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Abstract

Soils of Indian Konkan region, part of ecologically sensitive Western Ghats have been sub-

jected to anthropogenic activities of late. This has endangered the ecological security

through conspicuous losses in topsoil quality. The rationale of the present study was to map

the soil properties and create management zones for ensuring food and nutritional security.

The study was conducted in South Goa district of the state of Goa located in Konkan region.

A total of 258 geo-referenced soil samples were collected and analyzed for pH, EC, SOC,

available N, P, K and DTPA extractable micronutrients viz., Zn, Cu, Fe and Mn. Soil pH was

found to be in acidic range. A wide variability existed in SOC content ranging from 0.12–

5.85%. EC was mostly neutral with mean value 0.08±0.37 dSm-1, while available nitrogen

(AN), available phosphorus (AP) and available potassium (AK) varied in range from 56.4–

621.6 kg ha-1, 0.5–49.7 kg ha-1 and 31.5–786.2 kg ha-1 with mean values 211.2±76.9, 8.4

±8.2 and 202.3±137.6 kg ha-1, respectively. A wide range was exhibited by cationic DTPA

extractable Zn, Cu, Fe and Mn with mean values, 0.22±0.30, 0.44±0.60, 7.78±5.98 and 7.86

±5.86 mg kg-1, respectively. Soil pH exhibited significant positive correlation with EC, AP AK

and Zn and negative correlation with Fe and Cu. SOC exhibited significantly correlated with

AN, AP, AK, Zn and Fe. Geo-statistical analysis revealed J-Bessel as best fit semivariogram

model for pH, AP and AK; Rational Quadratic for EC, SOC, Zn and Mn; Hole effect for AN;

Stable for Cu and K-Bessel for Fe for their spatial mapping. Four principal components

showed eigenvalues more than one and cumulative variability of 59.38%. Three distinct soil

management zones showing significant variation in soil properties were identified and delin-

eated for wider scale management of soils. Precision nutrient management based on spatial

variation and their mapping would enable refined agricultural and environmental manage-

ment practices in the region.

Introduction

Indian Konkan region is part of UNESCO recognized world heritage site ‘Western Ghats’, a

global biodiversity hotspot, rich in biodiversity and species endemism [1, 2]. It is 50 km wide
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narrow coastal lowland with a sloping terrain, ecological charms, magnificent forest canopy

and golden palm fringed beaches [3]. However, its environment is under tremendous pressure

from human interference for developmental activities [4, 5]. Anthropogenic activities like min-

ing, industrialization and infrastructure boom have dominated the region during past few

decades. These have involved ruthless cutting of trees and caused removal of topsoil layer for

creating sink holes for indiscriminate dumping of created rejects of mining in the soil [6]. Dis-

turbance in structure of top soil layer has increased soil compaction, soil erosion and caused

appreciable amount of adverse effects on soil physico-chemical and biological properties [7, 8].

Soil erosion at a large scale has led to deterioration of soil fertility, destruction of biodiversity

and other societal resources [5, 9, 10]. Long term soil erosion completely exposes the top soil

to air and releases large amount of carbon and nitrogen, which in turn changes the degraded

ecosystems from C (N) sinks to C (N) sources [11]. Further, pouring of mine rejects containing

toxic metals into agricultural soils and rivers have contaminated soil and water [5, 6]. Conse-

quently, drastic disturbance in soil physico-chemical properties and nutrient dynamics have

led to disastrous effects on nutritional and ecological security in the region. The present work

was therefore taken up in South Goa district, a key location within the Konkan region, for

addressing the declining soil quality vis- a- vis aggravating environmental stress.

South Goa is one of the two districts that comprise the state of Goa, where about 900 sq km

of forests stand denuded and are now barren. The district covers an area of 1966 km2 with a

forest cover stretching across 1302 km2 [3]. About 10 large mines are situated on the hillocks

of South Goa that have created large pits in form of craters and exposed the unconsolidated

soil surface. The mines generate about 3300 tonnes of rejected dumps every day on the hill

slopes [5]. The rejects are mostly clay forms of soil containing toxic metals and are poured into

the agricultural fields, Zuari river and other water courses located at low levels during the

monsoons [4, 5]. It is reported that metals associated with mining possess toxic properties if

present above certain levels [12]. Fe, Mn, Cu, Pb, Cd, Cr and Co are known as beneficial ele-

ments for plant growth, but all are phytotoxic at higher concentrations [13]. The deposition of

toxic metals thus have altered soil physico-chemical properties and disrupted the surface and

subsurface hydrologic regimes which in turn have affected the soil nutrients and sustainable

ecological recovery adversely [14]. Further, alteration of soil properties influence the energy

and substrates transformation and result in nutrient deficiency in soil [15]. The deposition

and disturbances have modified the soil across the spatial and temporal scales [16].

Though variability of soil properties is inherent in nature due to geologic and pedologic soil

forming factors, intensive ongoing open-cast mining, coastal erosion and seawater ingress and

landslides in the crumbling hilly areas have added to the spatial variability within and amongst

the agricultural fields in the region [8]. Along with, prevalence of steep slope, high rainfall,

intensive cultivation, soil erosion and loss in organic matter have been related to loss in soil

quality and depleting forests [17]. Changes in soil environment has resulted in degradation of

~50% of its total geographical area causing a loss of 1.1 t ha-1 cereals on annual production

basis [18]. The impacts of human interference and consequent decline in soil quality have

been so devastating that uncultivable wastelands have almost doubled and the declining soil

quality has caused severe loss in crop production and destruction of local biodiversity [5, 6].

Assessment of spatial variability of important physico-chemical soil properties and their

mapping is therefore crucial for monitoring the changes in soil quality with time, precision

agriculture and site effective nutrient remediation in the region. Site-specific soil test-based

nutrient management with variable rates has been the most common strategy for improving

soil fertility [19–21]. However spatial variability assessment through geo-statistical tools help

in identification and delineation of uniform and congruous management zones for addressing

the soil fertility decline through development and adoption of region-specific soil and crop
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management practices [22–25]. Spatial variability of soil properties can be predicted through

the status of unsampled locations with the use of geo-statistical tools [26]. Interpolation and

kriging technique have been used for prediction of unbiased status of studied properties of

unsampled locations with minimum variance [27]. Cluster algorithm, interpolation and kri-

ging simulation techniques have been used for delineation of uniform soil management zones.

The technique reduces the sampling and analysis cost and interpolates the information of lim-

ited samples data even on unsampled locations [28, 29].

Keeping the above in view, the present study was conducted in South Goa district of the

state of Goa in Indian Konkan region of Western Ghats with objectives to (i) assess the spatial

variability in soil properties, viz., pH, SOC, EC, available N, P, K, Zn, Fe, Cu and Mn (ii) to

find the correlation amongst the soil properties and (iii) to develop spatial maps of soil proper-

ties and delineate the soil management zones.

2. Material and methods

2.1. Study area

The work was approved by the Director, ICAR-CCARI, Goa. The approval of the field site was

also provided by the Director. The study site South Goa is located in the state of Goa in the

Konkan region of Indian Western Ghats (Fig 1). It falls in the West Coast plains and Ghats

region of the agro-climatic regions of India. It is one of the two administrative districts of Goa

with an area of about 1966 km2 and bounded by North Goa district of Goa in the North, Uttara

Kannada district of Karnataka in the east and Arabian Sea in the west. It is geographically

lying in between 15˚29’30.57" to 14˚59’43.46" N latitudes and 73˚47’1.24" to 74˚ 38’ 55.20" E

longitudes and comprises three types of landforms viz. low lands, plateaus and mountains.

Low lands are fertile, plateaus are rich in laterite stones and mountains are covered with dense

forest. The major rivers are Zuari, Talpona, Sal and Galgibag.

The alluvial and red soils are classified into Inceptisol, Ultisol, Entisol and Alfisol soil orders

and have been divided into 18 soil series [8, 30]. The textures of these soils vary from sandy

loam to silty loam. These soils are developed from the parent material of granite-gneiss,

quartzite/ schistose and basalt. The climate is monsoon type and hot humid situation prevails

almost throughout the year. Rainfall is received by south-west monsoon during the first week

of June to September and sometime extends up to mid of October. The average annual rainfall

Fig 1. Distribution of sampling points in South Goa district of state of Goa in Konkan region of India.

https://doi.org/10.1371/journal.pone.0247177.g001
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received is about 2900 mm in unimodal pattern. The warmest month is May (36˚C) and the

coolest month is January (19.0˚C). However, December and January both are the pleasant

months because of low temperature and relative humidity.

Rice, the staple food of native population, is the dominant field crop grown in plains as well

as in undulated terrains on terraces. Largely grown during monsoon months as a single crop

in a year, few areas with assured and adequate irrigation also go for two consecutive rice crops.

The plantation crops have very good coverage in the region. Coconuts are grown on plains

and low lands, however upper undulated hilly terrains are covered with cashew. The plain irri-

gated areas are covered mainly with vegetables while lot of area is left fallow during post mon-

soon period. The other major crops are groundnut, arecanut, cashew, jackfruit, sugarcane,

mango, banana, pineapple, oil palm, pepper, vegetables (brinjal, okra, radish, cucumber,

pumpkin, drumsticks, breadfruit, gourds, sweet potato, chilly, and onion etc.), pulses (horse-

gram) and millets (ragi, maize, sorghum, pearl millet). Besides, the District also has a forest

area spread across 90,491 ha.

2.2. Soil sampling and analysis

A total of 258 geo-referenced composite surface (0–15 cm depth) soil samples were collected

following stratified random sampling procedure. The geographical coordinates, latitude and

longitudes were recorded with hand-held Global Positioning System (Garmin, model e Trex

Vista HCx). The collected soil samples were brought to the laboratory and air-dried at ambient

temperature (25±2˚C). The pebbles and debris were removed from the samples, ground and

passed through 2-mm sieve. Well-processed samples were stored in polythene bags until used

for analysis of soil properties. Soil pH and electrical conductivity (EC) were measured in 1:2.5

(w/v) soil water suspensions with the help of a digital pH and conductivity meter [31]. Soil

organic carbon (SOC) was determined through oxidation with potassium dichromate and

subsequent titration with ferrous ammonium sulphate [32]. The available nitrogen (AN) was

determined by following alkaline potassium permanganate (KMnO4-N) method through

automatic nitrogen distillation and manual titration [33]. The available phosphorus (AP) was

extracted with Bray’s P-1 reagent [34] and estimated using a UV-Visible spectrophotometer.

Available potassium (AK) was extracted with neutral normal ammonium acetate solution by

displacement of the exchangeable cations and estimated using flame photometer [31]. Diethy-

lene-triamine-penta-acetic acid (DTPA) extractable micronutrients, zinc (Zn), copper (Cu),

iron (Fe) and manganese (Mn) were extracted with DTPA solution [35] and the concentra-

tions of these micronutrients were determined using atomic absorption spectrophotometer.

2.3. Statistical analysis

The descriptive statistical analysis of studied soil properties, including the parameters of mini-

mum, maximum, mean, kurtosis, skewness, standard deviation (SD) and coefficient of varia-

tion (CV) was performed. Relationships among the soil properties, was analyzed through

Pearson’s correlation coefficient analysis. Analyses of the soil data was performed with XLstat

2018 software.

2.4. Geo-statistical analysis

The geo-statistical analysis was done with GIS software ARC map 10.2 developed by ESRI. The

ordinary kriging (OK) with interpolation was used to decide the best suitable semivariogram

models for spatial mapping of predicted data of soil properties. The normality test was per-

formed prior to the geo-statistical analysis of the soil properties data. Moran-I auto correlation

was done to find out whether data is normally distributed or not. The best fit semivariogram
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models were selected based on the cross validation technique. Semivariograms provide attri-

butes like nugget, partial sill, range and log values which were used to measure the spatial vari-

ability mapping of analysed soil properties by interpolation and kriging technique [36, 37].

The semivariogram of studied soil properties were derived by using the following formula:

g hð Þ ¼
1

2mðhÞ

XmðhÞ

i¼1

½ZðXiþ hÞ � ZðXiÞ�2 . . . : ð1Þ

Where,

y(h) = Experimental semivariogram

h = Lag

m (h) = Number of sample value pairs separated by h

Z(Xi), Zxi+h) = Sample values at two points at Xi and (Xi+h) locations.

Distance between the sample pairs is rarely equal to h in irregular sampling and h is often

represented by a distance interval. The comparison criteria to predict the accuracy of semivar-

iogram model was based on mean square error (MSE) given below [38]

MSE ¼
1

N

XN

i¼1
½ZðXiÞ � ẐðXÞ�2 . . . . . . ð2Þ

Where, Z(Xi) is the observed value at location i, ẐðXÞ is the predicted value at location i and N

is the total number of samples.

2.5. Principal component analysis

Principal component analysis is a multivariate technique, which was used to extract factors

from a set of variables. Data transformation was done by rotating the orthogonal coordinates

in order to apportion variance to different components. This analysis technique works in such

a way that higher magnitude of variance was loaded on the first component and subsequent

lower magnitude of variance was loaded in the subsequent components. A covariance matrix,

in place of correlation matrix of selected soil properties was used as input for normalized PCA

analysis. The principal components (PCs) variables were included in the analysis and the PCs

receiving high eigenvalues were assumed to best represent the soil properties [39]. The PCs

eigenvalue equal or more than one, were considered to develop the management zones -MZs

[40, 41]. The PC loading of studied soil properties have been depicted with bi-plot for under-

standing the variability importance of properties under various PCs.

2.6. Fuzzy cluster algorithm analysis

The most commonly used k-means fuzzy clustering technique was used for the development

of different management zones. The fuzzy clustering technique is an extension of traditional

clustering method in which a sample is forced to fall in one of the selected number of clusters

by certain algorithm. This technique of clustering allows a sample with multiple attributes

belonging to different clusters at the same time and lag assign membership to different groups

that allows to reduce the distortion by outliers [42]. We used the three clusters as minimum

and eight clusters as maximum number for practical use as management zone. Membership in

each cluster was determined by an iterative process beginning with a random set of cluster

means. Each observation was assigned to the closest of these means. New means were recalcu-

lated for each cluster based on the distance from the observation to cluster mean. Euclidean

distance was used to calculate the distance of data points according to the result of equal vari-

ance and statistical independence. FuzMe software was used for the purpose with the setting
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as: maximum number of iteration = 300, the stopping criterion = 0.0001, minimum number of

zones 3, maximum number of zones 8 and fuzziness component = 1.5. The fuzzy performance

index (FPI) and normalized classification entropy (NCE) were used for deciding the optimum

number of clusters.

FPI ¼ 1 �
c

1c � 1
1 �

Pc
i¼1

Pn
k¼1
ðmikÞ2

n

� �

. . . . . . ð3Þ

NCE ¼
n

n � c

Pn
k¼1

Pc
i¼1
miklogaðmikÞ
n

� �

. . . . . . ð4Þ

Where, c is the number of clusters and n is the number of observations, μik is the fuzzy mem-

bership and loga is the natural logarithm.

FPI measures the degree of fuzziness created by specified number of classes. Its values may

range from zero to one. The values of FPI close to zero indicate very clear clustering with lim-

ited membership sharing. However, values close to one indicate that data has no distinct clas-

ses and have large membership sharing. NCE estimate the amount of disorganization

developed by specified number of classes. The minimum values of FPI and NCE optimize the

number of MZs. The soil properties of the developed MZs were compared with the one way

ANOVA using software XLstat 2018. The MZs were delineated with Arc GIS Map 10.2

software.

3. Results and discussion

3.1. Characteristics of soil attributes

The results of descriptive analysis of soil attributes (pH, EC, SOC, AN, AP, AK, Zn, Cu, Mn

and Fe) have been presented in Table 1. Coefficient of variation, skewness and kurtosis indi-

cate the level and degree of variation in the data. Soil pH was found in acidic range (4.92±0.61)

with neutral electrical conductivity (0.08±0.37 dSm-1). The acidic reaction of these soils is

explained to be due to the acidic parent material from which the soils were developed [2]. Spa-

tial variation in pH has been attributed to dominance of sea water, river water, intrusion of sea

water and intense tidal mixing in Zuari river flowing across South Goa [5]. Similar finding has

been reported in natural forests of Savanna in Northern Ghana and in coastal saline soils of

Table 1. Descriptive statistics of soil properties of South Goa district of state of Goa in Konkan region of India.

Soil Properties Unit Minimum Maximum Mean ±SD CV (%) Skewness Kurtosis

pH - 3.38 7.82 4.92±0.61 12.4 1.33 4.92

EC dSm-1 0.01 4.65 0.08±0.37 436 10.0 108

SOC % 0.12 5.85 1.67±1.02 60.9 1.29 2.69

AN kg ha-1 56.4 622 211.2±76.9 36.4 1.62 5.13

AP kg ha-1 0.54 49.7 8.4±8.2 97.9 2.10 5.50

A K kg ha-1 31.5 786 202.3±137.6 68.0 1.48 2.49

Zn mg kg-1 0.01 2.96 0.22±0.30 136 5.26 36.6

Cu mg kg-1 0.01 7.31 0.44±0.60 135 7.33 73.4

Fe mg kg-1 1.26 38.36 7.78±5.98 76.8 1.69 3.72

Mn mg kg-1 0.09 24.40 7.86±5.86 74.6 0.56 -0.54

EC, electrical conductivity; SOC, soil organic carbon; AN, AP and AK represent available nitrogen, phosphorus and potassium in soil respectively; Zn, Cu, Fe and Mn

represents zinc, copper, iron and manganese.

https://doi.org/10.1371/journal.pone.0247177.t001
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Bangladesh, where the soil pH decline has been explained to be due to removal of basic cations

from the surface of soils as a result of rainfall and anthropogenic activities like mining and

deforestation [43, 44]. Further, factors like accumulation of sulphate containing materials,

removal of CO2 by photosynthesis through bicarbonate degradation and decomposition of

organic materials leading to formation of carbonic acid have also led to the acidic reaction of

soils [45, 46]. Soil acidity influences the chemical and biological characteristics, through direct

interaction of hydrogen ions (H+) with microbial cells causing disruption of their cell mem-

branes and altered enzyme production. This shifts the types of microbes leading to significant

changes in mineralization rate which leads to immobilization of basic nutrients and decreases

the nutrient availability to plants that equates to reduced overall microbial function towards

the health and productivity of soils [47, 48]. The increased acidity has caused negative effects

on the vegetation in the region through reduction in availability of several essential plant nutri-

ent elements. pH drops from 5 to 4 create severe phosphorus deficiency, Al3+, Mn2+ and Fe3+

toxicity and lower concentration of available P, Mo, Ca and Mg, that indicates long term risk

to the local soil environment [49].

The EC value showed highest CV, skewness and kurtosis (436%, 10.0 and 108, respectively)

amongst the determined soil properties that reflected a very wide variation in the data. Wide

variability in EC is attributed to the low lying saline soils near to sea. However, most of the

soils were neutral in salinity. Soil pH and EC were found to be similar in soils of oil palm plan-

tations in Western Ghats of coastal India [8, 50]. A wide variability in EC (CV = 86%) has been

reported in the flood plain of river Oasis in the Mongolian Altay mountains [51].

The soils were fairly high in SOC (1.67±1.02%) and ranged from 0.12 to 5.85%. The higher

SOC is ascribed to accumulation, decomposition and mineralization of aboveground biomass

(forest litters and crop residues) while the lower SOC content is explained by the decreased

decomposition and mineralization of the biomass due to its submergence during monsoons

[50]. Low SOC contents were negatively correlated to crop growth, C input and gradual dis-

persion of the soil aggregates that leave organic matter unprotected and susceptible to degrada-

tion at high salinity levels [52]. Our observations are in agreement with studies conducted in

an eroded area of southern China where soil erosion resulted in severe loss of SOC [53, 54].

Soil erosion decreases the above and below ground biomass causing reduction in litter input.

It promotes the breakdown of soil aggregates, organic mineral complexes and exposes the

deeper mineral layers to the biologically active surface layer, thereby increases the loss of SOC

and elevates release of greenhouse gases [15, 55, 56]. Variability and abundance of soil C and

N have exerted crucial effects on carbon and nitrogen cycles at regional and global scales [57].

It has been deduced that future carbon emissions would be dependent on large stores of

organic carbon in spatially distributed anthropogenic reservoirs transported from terrestrial

ecosystems [58].

Soil nutrient distributions are closely correlated to soil fertility, plant growth, carbon and

nitrogen bio-geo-chemical cycles that is crucial for environmental protection in the vulnerable

terrestrial ecosystems. They have great impacts on greenhouse gas emissions and global cli-

mate change [59–61]. Available N, P, K varied from very low to very high (Table 1). AN varied

from 56.4 kg ha-1 to 622 kg ha-1 with an average value of 211.1±76.9 kg ha-1. The wide variabil-

ity in AN is accounted for by the increased anthropogenic inputs of nitrogen arising from fer-

tilizer run-off, leaching of dissolved organic nitrogen and rapid transformation rates of

inorganic nitrogen on surface soils and topography. Higher nitrogen level is attributed to the

fact that nitrogen can return to the surface soil through plant recycling [62]. Five year changes

in source and sinks of soil nitrogen were linked with the ecological functions and greenhouse

gas emissions in the coastal wetlands in a Chinese Delta [63]. Lower N Contents in the region

shall affect the eco-system adversely, if the ongoing anthropogenic activities remain unchecked
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as it is a well-known fact that lower N and P levels cause deficiency of other elements in the

soils.

AP varied from 0.5 to 49.7 kg ha-1 with an average value of 8.4±8.2 kg ha-1. Low AP levels in

these soils is attributed to the acidic nature of soil. Similar finding of AP has been reported in

the acid soils of Western Ghats of India [2]. Detrimental effects of soil acidity on plant growth

have been related to low levels of AP in some cropped soils of India [64]. AK varied widely,

ranging from 31.5 to 786 kg ha-1 with an average availability of 202 kg ha-1. The medium avail-

ability of AK might be attributed to low application of potassium fertilizers, high erosion due

to undulated topography coupled with heavy monsoon rainfall [65]. Lower NPK levels lead to

low plant productivity while the removal of excesses of these nutrients from the soil contribute

to non-point source pollution if they enter surface water and ground water through leaching,

runoff and soil erosion [66–68]. The variability is ascribed to several intrinsic (such as climate,

parent material, topography and soil type) and extrinsic (land use type, farming practices, and

anthropogenic activities) environmental factors [69].

The availability of cationic DTPA extractable Zn, Cu, Fe and Mn were recorded with mean

values 0.22±0.30, 0.44±0.60, 7.78±5.98 and 7.86±5.86 mg kg-1, respectively (Table 1). The val-

ues exhibited a wide range between the below and above critical limits. Zn, Cu, Fe and Mn ran-

ged from 0.1–2.96, 0.1–7.31, 1.26–38.36 and 0.09–2.40 mg kg-1, respectively. The lower levels

of micronutrient contents are several folds lesser than that reported in other parts of India

[70]. The variability indicated widespread deficiency of Zn, Cu and Fe with CV ranging from

74.5 to 136 (Table 1). The highest CV was recorded for Zn (138%) followed by Cu (135%, Fe

(76.8%) and Mn (74.6%). Spatial prevalence of micronutrients exhibited similar trends for

skewness and kurtosis. The micronutrient avalialbity and its variability is ascribed to parent

material, pedogenic processes, climatic conditions and anthropogenic activities [71, 72]. The

wide spread deficiency of Zn was also reported by several others in acid soils of India [2, 50].

While deficiency of micronutrients has adverse effects on growth and development of plants,

higher levels of Fe and Mn in soils causes poor water quality. Ferrous ions (Fe 2+) get oxidized

at pH greater than 3.5 to ferric ions (Fe 3+) and get precipitated on the surrounding substrates

causing unstable microhabitats [73]. Pollution of natural environment induced by the variable

distribution of these metals are indestructible and toxic to the living organisms [74]. The

cumulative effect of higher and lower levels of these nutrients can be seen on the depleting veg-

etation in the region.

3.2. Relationships among the soil attributes

Significant correlation existed between soils attributes (Table 2). Soil pH exhibited significant

positive correlation with EC (P = 0.05), AP (0.19 at P = 0.01), AK (0.19 at P = 0.01), Mn (0.16

at P = 0.05) and Zn (0.14 at P = 0.05) and significant negative correlation with Fe (-0.37at

P = 0.01). The observations indicate that AK, DTPA Zn and DTPA Mn increased with increas-

ing soil pH whereas Fe and Cu availability increased with decreasing pH. For each unit

increase of soil pH in the range from 4–9, the solubility of Fe in soil decreases by 1000 fold as

compared to 100-fold decrease for Cu, Mn and Zn [75]. Significant positive correlation

between soil pH and AK is reported in organic soil of Croatia [76]. However, the negative cor-

relation between soil pH and Fe was has been reported in alluvial floodplain soils of Bihar in

India [77]. The correlation amongst soil pH, EC, SOC, AP and Fe were similar to our findings

in North Goa district of Goa in India [2]. Parallel to our reports on North Goa, a negative cor-

relation of EC existed with SOC, AN, Cu, and Mn and a positive correlation with AP, AK, Zn

and Fe. However, the correlations were not significant.
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SOC, the single most important parameter that reflects the soil fertility status, exhibited sig-

nificant positive correlation with AN (0.33 at P = 0.01), AK (0.20 at P = 0.01), Zn (0.13 at

P = 0.05) and negative correlation with AP (-0.23 at P = 0.01) and Fe (-0.17 at P = 0.01). The

concentrations of Zn, Cu, and Mn increased with increase in SOC as indicated by the positive

correlation coefficient. SOC supplies soluble chelating agents and reduces oxidation and pre-

cipitation of cations, resulting in increased Zn, Cu and Mn contents [78]. Similar findings

have been reported for the soils of Punjab and southern India also [79, 80]. We explained that

higher levels of SOC increases the nitrogen and nutrient availability through increased micro-

bial mineralization, improved aggregate stability, cation exchange capacity, infiltration rates,

drainage and airflow [2, 11]. A significant positive relationship between soil pH and EC has

also been reported in agricultural fields in western Iran while a negative relationship between

EC and AN has been reported in North Goa [2, 81]. AN exhibited significant positive correla-

tion with AK (0.30 at P = 0.01) and Mn (0.18 at P = 0.01) and negative correlation with AP

(-0.19 at P = 0.01). AP had positive correlation with Cu (0.14 at P = 0.05) and negative correla-

tion with AK (-0.16 at P = 0.01). AK had significant positive correlation with Mn (0.22 at

P = 0.01) and significant negative correlation with Fe (-0.14 at P = 0.05).

Zn showed significant positive correlation with Cu (0.19 at P = 0.01), Fe (0.18 at P = 0.01)

and Mn (0.16 P = 0.01). Similarly Cu had positive correlation with Fe (0.25 at P = 0.01) and Fe

showed negative correlation with Mn (0.22 at P = 0.01). Significant correlation of Cu with Fe

and Zn has been observed in Indian temperate climatic conditions [82]. The relationship

amongst the soil attributes is attributed to the anthropogenic activities that have led to alter-

ation in dynamics of soil pH, soil erosion, accumulation and decomposition of above and

belowground biomass.

3.3. Geo-statistical analysis

The parameters of various best fit semivariogram models of soil properties are shown in

Table 3. Five models, viz. J-Bessel, Rational Quadratic, Hole effect, Stable, K-Bessel were iden-

tified as best-fit models for the studied soil properties based on minimum MSE. The spatial

distribution maps for these soil properties have been depicted in Fig 2. J-Bessel semivariogram

model was found to be the best fit prediction model for soil pH, AP and AK (Fig 2a, 2e and 2f).

Table 2. Correlation matrix for soil properties of South Goa district of state of Goa located in Konkan region of India.

Variables pH EC OC AN AP AK Zn Cu Fe Mn

pH 1 0.15a 0.09 0.02 0.19b 0.19b 0.14a -0.04 -0.37b 0.16a

EC 1 -0.07 -0.07 0.10 0.12 0.01 -0.02 0.12 -0.05

OC 1 0.33b -0.23b 0.20b 0.13a 0.02 -0.17b 0.08

AN 1 -0.19b 0.30b -0.06 -0.05 -0.11 0.18b

AP 1 -0.16a 0.01 0.14a 0.06 -0.15a

AK 1 0.08 -0.04 -0.14a 0.22b

Zn 1 0.19b 0.18b 0.16b

Cu 1 0.25b 0.02

Fe 1 -0.22b

Mn 1

EC, electrical conductivity; SOC, soil organic carbon; AN, AP and AK represent available nitrogen, phosphorus and potassium in soil respectively; Zn, Cu, Fe and Mn

represents zinc, copper, iron and manganese.
aCorrelation is significant at probability level of 0.05 (P = 0.05),
bCorrelation is significant at probability level of 0.01 (P = 0.01).

https://doi.org/10.1371/journal.pone.0247177.t002
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Rational Quadratic semivariogram model was found to be best fit model for soil EC, SOC, Zn

and Mn (Fig 2b, 2c, 2g and 2j). However, for AN, Cu and Fe semivariogram models viz., Hole

effect, Stable and K- Bessel were found to be the best fit models, respectively (Fig 2d, 2h and

2i). Hole effect model for AN, spherical model for pH and K-Bessel for Fe has been reported

by other researchers using similar methodology for selecting the best model for interpolation

using ordinary kriging [2, 51, 77, 83]. The best fit semivariogram models for various soil prop-

erties indicate the influence of prevailing local conditions and anthropogenic activities on spa-

tial distribution of soil properties [64].

Nugget value indicates the micro-variability and measurement of variance due to errors in

sampling. Nugget values of best fit semivariogram models varied from 0 to 8221.4. The lowest

value was recorded for EC and the highest for K. Our finding is in agreement with highest nug-

get value for K in alluvial soils of India that has been ascribed to the fact that the selected sam-

pling distance could not capture the spatial dependence well [77]. Sill is theoretically equal to

the variance of the sampled population at large separation distance if the data has no trend.

Further, it is the semi-variance value at which the curve constantly stabilizes [84, 85]. The min-

imum value of sill was recorded for Zn (0.05) and highest was recorded for AK (9447). Nugget:

sill ratio was classified as weak (>0.75), moderate (0.25 to 0.75) and strong (<0.25) for partial

dependence [86, 87]. The data revealed weak partial dependence for pH, AK, Zn, Cu and Fe

and moderate for SOC, AN and AP. However, strong spatial dependence was recorded for EC

(Table 3). A higher nugget/ sill ratio indicates that the spatial variability is primarily caused by

stochastic factors, such as fertilization, farming measures, cropping systems and other human

activities. The lower ratio suggests that structural factors such as climate, parent material,

topography, diverse vegetation, proximity to sea and anthropogenic activities play a significant

role in spatial variability [88]. We too have reported moderate spatial dependence for SOC and

AN in west-coast region of India [2]. A strong spatial dependence for soil AK, EC and pH and

moderate for SOC and AP were reported in an organic farm of Croatia [76]. The nugget/ sill

ratio values ranged from 0.00 to 0.70 with strong (for surface pH) to moderate (for SOC, AN,

AP and AK) spatial dependence for the soil properties in west coast of India [8].

The range of semivariogram reveals the spatial extension of autocorrelation [87]. It could

either be landscape dependent or interpreted to indicate the distance across distinct soil types

in the study area. The range value of best fit semivariogram models for various soil properties

is presented in Table 3. The range data of semivariogram revealed variation from 0.61 km for

Table 3. Semivariogram parameters of soil properties of South Goa district of state of Goa located in Konkan region of India.

Variables Model Nugget Sill Nugget/Sill Spatial class Range (km) MSE

pH J-Bessel 0.18 0.15 1.20 Weak 17.72 0.44

EC Rational Quadratic 0.00 0.15 0.00 Strong 0.62 0.37

SOC Rational Quadratic 0.44 0.81 0.54 Moderate 37.39 0.70

AN Hole effect 1959.77 4920.00 0.40 Moderate 1.24 71.28

AP J-Bessel 21.93 31.71 0.69 Moderate 0.61 7.24

AK J-Bessel 8221.41 9446.96 0.87 Weak 6.75 101.52

Zn Rational Quadratic 0.06 0.05 1.20 Weak 56.41 0.25

Cu Stable 0.08 0.04 2.00 Weak 1.66 0.36

Fe K-Bessel 10.12 34.63 0.29 Weak 15.51 4.72

Mn Rational Quadratic 12.31 30.02 0.41 Moderate 12.66 4.02

EC, electrical conductivity; SOC, soil organic carbon; AN, AP and AK represent available nitrogen, phosphorus and potassium in soil respectively; Zn, Cu, Fe and Mn

represents zinc, copper, iron and manganese.

https://doi.org/10.1371/journal.pone.0247177.t003
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Fig 2. Best fit semivariogram model for soil (a) pH, (b) EC, (c) SOC, (d) AN, (e) AP, (f) AK, (g) Zn, (h) Cu, (i) Fe

and (j) Mn in South Goa district in state of Goa in Konkan region of India.

https://doi.org/10.1371/journal.pone.0247177.g002
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AP to 56.41 km for Zn. Lower range values of semivariogram for soil properties like AP (0.61

km), EC (0.62 km), AN (1.24 km), Cu (0.1.66 km) and AK (6.75 km) was more spatially related

than higher range values of semivariogram models. The lower range values of semivariogram

models for soil properties might be attributed to inherent soil characteristics, local crop and

soil management practices [88]. The higher range values for best fit semivariogram models

were recorded for Mn (12.66 km), Fe (15.51 km), pH (17.72 km), SOC (37.39 km) and Zn

(56.41 km). This revealed wider spatial influence of natural forces like high rainfall as well as

anthropogenic activities like large-scale land excavation for ore mining in the area. The wider

variation in range values of best fit semivariogram models for various soil properties have also

been reported in Indian acid and coastal soils [2, 64]. The closer soil sampling distance than

the range make them spatially related, whereas, those separated by distances greater than the

range are not spatially related. The information generated here can be utilized further for

future soil sampling strategies for spatial variability study of soil properties in the area. It is

opined that for such studies, the sampling distance should be less than half of the semivario-

gram range [89]. Kriged spatial distribution maps of soil properties were developed to provide

the present status of pH, EC, SOC, AN, AP, AK, Zn, Cu, Fe and Mn (Fig 3). Farmers, agricul-

ture development officials, policy makers and ICT tool developers can effectively utilize the

information on the developed maps for improving soil health, precision crop management,

and deployment of effective input supply strategy, land use planning and designing of decision

support systems. These put together would be of great help in the direction of sustainable

intensification of agriculture and enriching of vegetative cover as well as bio-diversity.

3.4. PC analysis

The soil properties revealed significant correlations among each other. Therefore, PC analysis

was performed to find out the most important soil properties which can contribute the maxi-

mum to soil quality improvement, for immediate management action to be prioritized. The

PCs with eigenvalue�1.0 were selected for this purpose. The first four PCs showed eigenvalues

�1.0 and a cumulative variability of 59.38% (Table 4). Therefore, these PCs were considered

for further study of different soil properties. PC1 contributed 20.36% of total variability while

it was dominated by loading of AK, AN, SOC and Fe. PC loading of PC2 was dominated by

pH and AP. PC3 contributed 13.94% of variability while its loading was dominated by Zn, Cu

and Fe. The PC4 contributed 10.79% of variability and was mainly dominated by loading of

EC. This is in line with findings that reports three and four PCs from PCA by aggregating and

summarizing the variability in soil properties of southern India [80] and north east Iran [90].

While determining the soil quality indices for hill-region soil of north-western Himalayas it

was revealed that three PCs were responsible for 84.66% variability in soil properties [91].

Graphical depiction of variability contribution by PC1 and PC2 along with the loadings for

different soil properties has been shown in bi-plot chart (Fig 4). Bi-plot chart elucidates the

coupling of properties behaving in similar way that can be effectively bundled together for pri-

oritization and decision making on precision nutrient management and restoration of soil fer-

tility swiftly [2, 8]. Through expert opinion and PC loading for various soil properties,

amelioration of acidic soils can be attempted. However, soil status of AP, AK and Zn content

in the order may be taken as criteria to decide the prioritization of nutrient management for

different crops grown in the region.

3.5. Determination of MZs

Based on the k-means clustering technique three MZs were delineated (Figs 5 and 6). ANOVA

of the developed MZs revealed significant differences among them for the soil properties viz.,
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Fig 3. Kriged spatial distribution map of soil (a) pH, (b) EC, (c) SOC, (d) AN, (e) AP, (f) AK, (g) Zn, (h) Cu, (i) Fe,

and (j) Mn in South Goa district in state of Goa in Konkan region of India.

https://doi.org/10.1371/journal.pone.0247177.g003
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pH, SOC, AN, AK, Fe and Mn (Table 5). However, EC and Zn were found at par in all the

MZs. Although, soil pH was found acidic in all the MZs, soils of MZ3 recorded significantly

higher pH (5.1) followed by MZ2 (5.0) and MZ1 (4.8). SOC content was recorded significantly

higher in MZ3 (1.93) which was at par with MZ2 (1.90). SOC content was least in MZ1. AN

was recorded significantly higher in MZ3 (255.5 kg ha-1) which was statistically at par with

MZ2 (245.3kg ha-1), followed by MZ1 (181.4 kg ha-1). AK was found significantly higher in

Table 4. Principle component analysis of soil properties and loading coefficient for the first four principal components.

Principal Component Eigenvalue Component variability (%) Cumulative variability (%)

PC1 2.036 20.36 20.36

PC2 1.428 14.28 34.64

PC3 1.394 13.94 48.58

PC4 1.079 10.79 59.38

PC5 0.930 9.30 68.68

PC6 0.851 8.51 77.18

PC7 0.689 6.89 84.07

PC8 0.658 6.58 90.65

PC9 0.516 5.16 95.81

PC10 0.419 4.19 100.0

PC loading for each variables

pH EC SOC AN AP AK Zn Cu Fe Mn

PC1 0.39 -0.07 0.58 0.60 -0.40 0.61 0.08 -0.22 -0.56 0.53

PC2 0.76 0.45 -0.22 -0.31 0.60 0.11 0.23 0.07 -0.27 0.13

PC3 -0.07 0.08 0.25 0.09 -0.02 0.18 0.72 0.67 0.53 0.20

PC4 -0.11 0.77 -0.02 0.21 -0.09 0.39 -0.21 -0.19 0.33 -0.27

EC, electrical conductivity; SOC, soil organic carbon; AN, AP and AK represent available nitrogen, phosphorus and potassium in soil respectively; Zn, Cu, Fe and Mn

represents zinc, copper, iron and manganese.

https://doi.org/10.1371/journal.pone.0247177.t004

Fig 4. PCA biplot (PC1 vs PC 2) of soil properties in South Goa district in state of Goa in Konkan region of India.

https://doi.org/10.1371/journal.pone.0247177.g004
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MZ3 (518.2kg ha-1) followed by MZ2 (255.7kg ha-1) and MZ1 (110.7 kg ha-1). As per the classi-

fication of soil nutrient availability status in Indian conditions, low AN (<280 kg ha-1) and AP

(<10 kg ha-1) was encountered in all the MZs. But AK was found in medium range (108–280

kg ha-1) under all MZs. Fe, Cu, and Mn were found to be above the critical limits in all the

MZs but Zn was below the critical limit (0.60 mg kg-1) in all the MZs. Two distinctly different

congruous MZs were created for North Goa district of Western Ghats [2]. The heterogeneity

in soil properties in MZs is attributed to the human interference for the developmental activi-

ties and the nutrient management practices [80]. It also highlights the importance of sustaining

the soil health and amelioration of soil degradation.

Assessment of soil properties in different MZs brings forth the need of immediate attention

for adoption of ameliorative measures in MZ1 as soils from this zone has pH<5.0, which

could create unavailability of many plant nutrients and cause aluminum toxicity in soil for

most of the crop plants [92]. Deficiency of AN, AP, AK and Zn in MZ1 soils calls for adoption

of site-specific nutrient management in this zone. Further, delineated MZs can be used for the

site-specific nutrient management to sustain the crop productivity and environmental conser-

vation [93].

4. Conclusions

Our results have reflected that soil physico-chemical properties of the study area were not in

good status. Mostly the soils were highly acidic but normal in salinity except in few low lying

lands that were in close vicinity of sea coast. AN and AP concentrations were found to be defi-

cient while AK showed wider variability from low to high concentrations. SOC contents were

found to be fairly well but severe Zn deficiency was marked while Cu, Mn and Fe displayed

sporadic deficiency. A significant spatial variability was reflected for most of the soil properties

in a weak to strong spatial dependence with relatively low range values for AP, EC AN, AK

and high range values for Mn, Fe, pH, SOC and Zn. Best fit geo-statistical semivariogram mod-

els viz., J-Bessel for pH, P and K; Rational Quadratic for EC, SOC, Zn and Mn; Hole effect for

N, Stable for Cu and K-Bessel for Fe were used for developing the soil maps. Three distinct soil

management zones were identified and delineated with significant variation in soil properties.

The spatial distribution and mapping of soil properties will aid the farmers and decision

Fig 5. FPI and NCE for management zones optimization in South Goa district in state of Goa in Konkan region of

India.

https://doi.org/10.1371/journal.pone.0247177.g005
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Fig 6. Kriged map of management zones of South Goa district in state of Goa in Konkan region of India.

https://doi.org/10.1371/journal.pone.0247177.g006

Table 5. Mean values of the soil properties in different management zones of South Goa district of state of Goa in Konkan region of India.

Management zone No. of samples pH EC (dSm-1) SOC (%) AN AP AK Zn Cu Fe Mn

kg ha-1 mg kg-1

1 142 4.83b 0.06a 1.48b 181b 9.37a 111c 0.21a 0.41a 8.17a 6.48b

2 90 5.01ab 0.10a 190a 245a 7.58ab 256b 0.23a 0.52a 7.81ab 9.66a

3 26 5.10a 0.16a 1.93a 256a 5.47b 518a 0.25a 0.36a 5.56b 9.21a

EC, electrical conductivity; SOC, soil organic carbon; AN, AP and AK represent available nitrogen, phosphorus and potassium in soil respectively; Zn, Cu, Fe and Mn

represents zinc, copper, iron and manganese. Values having different letters as their superscript are significantly different (P = 0.05). Comparison of values within

column only.

https://doi.org/10.1371/journal.pone.0247177.t005
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makers in identifying the expected nutrient levels for land use planning and modify their man-

agement practices accordingly for sustainable amelioration of soil quality and environmental

conservation in the region. The results can be used for making recommendations for best

management practices to improve the soil health and livelihood of farmers.
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