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ABSTRACT

Spatial association between plant densities of inland and coastal plots and selected soil variables such as pH, OC
(organic carbon), exchangeable cations Na, K, Ca, Mg; and NOz—N (nitrate nitrogen) as well as available phosphorus
were examined using a geostatistical technique, namely, semivariogram analysis. The selected plant species were the
dominant halophytes of Karachi. At both sites, one square plot of 16m x 16m in size was deterministically selected and
subdivided into 64 (2x2 m) square sub-plots (quadrats). Soil and plant density data from each sub-plot was obtained.
Spherical model was best fitted for all soil characteristics and the parameters of the model such as nugget (C,), sill
(C1+C,) and range (a), were used to explain the spatial structure of different soil properties and the halophytes. All
inland and coastal soil attributes (except OC of the coastal site) as well as the plant densities showed zero nugget effect
which specified spatial continuity to be very even between adjacent points. Ca showed highest sill variance for both
inland and coastal soil attributes. Coastal halophyte Suaeda fruticosa showed highest sill variance compared to other
plant populations. The density of all inland plant populations showed autocorrelation range close to unity. All inland
and coastal soil properties (except OC of the coastal site) and plant densities showed strong spatial dependence.
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INTRODUCTION

Conventional sampling utilizes a technique of random selection of the samples (in our case; for plants and soils)
in which the association between the samples is not considered. Every sample that is taken away from the field is
independent showing no variability between that sample and the neighboring samples. Variables of the samples are
generally averaged out which represent the mean value of the variable for the whole area under investigation or the
field. This value for average does not satisfactorily portray the variable’s behaviour across the area of interest.

On the other hand, geostatistical methods explain spatial association between the samples and inspect the
changes in the values of the samples over distance and direction (Guertal and Westerman, 1992).The variables
examined are called regionalized variables. Spatial methods employ the hidden spatial variations to produce better
estimates of differences among treatments or field sites. As stated by Burrough (1993), and Wilding et al., (1994),
spatial continuity as a function of space and time for different soil attributes is important to develop the logical,
empirical, and physical models of soil and landscape processes. Geostatistics, is a commonly used approach to
discover the spatial structure in the variability of soil characteristics (Carvalho et al., 2002; Vieira et al., 2002).
More simply, geostatistics can be defined as the study of attributes that change in space or time (Deutsch, 2002). It
deals with the data that is spatially autocorrelated. As stated by Olea (1999), geostatistics includes all numerical
techniques which are focused on the categorization of spatial characteristics. Mainly it uses random models in a
similar way as time series analysis categorizes temporal data.

The interest in the study of spatial variation in soil characteristics has been increased with the successful
development of geostatistical methods since 1970°s. Various scientists have worked in this field such as Steiger et
al. (1996); White et al. (1997); Yu et al. (2001) and Romic and Romic (2003) who discussed the spatial variation of
soil heavy metal concentrations. Webster and Oliver (2001) and Liu et al. (2004, 2008) showed interest on spatial
distribution of micronutrients in soils. Nevertheless, a great stack of study exists on spatial variability of other soil
properties by Yost et al. (1982); Yanai et al. (2001); Corwin et al. (2003); Gilbert and Wayne (2008) and Liu et al.
(2008).

Variogram construction is a commonly used geostatistical technique for the assessment of spatial variability of
various soil characteristics, though it can also be utilized to unravel the plant species patterns. The method, in
general, employs regionalized variables. Matheron (1963) first defined the semivariograms function y(h) as half the
average squared difference between points separated by a distance h. It is expressed by the following formula:

1 2
y(h) = 2|N—(h)|NZU;)(Zi ~z)
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Where N(h) is the set of all pairwise Euclidean distances i—j=h, | N(h) | is the number of distinct pairs in N(h),
and z; and z; are data values at spatial locations i and j, respectively.

The semivariance function characterizes the spatial continuity / variability between points. Semivariogram is a
plot obtained when semivariance is plotted against the lag distance (McBratney and Webster, 1986). More details
and information about the theories and methodologies involved in the construction of semivariograms can be found
in the work of Journel and Huijbregts (1978); Burgess and Webster (1980); Hamlett et al. (1986); Warrick and
Myers (1987); and Isaaks and Srivastava (1989).

The structure of a semivariogram is described by its three components, namely, the nugget, the sill and the
range. The nugget is the non-zero value for y when lag distance (h) = 0. It is produced by various errors such as
measurement error or when the data is not collected from sufficiently smaller spacing to expose continuous spatial
behavior. The sill is that value of semivariance when the variogram levels off. Sill should be equal to the dataset
variance. Range is the value of lag distance (h) at which the semivariogram reaches the value of the sill. These
spatial components (nuggets, sill and range) help identifying autocorrelation and replicating samples and exposing a
dominant pattern in the data series (Si et al., 2007). The semivariogram components also quantify the spatial
dependence between observations (Goovaerts, 1997, 1999).

MATERIALS AND METHODS

SITE DESCRIPTION

The study area comprised of inland and coastal sites. One square plot of 16m x 16m in size was selected from
the coastal site (lat. 24° 51.317'N; long. 66° 52.684'E) and another was chosen from the inland site (lat. 24°
56.365'N; long. 67° 7.523'E) within the University of Karachi campus. Each plot was subdivided into 64 (2x2m)
square quadrats keeping in view that the plots were topographically uniform parts of the study area. The plots were
permanently marked using steel nails to avoid erroneous measurements.

SAMPLE COLLECTIONAND ESTIMATIONS

Soil samples were collected from all 64 square quadrats from the depth of 30cm (from centre) using a soil auger
from both inland and coastal fields. The collected soil samples were dried at room temperature in an airy place for a
few days for the estimations of pH, OC (organic carbon), exchangeable Na, K, Ca and Mg, NOs—N, and available
phosphorus (Available P). Coning and quartering were performed in the laboratory to obtain representative samples.
The soil pH was determined by a digital pH meter (Jenway, England) in the saturation extract of the soil. Organic
carbon (OC) was estimated by the loss-on- ignition method (at 450°C) in a muffle furnace. Exchangeable Na, K, Ca
and Mg were determined by extracting in neutral normal ammonium acetate (N CH;COONH,) solution
(Schollenberger and Simon, 1945). For NOs—N, nitrate extracting CuSO, (0.5M) and Ag,SO, (0.6%) solutions were
utilized as suggested by Jackson (1958). However, plant available phosphorus (Available P) was determined by
Olsen’s method using alkaline sodium bicarbonate solution as an extractant for plant available P in soil. All soil
analyses were performed in the Department of Geography, University of Karachi.

Plant density was determined in each of the sub plots (quadrats). The density for selected halophytes including
Atriplex griffithii, Cyperus conglomeratus, Haloxylon recurvum, Salsola imbricata and Suaeda fruticosa, was
recorded. The criteria for selection of halophytic species was their occurrence and abundance at study sites. Rare
halophytic species were excluded from the study as the excessive zero entries would have marred the data analysis.

STATISTICAL AND GEOSTATISTICAL ANALYSIS

The descriptive statistics (i.e., mean, minima, maxima, standard deviation, variance, standard error, coefficient
of variation and skewness) of measured soil characteristics were computed using MS-Excel (Ver. 2007)..

The semivariograms for soil variables and plant densities of inland and coastal plots were made through
MATLAB software. The parameters for models fitted to the semivariograms (nugget, sill and range) were calculated
S0 as to analyse the nature of semivariograms.

RESULTS

DESCRIPTIVE STATISTICS OF INLAND SOIL SAMPLES

The pH of inland soil samples ranged from 7.12 to 7.97 (Table 1). The amount of organic carbon (OC) varied
between 0.609 to 1.064% of the inland samples with a mean value of 0.789%. The percent coefficient of variation
(CV%) for OC in inland samples was found to be 13.36% (Table 1). The mean values for exchangeable cations
followed Ca > Na > Mg > K trend. The amount of NOs—N and Available P ranged from 1.218 to 8.897ug/g and
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0.024 to 1.4pg/g (Table 1). The coefficient of variation was found to be maximum (54.56%) for available P and
minimum for pH (2.532%) of the inland soil samples. Skewness measures the symmetry or asymmetry of the data
set. All parameters for inland soils showed positive values for skewness except Mg and available P. Positively
skewed soil variables indicate that data for these soil variables was skewed towards right, whereas negatively
skewed variables showed that their data was skewed towards left side (Table 1).

DESCRIPTIVE STATISTICS OF COASTAL SOIL SAMPLES

The coastal samples showed average pH range from 6.987 to 8.946 with a mean of pH 8 (Table 2). The
coefficient of variation (CV%) for coastal soil pH was 6.41%. Soil OC content showed the average amount of
0.745% with a CV value 14.67%. The mean concentrations of exchangeable cations followed Ca (23.98me/100g) >
Na (11.22) > Mg (3.75) > K (0.654) for coastal soils (Table 2). Mean values for NOs—N and available P for coastal
soils were 3.73 and 0.392 pg/g respectively. The coefficient of variation (CV%) was found to be highest for
available P (79.14%). All coastal soil samples were found to be positively skewed except OC (Table 2).

For inland site, Atriplex griffithii was found significantly correlated with Mg (p < 0.05) (Table 3). On the other
hand, Cyperus conglomeratus showed significant positive correlation with Ca (p < 0.05) (Table 4). In addition some
soil factors showed significant correlation (p at the most 0.05) with each other (Table 3 and 4).

Table 1. Descriptive statistics for inland soil variables (N=64).

Inland samples

Soil attributes pH OC (%) Na K Ca Mg NOs-N AP
Min. 7.128 0.609 6.4 0.11 20.01 1.01 1.218 0.024

Max. 7.972 1.064 18.99 1.2 49.28 8.91 8.897 1.4
Mean 7.561 0.789 10.996 | 0.596 33.566 5.347 4.211 0.592
SD 0.191 0.105 3.144 0.314 7.637 2.202 1.546 0.323
Var. 0.037 0.012 9.885 0.099 58.318 4.851 2.39 0.105

SE 0.024 0.013 0.393 0.039 0.955 0.275 0.193 0.04
CV (%) 2.532 13.366 | 28.594 | 52.655 | 22.751 | 41.191 36.708 54.56
Sk. 0.066 0.506 0.662 0.36 0.161 —-0.322 0.606 -0.15

Note: The exchangeable cations, Na, K, Ca and Mg are in me/100g of soil, whereas NOz;—N and Available Phoshorus (AP) are in
Hg/g. SD means standard deviation, Var. variance, SE standard error, CV. coefficient of variation and sk, skewness.

Table 2. Descriptive statistics for coastal soil variables (N=64).

Coastal samples
Soil attributes pH oc Na K Ca Mg NOs-N AP
(%)

Min. 6.987 0.435 6.9 0.11 18.8 0.8 1.088 0.017
Max. 8.946 0.899 18.44 1.3 29.33 8.1 6.885 1.15
Mean 8.009 0.745 11.222 0.654 | 23.984 3.753 3.726 0.392
SD 0.514 0.109 2.66 0.314 3.069 1.89 1.662 0.31
Var. 0.264 0.011 7.077 0.099 9.419 3.572 2.764 0.096
SE 0.064 0.014 0.333 0.039 0.384 0.236 0.208 0.039
CV (%) 6.413 14.673 | 23.705 | 47.977 | 12.796 | 50.361 44.621 79.14
Sk. 0.175 —-0.810 0.598 0.105 0.09 0.363 0.278 0.613

The meaning of abbreviations are given at the bottom of Table 1.
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Table 3 Correlation matrix between three inland halophytes and associated soil variables.

Inland Halophytes Inland Soil Variables
Suaeda Salsola Atriplex Nitrate | Available
fruticosa imbricata griffithii nitrogen | PO, pH ocC Na K Ca | Mg
Suaeda
fruticosa 1 0.025 -0.11 0.044 0.157 [-0.023| 0.107 | -0.06 | -0.1 | 0.227] -0.02
Salsola
imbricata 1 -0.115 0.028 0.102 |-0.022| 0.022 | -0.13| 0.02 | 0.033| 0.035
Atriplex
griffithii 1 0.025 -0.004 | 0.055| 0.009 | -0.09 | -0.053 | -0.04 | .307*
Nitrate
nitrogen 1 -0.222 |-.362** 0.234 [ -0.09 | .333**| .264* | 0.005
Available
PO, 1 0.112 | 0.039 (.321** -0.05 | -0.03 | -0.16
pH 1 [-.410**|.329**| -0.087 | 0.056 | 0.025
oC 1 -0.1 | -0.094]0.009| -0.2
Na 1 0.035 | 0.089 | -.262*
K 1 0.13 | 0.164
Ca 1 10.044
Mg 1
* p<0.05; ** p< 0.01
Table 4 Correlation matrix between three coastal halophytes and associated soil variables.
Coastal Halophytes Coastal Soil Variables
Suaeda | Haloxylon Cyperus Nitrate | Available
fruticosa | recurvum | conglomeratus |nitrogen| PO, pH 0oC Na K Ca Mg
S 1 .037 -.208 -.015 -.061 -188 | -.110 | .014 | .032 | -.133 | .044
uaeda
fruticosa
Haloxylon 1 .058 -.042 -.155 221 | -.182 | .075 | -.179 | .019 | -.095
recurvum
Cyperus 1 -.180 -.054 -035 | .060 | .097 | -.151 [ 256" | .068
conglomeratus
Nitrate 1 .021 -021 | -.227 | .105 | -.151 | -.080 | .015
nitrogen
Available 1 -109 | -.038 | -.104 | -.118 | .153 | -.102
PO,
pH 1 -258"| .096 | .021 | -.030 | -.078
oC 1 -033 | 255" | .027 | .028
Na 1 -043 | -.015 | -.212
K 1 -.022 | .055
Ca 1 .158
Mg 1
* p<0.05; ** p< 0.01

SEMIVARIOGRAM ANALYSIS

The spatial behavior of the selected variables of soils for inland and coastal sites and the densities of plants
within these plots were assessed with the help of their semivariograms (Fig. 1 and Fig. 2). The spherical model was
fitted for all soil properties for both sites, i.e., inland and coastal sites, as this model was found most appropriate to
the observed data. The parameters for the best fitted model such as nugget (C,), sill (C;+C,) and range (a) are
presented in Table 5 and Table 6. The nugget variance was found to be nil for all inland and coastal soil samples,
however, only one coastal sample showed some nugget effect for OC content (Table 5). Soil parameters such as
organic carbon content (OC), Na, Ca, and Mg showed higher total semivariance estimates (i.e., Sill variance) for
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inland soils than coastal samples. However, the remaining parameters (pH, K and NO3—N) represented higher values
of total semivariance for coastal soils than inland samples (Table 5).
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Fig. 1 Semivariograms of soil variables of inland (left column) and coastal plots (right column). The soil variables are shown on
the upper left side whereas, the figure numbers are mentioned on the bottom left corner of every figure.
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Fig. 2 Semivariograms of plant densities of (a) Atriplex griffithii (b) Suaeda fruticosa and (c) Salsola imbricata of inland plot,
whereas (d) Suaeda fruticosa (e) Haloxylon recurvum and (f) Cyperus conglomeratus of coastal plot.
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Table 5. Geostatistical parameters for spherical semivariogram model for inland
and coastal soil properties.

2 Nugget Sill Range” N;ggg{:ﬁ'” spatial
E Parameters class
n Co C, a C,/Cyx 100
pH 0 0.034 7.694 0 Strong
oC 0 0.010 1.781 0 Strong
Na 0 9.896 1.295 0 Strong
g K 0 0.092 1.049 0 Strong
= Ca 0 61.761 2.311 0 Strong
Mg 0 5.268 1.054 0 Strong
NOz;—N 0 2.210 1.066 0 Strong
Available P 0 0.099 1.670 0 Strong
pH 0 0.234 1.534 0 Strong
oC 0.0024 0.009 4.749 26.66 Moderate
Na 0 6.479 1.638 0 Strong
g K 0 0.100 1577 0 Strong
S Ca 0 9.089 1.101 0 Strong
Mg 0 3.582 1.343 0 Strong
NO;—-N 0 2.719 1.051 0 Strong
Avialable P 0 0.097 1.512 0 Strong
Table 6. Geostatistical parameters for spherical semivariogram model for inland
and coastal plant densities.
g Nugget | Sill | Range” Ngg?gﬁ'” spatial
'}"_3 Plants class
» Co C, a C,/C1x 100
= Atriplex griffithii 0 0.595 | 1.048 0 Strong
C_E Suaeda fruticosa 0 1.144 | 1.047 0 Strong
Salsola imbricata 0 0.711 | 1.047 0 Strong
= Suaeda fruticosa 0 1.896 | 1.182 0 Strong
% Haloxylon recurvum 0 0.524 | 1.054 0 Strong
© Cyperus conglomeratus 0 0.524 1.468 0 Strong

Among selected inland soil attributes, K, Mg and NOz—N showed nearly similar autocorrelation ranges (~1m),
whereas Na, Ca and available P possessed slightly higher ranges (1.295m, 2.311m and 1.67m, respectively) (Table
5). The inland soil pH showed a much larger spatial autocorrelation range (7.694m). The coastal soil grid samples
represented the highest spatial range for organic carbon content (4.749m), whereas nearly similar autocorrelation
ranges for pH (1.534m), K (1.577m) and available P (1.512m) were examined for coastal samples (Table 5).

The ratio of C,/ C; (nugget semivariance / total semivariance) expressed in percentage was used to identify the
levels of spatial dependence for soil attributes. A strong spatial dependence for the variable is predicted if the ratio is
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found to be less than 25%, the ratio value between 25-75% showed moderate spatial dependence, whereas more
than 75% ratio value represented weak spatial dependence for soil variables. The percent nugget / sill ratio
categorized all inland and coastal soil attributes (except OC of coastal site) in strongly dependent class (Table 5)
whereas OC (organic carbon) of coastal site showed moderate spatial dependence.

The nugget effect was found to be nil for all inland and coastal plant densities (Table 6). The sill variance was
found to be highest for coastal Suaeda fruticosa (1.896). However, coastal species of Haloxylon recurvum and
Cyperus conglomeratus showed similar sill variance (Table 6). The autocorrelation ranges for all inland populations
(i.e., Atriplex griffithii, Suaeda fruticosa and Salsola imbricata were similar and nearly unity (~1). Among coastal
populations, Cyperus conglomeratus showed high autocorrelation range of 1.468m (Table 6). The percent nugget /
sill ratio of all inland and coastal populations represented strongly dependent spatial class (Table 6).

DISCUSSION

More alkaline pH (avg. 8) was observed for coastal samples compared to inland soil samples (avg. 7.56) as
shown in the descriptive statistics in Table 1. Organic carbon content was nearly found to be similar for inland and
coastal soils; however the mean values for NO3;—N and available P were slightly higher for inland samples than for
coastal soils (Table 2). The average amount of exchangeable cations followed a similar sequence of Ca > Na > Mg >
K for both inland and coastal sites (Table 1 and 2). The percent coefficient of variation (CV%) showed difference
with respect to soil parameters. It was found maximum for available P for both inland and coastal samples (54.56%
and 79.14%, respectively) (Table 1 and 2). Minimum values for CV were noticed for pH of both inland and coastal
samples (2.53 and 6.41%, respectively). Reza et al. (2016) and Sun et al. (2003) also documented minimum
variation for pH compared to other soil properties. The inland population of Atriplex griffithii was positively
correlated with Mg content in the soil whereas coastal C. conglomeratus showed significant correlation with Ca.
However, the density of halophytes, in general, was not correlated with other soil characteristics. Some of the soil
characteristic exhibited correlation, e.g. inland nitrate nitrogen (NO3-N) correlated significantly with soil pH, K and
Ca. However, available P and pH represented excellent correlations with Na in inland soils.

Semivariograms were constructed for eight soil properties such as soil pH, OC, Na, K, Ca, Mg, NOs-N and
Available P. Spherical model was best fitted for all soil attributes and the parameters of the model such as nugget
(Co), sill (C+C,) and range (a), were used to explain the spatial structure of different soil properties and plant
densities (Table 5 and Table 6). The spherical model is a most commonly used model which represents gradual
decrease in spatial autocorrelation till a distance (range) is reached, further than that autocorrelation becomes
zero.According to Bhatti et al., (1991), semivariogram construction is used to depict the spatial structure of
attributes of soil and plants. All inland and coastal soil attributes (except OC of the coastal site) showed zero nugget
effect (Table 5).

According to Webster and Nortcliff (1984) and Webster (1985) nugget effect is the semivariance when h=0.
The semivariograms showing zeros nugget variance specified spatial continuity to be very even between adjacent
points (Vieira and Gonzalez, 2003). The total variance (i.e., sill variance) was found to be more for OC, Na, Ca, Mg
and available P of inland plot compared to coastal plot’s soil attributes. However, coastal plot possessed more sill
variance for pH, K and NO;—N as compared with inland plot’s corresponding soil attributes (Table 5). Similar
results were obtained for inland and coastal soil parameters for variance obtained through conventional statistics
(Table 1). Pawar (2003) stated that sill should be equal to the variance of the dataset.

The autocorrelation ranges varied among different soil attributes for both inland and coastal soils. Generally K,
Mg and NOs—N showed nearly similar autocorrelation ranges (~1m), whereas Na, Ca and available P showed
slightly higher ranges. However, pH of inland soils represented highest autocorrelation range (Table 5). The smaller
autocorrelation ranges indicated that the spatial continuity vanishes very quickly. Among the coastal site, the highest
autocorrelation range was observed for OC (4.749m), however, pH, K and available P showed nearly similar ranges
of around 1.5m. "

The ratio of nugget to sill was utilized to examine levels of spatial dependence of soil properties. The spatial
dependence was found to be strong if the nugget / sill ratio (expressed as a percentage) was less than 25%, moderate
if it existed between 25 to 75%, and weak for more than 75% ratio. As stated by Trangmar et al. (1985), nugget
semivariance (C,) calculated as a percentage of sill semivariance (C,) is used for comparison of relative amount of
the nugget effect for soil variables. Cambardella et al. (1994), also used the ratio of C,/C; (nugget semivariance/total
semivariance) expressed in percentage to identify the levels of spatial dependence for soil attributes. All inland and
coastal site’s soil properties (except OC of the coastal site) showed strong dependence for soil properties based on
percent nugget / sill ratio stated above (Table 5). Moderate dependence (26.58%) was detected in coastal organic
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carbon content. Reza (2016) noticed strong spatial dependence for soil pH and a weak dependence for organic
carbon content (OC).

For plant densities the autocorrelation ranges were found to be similar for nearly all species found in inland and
coastal sampling grids except Cyperus conglomeratus which showed slightly higher autocorrelation ranges of
1.468m. All inland and coastal populations exhibited strongly dependent spatial class.

REFERENCES

Bhatti, A. U., D.J. Mulla and B.F. Frazier (1991). Estimation of soil properties and wheat yields on complex eroded
hills using geostatistics and thematic mapper images. Remote Sensing of Environment, 37: 181-191.

Burgess, T. M. and R. Webster (1980). Optimal interpolation and isarithmic mapping of soil properties. I. The
semivariogram and punctual kriging. Journal of SoilScience, 31: 315-331.

Burrough, P.A. (1983). Multiscale sources of spatial variation in soil. I. The application of fractal concepts of nested
levels of soil variogram. Journal of soil science, 34: 577-597.

Cambardella, C. A., T.B. Moorman, J. M. Novak, T. B. Parkin, D. L. Karlen, R. F. Turco and A.E. Konopka (1994).
Field-scale variability of soil properties in central lowa soils. Soil Science Society of America Journal, 58:
1501-1511.

Carvalho, J. R. P., P.M. Silveira and S.R. Vieira (2002). Geostatistics in determining the spatial variability of soil
chemical characteristics under different preparations. Pesquisa Agropecuaria Brasileira, 37: 1151-1159.

Corwin, D. L., S.M. Lesch, P. J. Shouse, R. Soppe and J.E. Ayers (2003). Identifying soil properties that influence
cotton yield using soil sampling directed by apparent soil electrical conductivity. Journal of Agronomy, 95:
352-364.

Deutsch, C. V. (2002). Geostatistical Reservoir Modeling. Oxford University Press, 376p.

Gilbert, C. and H. Wayne (2008). Kriging analysis of soil properties. Journal of Soils Sediments, 8: 193-202.

Goovaerts, P. (1997). Geostatistics for natural resources evaluation. Oxford University Press, New York.

Goovaerts, P. (1999). Geostatistics in soil science: state-of-the-art and perspectives. Geoderma, 89: 1-45.

Guertal, E.A. and R.L. Westerman (1992). Geostatistical assessment of the spatial variability of soil nitrate in an
agricultural field. University Center for Water Research, Oklahoma State University Stillwater, Oklahoma, 21p.

Hamlett, J. M., R. Horton and N. A. C. Cressie (1986). Resistant and exploratory techniques for use in
semivariogram analyses. Soil Science Society of America Journal, 50: 868-875.

Isaaks, E. H. and R. M. Srivastava (1989). An introduction to applied geostatistics, Oxford University Press,
Toronto, Canada.

Jackson, M. L. (1958). Soil chemical analysis. Prentice-Hall, Englewood Cliffs, NJ. 521p.

Journel, A. G. and C. J. Huijbregts (1978). Mining Geostatistics. Academic Press, San Diego, CA.

Liu, X. M., J.M. Xu, M. K. Zhang, J. H. Huang, J. C. Shi and X. F. Yu (2004). Application of geostatistics and GIS
technique to characterize spatial variabilities of available micronutrients in paddy soils. Environmental Geology,
46: 189-194.

Liu, X. M., K.L. Zhao, J. M. Xu, M.H. Zhang, B. Si and F. Wang (2008). Spatial variability of soil organic matter
and nutrients in paddy fields at various scales in southeast China.Environmental Geology, 53: 1139-1147.

Matheron, G. (1963). Principles of Geostatistics. Economic Geology, 58: 1246-1266.

McBratney, A. B., and R. Webster (1986). Choosing functions for semi-variograms of soil properties and fitting
them to sampling estimates. Journal of soil science, 37: 617-639.

Olea, R.A. (1999). Geostatistics for Engineers and Earth Scientists. Kluwer Academic Publishers, 303p.

Pawar, R. J. (2003). Introduction to geostatistics. In: Nikravesh, M., Aminzadeh, F., and Zadeh,A. (Eds.). Soft
computing and intelligent data analysis in oil exploration. Elsevier Science, Amsterdam, The Netherlands. pp.
85-95.

Reza, S. K., U. Baruah, D. Sarkar and S.K. Singh (2016). Spatial variability of soil properties using geostatistical
method: a case study of lower Brahmaputra plains, India. Arabian Journal of Geosciences, 9: 446. doi:
10.1007/s12517-016-2474-y

Romic, M., and D. Romic ( 2003). Heavy metals distribution in agricultural topsoils in urban area. Environmental
Geology, 43: 795-805.

Schollenberger, C. J., and R. H. Simon (1945). Determination of exchange capacity and exchangeable bases in soils-
ammonium acetate method. Soil Science, 59(1): 13-24.

Si, B. C., R.G. Kachanoski and W.D. Reynolds (2007). Analysis of soil variability. In: Soil sampling and methods
of analysis, Gregorich, E. G. (Ed.). pp. 1163-1191.

INTERNATIONAL JOURNAL OF BIOLOGY AND BIOTECHNOLOGY 16 (2): 363-373, 2019.




SPATIAL PATTERN ANALYSIS OF SOME COASTAL AND INLAND PLANTS 373

Steiger, B.V., R. Webster, R. Schulin and R. Lehmann (1996). Mapping heavy metals in polluted soil by disjunctive
kriging. Environmental Pollution, 94(2): 205 215.

Sun, B., S. L. Zhou and Q.G. Zhao (2003). Evaluation of spatial and temporal changes of soil quality based on
geostatistical analysis in the hill region of subtropical China. Geoderma, 115: 85-99.

Trangmar, B. B., R.S. Yost and G. Uehara (1985). Application of geostatistics to spatial studies of soil properties.
Advances in Agronomy, 38: 45-94.

Vieira, S. R, J. Millete, G.C. Topp and W.D. Reynolds (2002). Handbook for geostatistical analysis of variability in
soil and climate data. In: Alvarez, V. V. H., Schaffer, C. E. G. R., Barros, N. F., Mello, J. W. V., and Costa, J.
M. (Eds.). Topics in soil science.Vicosa, Brazilian society of soil science, 2 1-45.

Vieira, S. R. and A.P. Gonzalez (2003). Analysis of spatial variability of crop yield and soil properties in small
agricultural plots. Bragantia, 62: 127-138.

Warrick, A. W. and D.E. Myers (1987). Optimization of sampling locations for variogram calculations. Water
Resources Research, 23: 496-500.

Webster, R. and S. Nortcliff (1984). Improved estimation of micronutrients in hectare plots of the Sonning series.
Journal Soil Science, 35: 667-672.

Webster, R. (1985). Quantitative spatial analysis of soil in the field. Advances in Soil Science, 3: 1-70.

Webster, R., and M.A. Oliver (2001). Geostatistics for environmental scientists. John Wiley and Sons, 271p.

White, J. G, R.M. Welch and W.A. Norvell (1997). Soil zinc map of the USA using geostatistics and geographic
information system. Soil Science Society of America Journal, 61: 185-194.

Wilding, L. P., J. Bouma and D. Goss (1994). Impact of spatial variability on modeling. In: Bryant, R., Arnold,
R.W. (Eds.). Quantitative modelling of soil forming processes.SSSA Special Publication # 39. Soil Science
Society of America, Inc. Madison, Wisconsin. pp. 61-75 p.

Yanai, J., C.K. Lee and T. Kaho (2001). Geostatistical analysis of soil chemical properties and rice yield in a paddy
field and application to the analysis of yield determining factors. Soil Science Plant Nutrition, 47: 291-301.
Yost, R. S., G. Uehara and R.L. Fox (1982). Geostatistical analysis of soil chemical properties of large land areas. I.

Semivariograms. Soil Science Society of America Journal, 46: 1028-1037.

Yu, P. L., K.C. Tsun and P.T. Tung (2001). Characterization of soil lead by comparing sequential Gaussian

simulation, simulated annealing simulation and kriging methods. Environmental Geology, 41: 189-199.

(Accepted for publication March 2019)

INTERNATIONAL JOURNAL OF BIOLOGY AND BIOTECHNOLOGY 16 (2): 363-373, 2019.




