 250 mg kg™ and had DHA from 1.2 to 10 pg TPF g™ dry soil hr™.
Keywords: Spatial variability mapping, Microbial biomass carbon, Dehydrogenase activity,
semivariogram, ordinary kriging
1. INTRODUCTION

Human and animal health is closely linked to environmental quality and soil productivity. The
soil quality indicators influences sustainable soil productivity and high soil quality is thought of as
being biologically active. Soil microorganisms play important functions viz decomposition of solil
organic matter & pollutants, nutrient transformation, energy flow etc, having significant implications on
agro-ecosystem and environment. Soil microbial biomass was used to estimate the biological balance
or status of soil ecosystem [1] and dehydrogenase activity was used to assess microbial activity [2].
Soil microbial biomass and activity are critical to soil ecosystem function and sensitive indicators of
soil ecological perturbation and stress or restoration [3], [4]. Soil microbial biomass, being faster
turnover rate than total soil organic matter [5], is a early and sensitive indicator of soil quality [6].
Dehydrogenase activity, occurring in all microorganisms for microbial respiratory processes [7], [8], is
considered an accurate measure or indicator of microbial oxidative activity of soil [9]. Soil
microbiological and enzyme activities are influenced by several factors viz micro-environmental
factors (slope, soil depth and microsite) [10], [11], environmental factors viz temperature and
moisture, land use pattern and cropping system, soil eco-system, soil physical & chemical properties,
soil fertility parameters, soil organic carbon content [12], soil amendments & fertilization, pesticides,
pollution, soil management practices viz crop residue management, tillage/compaction, irrigation etc.

Geospatial techniques viz remote sensing, geographic information systems and global

positioning system are being extensively used for natural resource mapping. Geostatistical tools,



based on theory of regionalized variables, provides the extent of spatial structure or measurement of
spatial scale for variability of soil attributes by semivariogram analysis and creation of surface
prediction map by kriging interpolation through prediction of attribute values at unsampled locations
[13], [14]. Spatial variability of soil properties as well as quality indicators are being widely assessed
and mapped using geospatial tools now-a-days [15], [16]. Even spatio-temporal assessment and
monitoring of soil microbial properties was also reported using geospatial tools [17]-[19]. Spatial
structure of soil microbiological properties and enzyme activities using geostatistical techniques was
globally described at field scale [20]-[23], Landscape scale [24], regional scale [25] etc. Soil abiotic
parameters viz. soil organic carbon and nitrogen etc showed spatial variability at larger scale,
whereas the soil biotic properties viz. microbial biomass and enzyme activity showed significant
differences at short-scale [26]. A review work [27] showed that the short-scale and farm-scale spatial
variability of soil biological properties using geostatistical techniques was rarely reported in Indian
soils. Hence, present investigation was conducted to identify the nature of spatial structure & spatial

range of soil biological properties at farm-scale alonwith generation of its spatial distribution map.

2. MATERIALS AND METHODS
2.1. STUDY LOCATION AND SOIL SAMPLING

The assessment and mapping of soil biological quality parameters was conducted at the
experimental farm (cultivated area 278 ha) of ICAR- Indian Agricultural Research Institute (ICAR-
IARI), New Delhi having longitude of 77°8'40.5"-77°10'28.1" East, latitude of 28°37'22.0"-28°38'58.7"
North and elevation of 217-241 m amsl. The location have semi-arid climate with hot summer and
cold winter; June is the hottest month and January the coldest month. Annual normal rainfall in last
five year (i.e. 2006-10) was 729 mm, of which 612 mm (84%) was received during rainy season (June
to September) and rest during winter months (November to March). Soils of IARI farm belongs to
mixed, hyperthermic, Typic Haplustepts.

The farm has administrative blocks (Fig. 1) for efficient utilization and operation of farm and
natural resources. Main Block (MB), Middle Block (MID), Genetic Block (Gen), New Area (NA),
Shadipur orchard & block, Sewage irrigated area (SA) are located in Northern part of the farm and
Top Block (TB), Todapur (TDPR), Water Technology (WTC) Block, Paddock field, National Burreau of
Plant Genetic Resources (NBPGR) Block, Precision Farming and Development Centre (PFDC) area,
Green house area and forest area in Southern part of the farm. Besides, there exists several sub-
blocks within administrative blocks with diversified cropping system. Off-season crops under protected
agriculture structures and seed production for farmers as well as irrigation with sewage water were
also practiced in the farm. There were fruit orchards of ber (Ziziphus mauritiana), mango (Mangifera
indica), Citrus, aonla (Emblica officinalis), guava (Psidium), jamun (Syzygium cumini), grape (Vitis
vinifera) etc at Shadipur block, Todapur block and NBPGR block in the farm. Block plantation of
Jatropha curcas and Eucalyptus in Genetic block and natural forest in south east corner of IARI farm
had also been observed.

Soil samples within 0-15 cm depth were collected from farm using grid intersection points on

Google Earth image of ICAR-IARI farm with superimposing 100 m x 100 m grid. Total 288
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Fig. 1 Location, major block and collected sample points at ICAR-IARI farm, New Delhi

geo-referenced soil samples collection were collected during fallow period (April-May, 2011) after
harvest of Rabi crops.
2.2. SOIL ANALYSIS

Soil samples were air dried, grinded with mortar and pestle, sieved with 2 mm sieve for
analysis of soil physical and chemical properties. Mechanical composition of the soil was determined
by the hydrometer method [28]. Soil organic carbon was determined by wet oxidation method [29] and
soil free carbonate was assessed by pressure calcimeter method [30]. Soil pH and electrical
conductivity (EC) in 1:2.5 soil and water suspension was measured in a digital pH meter and EC
meter respectively. Soil cation exchange capacity (CEC) was measured with sodium acetate
replacement and centrifugation method [31]. Soil exchangeable sodium (Na) and potassium was
determined by standard method in flame photometer instrument [32]. Exchangeable calcium and
magnesium were extracted with KCl-triethanol amine solution, pH 8.2 [31] and determined in atomic
adsorption spectrometer (AAS). Percent base saturation (PBS) was calculated from exchangeable
base cations and quantity of CEC. Soil MBC & DHA were analysed from freshly collected dry or moist
soils and soil samples were stored at refrigerator at 4 °C. Soil moisture content of collected soil samples
from field was estimated by gravimetric method using hot air oven. Soil microbial biomass carbon
content was determined by fumigation extraction method [33]. Soil biological activity was determined

by monitoring soil dehydrogenase enzyme activity [34] method.



2.3. Statistical & geostatistical analysis

The statistical parameters such as descriptive statistics and correlation matrix were
conducted in MS-excel & SPSS 16.0. Geostatistical analysis viz semivariogram [35] and generation of
surface maps of soil attributes using ordinary kriging [36] were conducted in ArcGIS software version
10.4.1.

3. RESULTS AND DISCUSSION

3.1. DESCRIPTIVE STATISTICS
Descriptive statistics of soil biological properties and its histogram were presented in Table 1

and Fig. 2 respectively. Soil microbial biomass carbon (MBC) ranged from 19.7 to 519.7 ug g'l. The
mean and standard deviation of MBC was 197.7 and 84.1 pg g™ respectively. The raw data of soil
dehydrogenase activity (DHA) displayed a high variability ranging from 1.2 to 17.2 pug TPF g™dry soil
hr* with SD and coefficient of variation (CV) of 3.3 and 53%, respectively. The ranges of MBC & DHA
were consistent with several other workers [37]-[39]. Dehydrogenase activity and MBC showed high
data variability due to its CV value greater than 35% [40]. Microbiological properties displayed a
higher variability than soil physical and physicochemical properties as described by the coefficient of
variation (CV%), which was in agreement with several studies carried out at field scale on arable soils
[41], [42]. Coefficient of skewness (y;) and kurtosis (y,) for MBC were 0.91 & 1.36 respectively and
that for DHA data were 1.17 &1.12 respectively. For normal distribution of datasets, (y; y,) should be
(0, 0). As per test of normality with Kolmogorov-Smirnov statistics, both MBC & DHA were found to

be not normally distributed.
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Fig. 2. Histogram of microbial biomass carbon and dehydrogenase enzyme activity at ICAR-IARI
farm, New Delhi

Soil physical and chemical properties influenced the soil microbial biomass carbon content
and dehydrogenase enzyme activities (Table 2). Microbial biomass carbon was positively and
significantly correlated at 1% level with SOC concentration (r = 0.37), clay content (r = 0.21), silt
content (r = 0.18), CEC (r = 0.19), soil moisture content (0.14) and negatively & significantly
correlated with sand content (r = -0.24). Dehydrogenase activity was positively and significantly
correlated with SOC concentration (r = 0.92), MBC concentration (r = 0.33), clay content (r = 0.33),
CEC (r = 0.43), soil moisture content (0.21) and negatively & significantly correlated with soil pH



Table 1 Descriptive statistics of soil physical, chemical and biological properties at ICAR-IARI farm, New Delhi

Soil properties Mean SD CV (%) Min. Max. Median Interquartile Range Skewness Kurtosis

Clay (%) 20.7 5.2 25.1 12.6 48.3 19.6 4.8 2.3 7.8

Silt (%) 32.0 5.8 18.1 103 | 441 335 6.2 -0.9 0.8

Sand (%) 47.3 8.9 18.8 11.8 70.2 47.1 7.4 -0.4 2.1

SOC concentration (%) 0.51 0.21 41.2 0.07 1.45 0.47 0.23 1.32 3.02

Equivalent CaCO; content (%) 0.48 0.93 193.8 0.00 7.15 0.23 0.30 4.95 28.27

pH 7.96 0.58 73 5.89 9.10 8.08 0.64 -1.03 1.04

EC (dSm™) 0.41 0.18 43.9 0.08 1.04 0.39 0.22 0.83 0.72

Soil moisture (w/w) % 12.9 4.38 34.0 2.5 34.7 12.65 5.3 0.85 3.38

CEC [Cmol (p) kg™] 12.17 | 2.80 23.0 7.40 | 27.40 11.60 2.97 1.60 5.23

PBS (%) 73.7 13.5 18.3 41.4 99.3 745 17.5 -0.10 -0.50

MBC (ug g™) 197.7 | 84.1 425 19.7 | 519.7 186.8 103.4 0.91 1.36

DHA (ug TPF g™ dry soil h™) 6.2 3.3 53.2 12 | 172 5.2 4.3 1.17 1.12
Table 2 Pearson correlation matrix of soil physical, chemical and biological properties at ICAR-IARI farm, New Delhi

Clay Silt Sand SOC CaCOg EC Moisture CEC PBS MBC DHA

Silt 0.30" 1

Sand -0.78" -0.83" 1

SocC 0.39” 0.15 -0.337 1

CaCO, -0.02 -0.17" 0.12° -0.02 1

pH 0.01 0.13" -0.09 -0.29" 0.13 1

EC 0.05 0.21" -0.16 0.15 0.01 .00 1

Moisture 0.25** -0.08 -0.09 0.21** 0.07 0.04 -0.07 1

CEC 0.73" 0.07 -0.47" 0.46~ 0.03 -0.14° 0.02 0.30** 1

PBS -0.28" -0.11 0.24" -0.25 0.04 0.22" 0.08 -0.13* -0.55 1

MBC 0.21** 0.18** -0.24** 0.37** 0.04 0.05 0.17** 0.14* 0.19** -0.01 1

DHA 0.33** 0.06 -0.23 0.92** -0.01 -0.31** 0.12* 0.21** 0.43** -0.20** 0.33** 1

** and * Correlation coefficient is significant at the 0.01 and 0.05 level respectively (2-tailed).




(r = -0.31). Soil microbial biomass and enzyme activities are closely related to the organic matter
content as it provides substrate for microbial growth and activity [43]-[45]. Again, dehydrogenase
enzyme activity was also correlated with microbial biomass carbon indicating DHA as general
indicator of potential microbial activity [12]. In coarse textured soil, with increase of clay content
improves soil physical quality, water and nutrient holding capacity as well as microbial growth and
activity. Hence, there was positive correlation found between clay content with MBC and DHA. Higher
soil pH in alkaline and calcareous soil controlled the dehydrogenase activity indicating soil pH as good

predictor of dehydrogenase activity as also reported by other authors [46].

3.2. SEMIVARIOGRAM OF SOIL BIOLOGICAL INDICATORS

Geostatistical analysis such as semivariogram is pre-requisite for determining spatial
dependency of soil attributes and kriging interpolation for thematic map generation. A plot of
semivariance y(h) on Y-axis versus lag distance (h) i.e. separation distance on X-axis is commonly
known as the experimental semivariogram. The isotropic semi-variograms of soil MBC and

dehydrogenase enzyme activity are shown in Fig. 3.
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Fig 3 Experimental semivariogram and fitted models for (i) MBC & (ii) DHA at ICAR-IARI farm, New
Delhi

Among the theoretical semivariogram model viz linear, linear-to-sill, spherical, exponential
and Gaussian model, the best fitted experimental model was selected based on least residual sum
square (RSS). In the present study, the optimal experimental model of soil MBC and DHA was
exponential model and the key parameters of the semi-variograms are given in Table 3. The
parameter range of soil MBC and DHA were 500 m and 491 m respectively. The ‘range’ of the semi-
variogram was the distance (h) at which semivariance value becomes constant (the sill) or attain a
plateau. But exponential semivariogram model never appear a plateau and the graph is only
asymptotic to the horizontal line corresponding to the sill. The "practical" or "effective" range for
exponential model is the distance at which the variogram value is 95% of the sill. In an exponential

variogram, the practical range (h) is h = 3a (where a = Parameter range) [36]. The practical spatial



range of soil MBC and DHA at ICAR-IARI farm were 1500 m and 1473 m respectively. The range is
considered as the diameter of the zone of influence i.e. the average maximum distance within which
the soil property of two samples was spatially auto-correlated or spatially dependent. It indicated that
Soil MBC and DHA of two samples became similar with decreasing separation distance between the
two points within spatial range.

Soil biological indicators such as MBC and DHA showed positive nugget, which may be
explained by sampling error, short range variability, random and inherent variability. The nugget/sill
ratio of <0.25, 0.25-0.75, and > 0.75 range are used to describe the degree of the spatial structure
that showed strong, moderate and weak spatial autocorrelation, respectively and this proportion of
spatial structure in semivariogram was induced by random factors [47]. The nugget/sill ratio of 0.76 for
soil MBC indicated its weak spatial dependency, indicating high spatial heterogeneity due to
environmental disturbances or extrinsic factors dominated over the structural factors. It indicated that
agri-horticultural practices and long-term soil management altered the spatial structure and
dependence of soil microbial biomass and activity, also supported by Katsalirou et al., [12]. The
nugget to sill ratio of soil DHA was 0.56 showing moderate spatial autocorrelations and both structural
factors viz climate, terrain, parent material, mineralogy, soil texture, inherent soil properties & other
natural factors and random or stochastic factors viz such as cropping systems, fertilization, crop
management factors and other human activities induced the spatial variability of soil dehydrogenase
activities [48], [49].

Spatial range of soil biological attributes during analysis of its spatial variability varies on scale of
survey like field or plot scale, farm or landscape scale, regional scale etc (Table 3). Liu et al. [24]
reported effective spatial range of 157 m with moderate spatial dependency using best fitted Matern
semivariogram for soil MBC in a hilly red soil landscape in subtropical China. At farm-scale study of
Shahbazi et al. [45], the minimum effective range for MBC & DHA as estimated by best fitted isotropic
spherical semivariogram model in Mirabad area, North West of Iran across different land uses are 219
m with moderate spatial dependency & 190 m with strong spatial dependency respectively. As per
report of Peigné et al. [50], spatial range of SMBC in an experimental field near Lyon (south-east of
France) was 4898 m with exponential semivariogram model using classical ordinary kriging (COK)
and was 56.3 m with spherical semivariogram model using robust ordinary kriging (ROK), that
removes extreme outlier values. In a study of Piotrowska et al. [51], spatial range of DHA with strong
spatial variability at the Sepopolska Plain, near the Budniki Village, Warmia region, northern Poland
was reported as 84.3 m with best fitted spherical semivariogram model. In a study of Piotrowska &
Dlugosz [52] on typical Luvisols at arable field scale from northwest Poland, the best fitted
semivariogram model for dehydrogenase activity was linear or mixed (spherical/linear) models with

nugget effect & spatial range of 14.9 m, having strong spatial dependency.

3.3. SPATIAL VARIABILITY MAPS OF SOIL BIOLOGICAL INDICATORS
Spatial distribution of soil MBC & DHA at ICAR-IARI farm, New Delhi generated through
ordinary kriging were displayed in Fig. 4. Majority of the farm area had soil microbial biomass carbon

(MBC) ranging from 150 to 250 mg kg'l. Entomology and Pathology block with fallow land and Main



Table 3 Parameters for best fitted semivariogram model of soil microbial biomass carbon (MBC) & (DHA) at ICAR-IARI farm, New Delhi and other reported locations

Z

Soil Scale of Location Best fitted model Nugget Sill Effective range | Proportion r RSS Refereances
attributes | survey (Co) (Co+C) (Ao) (m) Col(Co+C)
MBC Farm- ICAR-IARI farm, New Delhi Exponential 53905 | 7083.1 1500 0.76 0.56 | 2.056x10° | [resent
scale study
Souldoz - plain, - west Azerbaijan Spherical 0.267 0.798 219 0.34 092 | 0.006 [45]
province of Iran
A hilly red soil landscape in 4.36 x 15.16 x [24]
subtropical China Matern 10 10 1% 0.29
Field- University of Alberta Mattheis Gaussian 3873 2188 35 018 007 | 1.9 x 101 [23]
scale Research Ranch, Canada
A Peatland, Warmnow Valley, Exponential 200 10800 5 0.06 0.33 | 5.65x 10° [21]
Northern Germany
Yorkshire Dales, Ingleborough, Spherical 294440 | 588989 6.9 0.50 0.78 - [53]
United Kingdom
Field, Lyon, south-east of France Exponential, COK 0.0000 22.5683 4898 - - - [50]
Spherical, ROK 469.9 5237.1 56.3 0.09 - -
A pastureland, Karakdy . [54]
State Farm, northern Turkey Exponential 14780 34010 294.1 0.56 0.77
Lincoln University (Canterbury, New Expog@hi 958 8788 013 011 0.98 i [26]
Zealand)
Regional | Regional  scale,  Northeastern Linear/Sill 0.163 0.213 56.2 km 0.77 0.17 - [25]
scale Germany
PHA Farm- | |CAR-IARI farm, New Delhi Exponential 6.1894 | 11.0793 1473 056 | 0.90 3.24 Present
scale study
Souldoz - plain, - west  Azerbaijan Spherical 0.142 0.566 190 0.24 0.81 0.016 [45]
province of Iran
Field- A Peatland, Wamnow Valley, Spherical 52000 | 2085000 5 0.02 039 | 125x10t | [21]
scale Northern Germany
Vlllggg Or.llnek, Pomerania and Mixed (Sphencal 2806 1614.3 14.9 017 i i [52]
Cuiavia region, Poland and linear)
Agricultural field, Sepopolska Plain, Spherical 00045 | 0.0212 84.3 0.212 - - [51]
Warmia region, northern Poland
A pastureland, Karakdy State Farm, Linear 1475 2166.8 124.7 068 0.79 [55]

northern Turkey




biomass carbon in the farm, indicative of good soil health. Todapur block and area under green house
experiment had low soil MBC of 20-150 mg kg™. Soils of eastern corner (fallow area of Ento-Patho
block) & northern corner of the farm had dehydrogenase activity (DHA) of 10 - 17.2 ug TPF g™ hr,
indicative of best soil health in the farm with respect to physiologically active soil microorganisms.
Soils of western fringe (sewage irrigated area), northern area of the farm (Main block 16-17 and
Shadipur orchard), eastern fringe and forest area had DHA of 7.5 - 10 pg TPF g™ hr'. Beside, the
soils of northern part of main block and middle block; Genetic block, sewage irrigated area, Top block,
PFDC area, Todapur orchard, NBPGR and Paddock field had dehydrogenase activity of 5-10 ug TPF
g* hr'. Dehydrogenase activity in soils of rest of the farm area (Southern part of main block and

middle block and Todapur area) ranged from 1.2 to 5.0 pg TPF g™ hr™.

Microbial Biomass Carbon (MBC) Dehydrogenase activity
r '
Lege.nd Legend
Prediction Map Prediction Map
MBC :mg kg-'” Dehydrogenase
Filled Contours (mg TPF kg-1 hr-1}
B z0 - 150 Filled Coentours
I 150 — 200 12-5
200 — 250 w Ems5-75
Bl 250 — 520 0 soom :’-uﬁ —112'15
Field Bound - - -1
0 500 m [IField Boundary LLLLL 125172
| [JField Boundary

Fig 4. Spatial variability map of microbial biomass carbon (MBC) and dehydrogenase enzyme activity
(DHA) at ICAR-IARI farm, New Delhi

The prediction map of soil MBC and DHA at ICAR-IARI farm, New Delhi through ordinary
kriging interpolation technique was evaluated (Table 4) through cross validation approach by several
error measurements [56]. Estimation of soil MBC within the farm showed unbiased as mean
standardized error (MSE= -0.0043) is near to zero and root mean square standardized error (RMSSE
= 1.0442) is closer to one. Prediction of soil DHA through ordinary kriging interpolation was unbiased
as MSE (-0.0105) are closer to zero and has good accuracy as indicated by RMSEE value (1.0174)
closer to one. Average standard errors (ASE) of prediction for soil MBC and DHA are closer to its root
mean square error (RMSE) value.
Table 4 Evaluation performance of kriged map for MBC & DHA through cross validation

Soil attributes Mean Root mean Average Mean Root Mean square
prediction square error standard Standardized Standardized error
error error Error
MBC -0.3686 81.4519 77.8693 -0.0043 1.0442
-0.0358 2.8335 2.7769 -0.0105 1.0174
Dehydrogenase




Farm scale variability of soil microbial properties and processes would be significantly
controlled by soil properties such as organic matter content, pH values or texture [42], [57]. Besides,
the local changes of soil moisture [58], temperature, concentration of soil nutrients [59], [60], substrate
availability, root biomass, composition and activity of soil microorganisms are the most important
factors affecting the soil biological properties. This can partially explain the differences in the spatial
variability of properties in this study area. The external anthropogenic factors like different crop
management practices, tillage operation, application of fertilizers/amendments etc, created in more
variability of sensitive biological variables like MBC & DHA than in physicochemical ones [41], [61] as
the farm is being cultivated with diversified land use system, crop rotation, orchard, natural plantation
etc. Besides, local differences of soil compactness, changed by tillage practices, may affect air-water

conditions, which in turn affected soil microbial biomass and activity [52].

4. CONCLUSION

Soil MBC at the farm ranged from 19.7 to 519.7 pg g™ with average value of 197.7 ug g*. Soil
dehydrogenase activity (DHA) had mean value of 6.2 ug TPF g'1 hr' with ranging between 1.2 to 17.2
Mg TPF g‘l hr. Microbial biomass carbon and dehydrogenase activity at the farm showed high spatial
data variability. Soil organic carbon content, clay content, soil moisture content and other soil property
significantly influenced soil microbial biomass carbon content and dehydrogenase activity. Both soil
MBC & DHA showed exponential spatial structure at the farm and practical spatial range of soil MBC
& DHA were 1500 m and 1473 m respectively with weak & moderate spatial dependency respectively.
In bulk of the IARI farm soils had SMBC within 150-250 pug g'1 and DHA within 1.2 to 10 ug TPF g'1 dry

soil hr.

REFERENCE

[1] Bastida F, Eldridge DJ, Garcia C, Kenny Png G, Bardgett RD, Delgado-Baquerizo M. Sail
microbial diversity—biomass relationships are driven by soil carbon content across global
biomes. Int. Soc. Microb. Ecol. J. 2021;15:2081-91.

[2]  Turco RF, Kennedy AC, Jawson MD. Microbial indicators of soil quality. In: Soil Science
Society of America, Editor. Defining soil quality for a sustainable environment. SSSA Special
Publication No. 35,. Madison, W1 53711, USA; 1994.

[3] Dick RP. Soil enzyme activities as indicators of soil quality. In: Doran JW, Coleman DC,
Bezdicek DF, Stewart BA, Editors. Defining soil quality for a sustainable environment. SSSA
Special Publication No. 35, Madison: ASA and SSSA; 1994.

[4] Anderson TH, Domsch KH. Ratios of microbial biomass carbon to total organic carbon in
arable soils. Soil Biol. Biochem. 1989;21(4):471-9. DOIl:https://doi.org/10.1016/0038-
0717(89)90117-X.

[5] Jenkinson DS, Ladd JN. Microbial biomass in soil: measurement and turnover. In: Paul EA,
Ladd JN, Editors. Soil biochemistry. Volume 5. New York: Marcel Dekker, Inc.; 1981,

[6] Fauci MF, Dick RP. Microbial biomass as an indicator of soil quality: effects of long-term

management and recent soil amendments. In: Doran JW, Coleman DC, Bezdicek DF, Stewart

10



[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

BA, Editors. Defining soil quality for a sustainable environment. Volume 35, SSSA Speci.,
Madison, Wisconsin: ASA and SSSA; 1994.

Bolton H, Elliott LF, Papendick RI, Bezdicek DF. Soil microbial biomass and selected soil
enzyme activities: Effect of fertilization and cropping practices. Soil Biol. Biochem.
1985;17(3):297-302. DOI:https://doi.org/10.1016/0038-0717(85)90064-1.

Dick RP, “Soil enzyme activities as integrate indicators of soil health. In: Pankhurst C, Doube
BM, Gupta VVSR, Editors. Biological indicators of soil health. Wallingford: CAB International;
1997.

Taylor JP, Wilson B, Mills MS, Burns RG. Comparison of microbial numbers and enzymatic
activities in surface soils and subsoils using various techniques. Soil Biol. Biochem.
2002;34(3):387-401. DOI:https://doi.org/10.1016/S0038-0717(01)00199-7.

Bergstrom DW, Monreal CM, Millette JA, King DJ. Spatial Dependence of Soil Enzyme
Activities along a Slope. Soil Sci. Soc. Am. J. 1998;62(5):1302-8.
DOIl:https://doi.org/10.2136/ss5aj1998.03615995006200050022x.

Cao C, Jiang S, Ying Z, Zhang F, Han X. Spatial variability of soil nutrients and microbiological
properties after the establishment of leguminous shrub Caragana microphylla Lam. plantation
on sand dune in the Horgin Sandy Land of Northeast China. Ecol. Eng. 2011;37(10):1467-75.,
DOl:https://doi.org/10.1016/j.ecoleng.2011.03.012.

Katsalirou E, Deng S, Nofziger DL, Gerakis A, Fuhlendorf SD. Spatial structure of microbial
biomass and activity in prairie soil ecosystems. Eur. J. Soil Biol. 2010;46(3-4):181-9.
DOl:https://doi.org/ 10.1016/j.ejsobi.2010.04.005.

Piotrowska-Ditugosza A, Breza-Borutab B, Diugosza J. Spatial and temporal variability of the
soil microbiological properties in two soils with a different pedogenesis cropped to winter rape
(Brassica napus L.). Geoderma. 2019;340:313-24.
DOl:https://doi.org/10.1016/j.geoderma.2019.01.020.

Goovaerts P. Geostatistical tools for characterizing the spatial variability of microbiological and
physico-chemical soil properties. Biol. Fert. Soils. 1998;27:315-34.

Subhasree N, Sajeena S, Prasanthi K, Hakkim VMA. Spatial variability mapping of soll
chemical properties using GIS & GPS. Int. J. Environ. Clim. Chang. 2022;12(12):512-520.
DOI:https://doi.org/10.9734/IJECC/2022/V/121121488.

Arunkumar V, Yuvaraj M, Sakthivel K, Jamuna E, Ananthi K. Assessment of spatial variability
of soil properties using geospatial techniques for enhanced productive capacity of agricultural
systems in India. Int. J. Environ. Clim. Chang. 2023;13(8),1014-27.
DOIl:https://doi.org/10.9734/1IJECC/2023/V13182039.

Jeanne T, D’Astous-Page J, Hogue R. Spatial, temporal and technical variability in the
diversity of prokaryotes and fungi in agricultural soils. Front. Soil Sci. 2022;2:945888.
DOIl:https://doi.org/10.3389/fs0il.2022.945888.

Grzyb A, Wolna-Maruwka A, tukowiak R, Ceglarek J. Spatial and temporal variability of the
microbiological and chemical properties of soils under wheat and oilseed rape cultivation.
Agronomy 2022;12:2259. DOI:https://doi.org/10.3390/agronomy12102259.

11



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Piotrowska-Diugosz A, Breza-Boruta B, Dilugosz J. Spatio-temporal heterogeneity of sail
microbial properties in a conventionally managed arable field. J. Soils Sediments 2019;19:345-
55. DOI:https://doi.org/10.1007/s11368-018-2022-3.

Smith JL, Halvorson JJ. Field scale studies on the spatial variability of soil quality indicators in
Washington State, USA. Appl. Environ. Soil Sci. 2011; 2011:1-7.
DOIl:https://doi.org/10.1155/2011/198737.

Negassa W, Baum C, Schlichting A, Miller J, Leinweber P. Small-scale spatial variability of
soil chemical and biochemical properties in a rewetted degraded Peatland. Front. Environ. Sci.
2019;7:1-15. DOI:https://doi.org/10.3389/FENVS.2019.00116/BIBTEX.

Loureiro DC, De-Polli H, Ceddia MB, De-Aquino AM. Spatial variability of microbial biomass
and organic matter labile pools in a haplic planosol soil. Bragantia. 2010;69(Suppl):85-95.
DOI:https://doi.org/10.1590/S0006-87052010000500010.

Kiani M, Hernandez-Ramirez G, Quideau SAM. Spatial variation of soil quality indicators as a
function of land use and topography. Can. J. Soil Sci. 2020;100:463-78. DOI:
dx.doi.org/10.1139/cjss-2019-0163.

Liu S, Li Y, Wu J, Huang D, Su Y, Wei W. Spatial variability of soil microbial biomass carbon,
nitrogen and phosphorus in a hilly red soil landscape in subtropical China. Soil Sci. Plant Nutr.
2010;56(5):693—-704. DOI:https://doi.org/10.1111/3.1747-0765.2010.00510.X.

Wirth SJ. Regional-scale analysis of soil microbial biomass and soil basal CO2-respiration in
Northeastern Germany. In: Stott DE, Mohtar RH, Steinhardt GC, Editors. Sustaining the global
farm: Selected Papers from the 10th International Soil Conservation Organization Meeting,
May 24-29 1999. West Lafayette: International Soil Conservation Organization; 2001.

Stark CHE, Condron LM, Stewart A, Di HJ, O’Callaghan M. Small-scale spatial variability of
selected soil biological properties. Soil Biol. Biochem. 2004;36(4):601-8. doi:
10.1016/j.s0ilbio.2003.12.005.

Jeelani J, Kirmani NA, Sofi JA, Mir SA, Wani JA, Rasool R, Sadat S. An overview of spatial
variability of soil microbiological properties using geostatistics. Int. J. Curr. Microbiol. Appl. Sci.
2017;6(4):1132-45. DOI:https://doi.org/10.20546/IJCMAS.2017.604.140.

Bouyoucos G. Hydrometer method improved for making particle analysis of soil. Agron. J. vol.
1962;54:464-5.

Walkley A, Black IA. An examination of the Degtjareff method for determining soil organic
matter and a proposed modification of the chromic acid titration method. Soil Sci. 1934;37:29—
38.

Piper CS. Soil and plant analysis. Mumbai: Hans Publishers; 1966.

Sarkar D, Haldar A. Physical and chemical methods in soil analysis. New Delhi, India: New
Age International (P) Limited; 2005.

Page AL, Miller RH, Keeney DR. Methods of soil analysis, part 2: Chemical and
smicrobiological properties. 2nd ed. Madison, Wisconsin: ASA, SSSA; 1982.

Horwath WR, Paul EA, Microbial Biomasss. In: Methods of soil analysis, part 2. microbiological
and biochemical properties. SSSA Book Series No.5, Madison, WI, USA: SSSA, 1994.

12



[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Klein DA, Loh TC, Goulding RL. A rapid procedure to evaluate the dehydrogenase activity of
soils low in organic matter. Soil Biol. Biochem., 1971;3(4):385-7.
DOl:https://doi.org/10.1016/0038-0717(71)90049-6.

Matheron G. Principles of geostatistics. Econ. Geol. 1963;58:1246-66.

Wackernagel H. Multivariate geostatistics - an introduction with applications. 3rd ed.
Heidelberg: Springer Berlin; 2003.

Manna MC, Swarup A, Wanjari RH, Ravankar HN, Mishra B, Saha MN, Singh YV, Sahi DK,
Sarap PA. Long-term effect of fertilizer and manure application on soil organic carbon storage,
soil quality and yield sustainability under sub-humid and semi-arid tropical India. F. Crop. Res.
2005;93(2-3):264-80. DOI:https://doi.org/10.1016/j.fcr.2004.10.006.

Mandal A, Patra A, Singh D, Swarup A, Ebhinmasto R. Effect of long-term application of
manure and fertilizer on biological and biochemical activities in soil during crop development
stages. Bioresour. Technol. 2007;98(18):3585-92.
DOI:https://doi.org/10.1016/j.biortech.2006.11.027.

Moharana PC, Biswas DR, Patra AK, Datta SC, Singh RD, Lata, Bandyopadhyay KK. Soil
nutrient availability and enzyme activities under wheat-green gram crop rotation as affected by
rock phosphate enriched compost and inorganic fertilizers. J. Indian Soc. Soil Sci.
2014:62(3):224-34.

Wilding LP. Spatial variability: its documentation, accommodation, and implication to soil
surveys. In: Nielsen DR, Bouma J, Editors. Soil Spatial Variability. Wageningen: Pudoc; 1985.
Yanai J, Sawamoto T, Oe T, Kusa K, Yamakawa K, Sakamoto K, Naganawa T, Inubushi K,
Hatano R, Kosaki T. Spatial variability of nitrous oxide emissions and their soil-related
determining factors in an agricultural field. J. Environ. Qual. 2003;32(6):1965-77.
DOl:https://doi.org/10.2134/jeq2003.1965.

Sebai TEl, Lagacherie B, Soulas G, Martin-Laurent F. Spatial variability of isoproturon
mineralizing activity within an agricultural field: geostatistical analysis of simple
physicochemical and microbiological soil parameters. Environ. Pollut. 2007;145(3),680-90.
DOIl:https://doi.org/10.1016/j.envpol.2006.05.034.

Beyer L, Wachendorf C, Elsner DC, Knabe R. Suitability of dehydrogenase activity assay as
an index of soil Dbiological activity. Biol. Fertil.  Soils. 1993;16(1):52-6.
DOI:https://doi.org/10.1007/bf00336515.

Emmerling C, Udelhoven T, Schrdoder D. Response of soil microbial biomass and activity to
agricultural de-intensification over a 10 year period. Soil Biol. Biochem. 2001;33(15):2105-14.
DOl:https://doi.org/10.1016/s0038-0717(01)00143-2.

Shahbazi F, Aliasgharzad N, Ebrahimzad SA, Najafi N. Geostatistical analysis for predicting
soil biological maps under different scenarios of land use. Eur. J. Soil Biol. 2013;55:20-27.
https://doi.org/10.1016/j.ejsobi.2012.10.009

Rossel D, Tarradellas J, Bitton G, Morel JL. Use of enzymes in soil ecotoxicology: a case for
dehydrogenase and hydrolytic enzymes. In: Tarradellas J, Bitton G, Rossel D, Editors. Soil

Ecotoxicology. Boca Raton: CRC Press; 1997.

13



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Cambardella CA, Moorman TB, Novak JM, Parkin TB, Karlen DL, Turco RF, Konopka AE.
Field-scale variability of soil properties in central lowa soils. Soil Sci. Soc. Am. J.
1994;58:1501-11,.

Goovaerts P. Geostatistics for natural resources evaluation. New York: Oxford University
Press; 1997.

Shit PK, Bhunia GS, Maiti R. Spatial analysis of soil properties using GIS based geostatistics
models. Model. Earth Syst. Environ. 2016;2:107. DOI:https://doi.org/10.1007/s40808-016-
0160-4.

Peigné J, Vian JF, Cannavacciuolo M, Bottollier B, Chaussod R. Soil sampling based on field
spatial variability of soil microbial indicators. Eur. J. Soil Biol. 2009;45(5-6):488-95
DOIl:https://doi.org/10.1016/j.ejsobi.2009.09.002.

Piotrowska A, Dilugosz J, Namystowska-Wilczyriska B, Zamorski R. Field-scale variability of
topsoil dehydrogenase and cellulase activities as affected by variability of some physico-
chemical properties. Biol. Fertil. Soils. 2011;47(1):101-9. DOI:https://doi.org/10.1007/s00374-
010-0507-3.

Piotrowska A, Dlugosz J. Spatio-temporal variability of microbial biomass content and activities
related to some physicochemical properties of Luvisols. Geoderma, 2012;173-4:199-208.
DOl:https://doi.org/10.1016/j.geoderma.2011.12.014

Paz-Ferreiro J, Bardgett RD. The spatial structure of soil microbial properties in an upland
grassland. In: Proceedings of the 19th World Congress of Soil Science: Soil solutions for a
changing world, Brisbane, Australia, 1-6 August 2010. Symposium 2.3. 1 The soil-root
interface, 2010.

Askin T, Kizilkaya R. Spatial distribution patterns of soil microbial biomass carbon within the
pasture. Agric. Conspec. Sci. 2007;72(1):75-79.

Askin T, Kizilkaya R, Ozdemir N. The spatial variability of soil dehydrogenase activity: a study
in pasture soils. In: International Soil Congress (ISC) on “Natural Resource Management for
Sustainable Development” June 7-10, 2004 Erzurum-Turkey; 2004.

Li J, Heap AD. A review of spatial interpolation methods for environmental scientists.
Geoscience Australia, Record 2008/23; 2008.

Gorai T, Ahmed N, Sahoo RN, Pradhan S, Datta SC, Sharma RK. Spatial variability mapping
of soil properties at farm scale. J. Agric. Phys. 2015;15:29-37.

M. Tassano Montanez A, Nunez L, Trasante T, Gonzalez J, Irigoyen J, Cabral P, Cabrera M.
“Spatial cross-correlation between physicochemical and microbiological variables at superficial
soil with different levels of degradation,” Catena. 2021;198:105000.

DOI: https://doi.org/10.1016/j.catena.2020.105000.

Gorai T, Ahmed N, Sahoo RN. Farm-scale mapping of soil phosphorus and potassium
fractions using geostatistical technique. Int. J. Plant Soil Sci, 2022;1257-70.
DOl:https://doi.org/10.9734/1JPSS/2022/V341232541.

Gorai T, Ahmed N, Patra AK, Sahoo RN, Sarangi A, Meena MC, Sharma RK. Site specific

nutrient management of an intensively cultivated farm using geostatistical approach. Proc.

14



Natl. Acad. Sci. India Sect. B Biol. Sci., 2017;87:477-88. DOI:https://doi.org/10.1007/s40011-

015-0590-1.

[61] RoOver M, Kaiser EA. Spatial heterogeneity within the plough layer: low and moderate variability
of soil properties. Soil Biol. Biochem. 1999;31(2):175-87. DOI:https://doi.org/10.1016/s0038-
0717(97)00272-1.

15



