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Abstract: Productivity of the rice-based cropping system is low, and it continues to

decline in India because of worsening soil-related constraints. Keeping in view the

importance of soil quality in rice-based intensive cropping system, the present investi-

gation was undertaken with the objective of identifying several biological, chemical,

and physical indicators of soil quality using data collected from a long-term experiment

being conducted since 1972 on rice-wheat-jute cropping system in Indo Gangetic

alluvial soils of India. The experiment was laid out in a randomized block design

with five treatments, under long-term fertilizer experiment [i.e., control (no fertilizer

and manure); 100% of the recommended dose of nitrogen (100% N); 100% of the

recommended dose of N and phosphorus (100% NP); 100% of the recommended
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dose of N, P, and potassium (100% NPK); and 100% of the recommended dose of N, P,

K, and farm yard manure (100% NPKþ FYM]. Soil samples were collected after the

harvest of rice during the 2002 experiment and were analyzed for physical, chemical,

and biological parameters. On the basis of the long-term yield data, sustainable yield

index was calculated. Multivariate statistical techniques were used to determine the

smallest set of chemical, physical, and biological indicators that account for at least

95% of the variability in the total data set. The total soil N, available P, dehydrogenase

activity, and mean weight diameter of the aggregates were the most important indi-

cators in this case study. A multiple regression was run to evaluate the efficacy of

minimum data set (MDS) taking sustainable yield index as goal (r2 ¼ 0.69). Each

MDS was transformed into score. The soil quality index (SQI) was calculated by

using weighing factors derived from principal component analysis for each scored

MDS variable. The highest SQI was found in 100% NPKþ FYM treatment

followed by 100% NPK, 100% NP, 100% N, and control treatment, respectively. To

compare the soil aggradation or degradation, an undisturbed fallow soil was taken as

reference, and it has been observed that 100% NPKþ FYM and 100% NPK showed

positive change in soil quality that is aggradation of soil quality, but the other three

treatments, 100% N, 100% NP, and control, showed negative change of soil quality

and indicates degradation of the system.

Keywords: Rice-wheat-jute system, soil quality indicators, sustainable yield, principal

component analysis, FYM

INTRODUCTION

Rice-wheat is the most predominant cropping system in India, but the pro-

ductivity of crops under this cropping system has reached a plateau and, in

fact, is showing a decreasing trend in many areas in India where this

cropping system has been practiced for a long time. There are reports of

declining factor productivity [i.e., increased rate of fertilizer are needed to

maintain the current yield level (Hobbs et al. 1990)], which is cited as the

evidence of unsustainability of the cropping system. The low or declining pro-

ductivity of rice is associated with soil constraints, erratic rainfall, and inap-

propriate cultural management practices adopted by the farmers (Mahapatra

et al. 1985). Assessment of the quality of soil resources of rice ecosystem is

required to raise crop productivity and its sustainability. However, assessing

soil quality is difficult, because unlike water and air quality for which

standards have been established primarily by legislation, soil quality assess-

ments are purpose oriented and site specific (Karlen et al. 1994). As a

complex functional state, soil quality cannot be measured directly, but it

may be inferred from management-induced changes in soil properties.

Traditionally, soil quality research focused primarily on chemical and

physical properties because simple methods of analysis were available

(Larson and Pierce 1991); however, more recently, it has been suggested

that soil biological properties can serve as early and sensitive indicators of
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agro ecosystems in response to soil management practices (Islam and Weil

2000; Kennedy and Papendick 1995). Thus, biological aspects, along with

chemical and physical properties of soil, are essential to evaluate soil

quality responses to organic amendment (Min et al. 2003). To assess soil

quality, indicators (soil properties) are usually linked to soil function

(Howard 1933; Doran and Parkin (1994); Larson and Pierce 1994; Karlen

and Stott 1994; Acton and Gregorich 1995; Karlen, Parkin, and Eash 1996;

Doran, Sarrantonio, and Lieberg 1996). A valid soil quality index would

help interpret data from different soil measurements and show whether man-

agement and land use are having the desired results for productivity, environ-

mental protection, and health (Granatstein and Bezdicek 1992). Moreover, can

these indices provide an early indication of soil degradation and the need for

remedial measures and characterize changes in soil properties that would

reflect the extent of rehabilitation or regeneration of degraded soils?

Maintaining soil quality at desirable level is a very complex issue due to

involvement of climatic, soil, plant, and human factors and their interactions.

This issue is more challenging in rice-based cropping system. The puddling

practice, so essential for optimizing production of rice, destroys the soil

structure, increases bulk density, and reduces hydraulic conductivity, thus

leading to a nonconducive soil physical environment for the subsequent

wheat crop (Lal 1985; Painuli, Woodhead, and Pagliai 1988). The rec-

ommended dose of NPK fertilizers alone does not sustain productivity

under continuous intensive cropping system (Nambiar and Abrol 1989;

Yaduvanshi 2003), whereas inclusion of organic manures improves physical

properties (Swarup 1987; Kumar and Tripathi 1990; Mandal et al. 2003),

the biological status of soil (Ghai, Rao, and Batra 1988), and soil fertility

and crop yields (Swarup 1987; Mandal et al. 2003; Ghai, Rao, and Batra

1988; Bhardwaj 1982; Singh 1994; Lal and Mathur 1989). There is urgent

need to adopt appropriate soil and crop management practices in this

ecosystem, which reduce soil degradation or maintain soil quality at

desirable level. Moreover, most of the soil quality research has been

conducted on the soils of temperate region; soil quality research on tropical

soils is much more limited (Ericksen and McSweeney 1999; Palm, Swift,

and Woomer 1996). In recent years, soil quality research has focused on the

linkages among the following: management practices and systems; observable

soil characteristics; and soil processes and performance of soil functions

(Lewandowski, Zumwinkle, and Fish 1999). Choosing the appropriate soil

attributes to include in an index must include consideration of soil function

and management goals that are site specific and user oriented and must

focus on sustainability rather than just crop yields. These indices would be

useful in ascertaining the fragility of soil and for understanding how

improved management might strengthen its resilience.

By keeping in view the importance of soil quality in rice-based intensive

cropping system, the present investigation was undertaken with the objective

of identifying several biological, chemical, and physical indicators of soil

Soil Quality Under Rice-Based Cropping System 1143



quality using data collected form a long-term rice-wheat-jute cropping system.

An attempt has also been made to develop an overall soil quality index by

using these indicators that are meaningful to the rice-based agricultural

systems; further studies determined, whether the traditional system of

farming is aggrading or degrading the soil considering an undisturbed

fallow as benchmark.

MATERIALS AND METHODS

Field Site, Experiment Layout, and Treatments

A permanent field trial was laid out in 1972 at Central Research Institute for

Jute and Allied Fibres, Barrackpore (888260 E longitude, 228 450 N latitude and

at 9 m high above sea level) West Bengal, India with rice-wheat-jute cropping

sequence under All India Coordinated Research Project on Long-Term Ferti-

lizer Experiment. The climate of region is hot moist subhumid. The mean

maximum temperature ranges from 35.4 to 31.58C during summer months

(May, June, and July), and mean minimum temperature ranges from 12.48C
to 13.18C during the winter season (December to February). The mean

annual maximum and minimum temperatures were 31.05 and 20.848C,
respectively. The mean annual rainfall is 1666 mm (average of past 30 years).

The soil of the experimental site belongs to New Gangetic Alluvium

(Eutrochrept) with sandy loam texture up to 20 cm depth, and illite and

montmorrilonite are dominant clay minerals that belong to Nilgunj Series

(Table 1).

Table 1. Physical and chemical properties of soil of

0 to 20-cm depth of the experimental field at the beginning

of the study (1971)

Soil properties

Soil layer of

0–20 cm

Sand (2–0.02mm), % 54

Silt (0.02–0.002mm), % 28

Clay (,0.002mm) 18

Bulk density (Mgm23) 1.35

pH (1:2 soil to water) 7.1

Electrical conductivity (dS m21) 0.23

CEC (c mol (pþ) kg21) 19.0

Organic carbon in percent 0.714

Total nitrogen in parcent 0.086

Available P (kg ha21) 41.5

Available K (kg ha21) 143

J. Chaudhury et al.1144



The experiment was laid out in a randomized block design with three

replications and with five treatments [i.e., control (no fertilizer and manure);

100% of the recommended dose of N (100% N); 100% of the recommended

dose of N and P (100% NP); 100% of the recommended dose of N, P, and K

(100% NPK); 100% of the recommended dose of N, P, K, and farmyard

manure (100% NPKþ FYM)] under long-term fertilizer experiment. The rec-

ommended dose of NPK (100%) used in jute (Corchorus capsularis) was

60:13:50 kg ha21 and for rice (Oryza sativa) and wheat (Triticum aestivum)

it was 120 26:50 kg ha21. The size of each plot was 20 m � 10 m. Fertilizers

were applied to jute, rice, and wheat each year according to the treatments.

Source of N up to 1989 was ammonium sulfate; after that, NPK were

supplied through urea, single super phosphate, and muriate of potash, respect-

ively. FYM was added at 10 t ha21 before sowing of jute each year. Puddling

was carried out by a tractor-drawn disc plow. The 30-day-old paddy seedlings

were transplanted during August. The spacing was maintained at 10 cm

between plants and 20 cm between rows. Nitrogen was applied as urea in

three equal split doses. First dose was applied at the time of sowing, second

and last doses were top dressed at 25–30 days after transplanting (DAT)

and 45–50 DAT, respectively. Phosphorus and K were applied as basal

every time at the time of transplanting. Regular irrigation at 5 to 6-day

intervals was applied, except on rainy days. Interculture operation, such as

hand weeding, was carried out from time to time. The crop was harvested

at the end of November. After the harvest of paddy, the field was plowed

thoroughly with tractor-drawn disc plow followed by harrowing and

planking. The wheat crop used to sow in the first fortnight of December

keeping a distance of 20 cm between rows and seeds were sown at a

distance of 5 cm. Nitrogen was applied as urea in three equal split doses at

the time of sowing 25–30 DAS and 55–60 DAS. Phosphorus and K were

applied as a basal at the time of sowing. Irrigation was applied at critical

stages of crop growth considering the availability of soil moisture. The crop

was harvested in the last week of March. Jute used to sow in the second

fortnight of April after plowing the soil with tractor-drawn disc plow

followed by harrowing and planking. Nitrogen was applied as urea in two

equal split doses first after intercultural operations like weeding and

thinning at 30 DAS and the second application was completed within 45

DAS. Phosphorus and K were used to apply as a basal at the time of

sowing. Jute is mainly a rainfed crop, but one or two lifesaving irrigations

were given during April–May. The crop was harvested in the first week of

August.

Soil Sampling, Processing, and Analysis

Soil samples were collected from 0- to 15-cm soil depth after the harvest of

rice in 2002 and were analyzed for various soil physical, chemical, and
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biological variables. The physical variables included mean weight diameter of

soil aggregates (wet sieving method) and bulk density. Bulk density and soil

texture were measured by the core method (Blake and Hartge 1986) and

bouyoucos hydrometer method (Gee and Bauder 1986), respectively. The

aggregate size distribution was determined by wet sieving (Yoder 1936),

and the values were expressed as mean weight diameter (MWD) after oven

drying (van Bevel 1949).

A part of the representative soil samples was air dried, ground, and

passed through 0.2-mm sieve for determination of organic carbon by

Walkley and Black’s method (Jackson 1967a). Total Kjeldahl nitrogen was

determined by using standard digestion system and Kjeltec Auto 1030

Analyzer of Tecator made of Sweden based on the principle of modified

Kjeldahl method (Bremner 1965; Jackson 1967b). Available soil nitrogen

was determined by alkaline-KMnO4 method given by Subbaiah and Asija

(Subbaiah and Asija 1956), which takes care of easily oxidizable N.

Available P (Olsen P) was determined by sodium bicarbonate (NaHCO3)

extraction and subsequent colorimetric analysis (Olsen et al. 1954).

Exchangeable K (Hanway and Heidel 1952) and available Zn, Fe, Cu, and

Mn were determined by using the DTPA (diethylene triamine penta acetic

acid) micronutrient extraction method developed by Lindsay and Norvell

(Lindsay and Norvell 1978). The micronutrient concentrations in the

DTPA extract were measured by using inductively coupled plasma (ICP)

spectrometer (ICP-XP model, simultaneous system of GBC Australia). Elec-

trical conductivity (Rhoades 1982) and pH of water-saturated pastes were

measured by using conductivity and pH meter, respectively. Microbial

biomass carbon (MBC) determinations were made by using chloroform

fumigation technique as described by Jenkinson and Powlson (Jenkinson

and Powlson 1976) and Jenkinson and Ladd (Jenkinson and Ladd 1981).

The dehydrogenase activity (DHA) was measured by using tri-phenyl tetra-

zolium chloride (Tabatabai 1982), which was reduced to triphenyl formazan

(TPF).

Soil Quality Index Demonstration

To determine the soil quality index, four main steps were followed: 1) define

the goal, 2) select a minimum data set (MDS) of indicators that best represent

soil function, 3) score the MDS indicators based on their performance of soil

function, and 4) integrate the indicator score into a comparative index of soil

quality.

Crop yield can be an important indicator of soil quality, because it serves

as a plant bioassay of the interacting soil characteristics. The sustainable yield

index computed on the basis of the yield obtained from 1972 to 2002 (Table 2)

for each treatment were considered as goal, because the farmers like to get

more consistent productivity from the unit land.
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The sustainable yield index (SYI) (Singh et al. 1990) is defined as

SYI ¼
�Y� s

Ymax

where Ȳ is the estimated average yield of a practice over years, s is its

estimated standard deviation, and Ymax is the observed maximum yield in

the experiment over the years of cultivation.

The data were reduced to a minimum data set through a series of uni- and

multivariate statistical methods using SPSS software (SPSS 1998). The non-

parametric statistics (Kruskal-Wallis x2) were used to identify indicators

with significant treatment differences. The nonparametric methods were

chosen because it did not require assumptions of normality and homoscedas-

ticity, thereby avoiding any need to transform the data (Andrews and Carroll

2001). Only variables with significant differences between treatments

(p , 0.05) were chosen for the next step in MDS formation. The standardized

principal component analysis (PCA) was performed for each statistically sig-

nificant variables (Andrews and Carroll 2001; Andrews et al. 2002). Principal

components (PC) for a data set are defined as linear combinations of variables

that account for maximum variance within the set by describing vectors of

closet fit to the n observation in p-dimensional space, subject to being orthog-

onal to one another. The principal components receiving high eigen values and

variables with high factor loading were assumed as the variables that best

represent system attributes (Brejda et al. 2000). Therefore, only the PCs

with eigen values 0.5 or greater, which explained at least 5% of

the variation in the data (Wander and Bollero 1999) were examined. Within

each principal component, only highly weighted factors (i.e., those with

absolute values within 10% of the highest weight) were retained for

the MDS. To reduce redundancy and to rule out spurious groupings among

the highly weighted variables within PCs, multivariate correlation matrix

Table 2. Average yield (t ha21) and sustainable yield index (SYI) of jute, rice, and

wheat from 1971 to 2002

Treatment

Jute Rice Wheat

Overall

SYI

Average

yield SYI

Average

yield SYI

Average

yield SYI

100% N 1.627 0.479 3.094 0.379 1.9 0.4 0.419

100% NP 1.721 0.528 3.501 0.433 2.175 0.478 0.480

100% NPK 1.957 0.641 3.797 0.439 2.257 0.529 0.536

100% NPKþ FYM 2.063 0.662 3.856 0.538 2.34 0.537 0.579

Control 0.874 0.255 1.546 0.363 0.736 0.312 0.310
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were used to determine the strength of the relationships among variables.

As a check of how well the MDS represented the management system

goals, multiple regression was run by using the final MDS indicators as inde-

pendent variable and measure representing management goal as dependent

variables.

After determining the MDS indicators, each of the MDS variables was

scored on the basis of the performance of soil function, considering soil

type and variation of values within treatments (Table 3). Each variable was

transformed or standardized to a value between 0 (least favorable soil

function) and 1 (most favorable soil function) scoring functions (Andrews

et al. 2002). Once transformed, the MDS variables for each observation

were weighted by using the PCA results. Each PC explained a certain

amount (%) of the variation in the total data set. This percentage, divided

by the total percentage of variation explained by all PCs with eigenvectors

greater than 0.5, provided the weighted factor for variables chosen under a

given PC. The final formula

SQI ¼
Xn

i¼1

Wi X Si

where W is the PC weighting factor and S is the indicator score. Here, the

assumption is that higher index scores meant better soil quality or greater per-

formance of soil functions.

Apart from the PCA approach, another method was also followed to

compute soil quality index. In this approach, one undisturbed fallow soil

(minimum human interference) adjoining to experimental area was analyzed

to compare if long-term agricultural farming is deteriorating the soils or

not, with reference to undisturbed fallow field. Here, the basic objective

was to judge if there is any aggradation or degradation due to agriculture.

Sample from undisturbed fallow area was considered as reference. First, the

percent deviation of each parameter over the undisturbed samples was

measured. The positive (þ) and negative (2) signs were assigned to the

percent deviation based on the assumptions of the degradation or aggradation

effect of the parameters. Positive sign was assigned for the parameters

microbial biomass carbon, dehydrogenase activity, organic carbon, total N,

available N, available P, and available K when there was an increase of

values over undisturbed fallow, and for bulk density, it is a decrease of

values over undisturbed fallow and vice versa. Any change of pH over undis-

turbed fallow is considered negative. The parameters were ranked from 1 to

10, depending on their importance and responsiveness toward aggradation

or degradation (Table 4) (Dalal and Moloney 2000). Then, percent

deviation was multiplied by the respective rank. The weighted mean was cal-

culated by dividing the summation with the sum total of the rank, and the

weight mean value was considered as also soil quality index.
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Table 3. Scoring chart used for selected soil variables/indicators based on the soil type and the variation of values within the treatments

Available phosphorus Total nitrogen Dehydrogenase activity Mean weight diameter

Kg ha21 Score % Score

mg TPF

24 h21 g21 Score mm Score

0–25 0–0.4 ,0.025 0.1 ,10 0.1 ,0.10 0.1

25–50 0.4–0.6 0.025–0.05 0.1–0.5 10–30 0.1–0.4 0.1–0.2 0.1–0.3

50–75 0.6–0.75 0.05–0.075 0.5–0.75 30–50 0.4–0.8 0.2–0.4 0.3–0.5

75–100 0.75–1.0 0.075–0.1 0.75–1 50–75 0.8–1 0.4–0.5 0.5–0.75

.100 1 .0.1 1 .75 1 0.5–0.75 0.75–1.0

.0.75 1

S
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lity

U
n
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er

R
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Table 4. Scoring for ranking some physical, chemical, and biological indicators of soil quality (Dalal and Moloney 2000)

Serial no.

Selection

criteria pH

Organic

carbon

Available

nutrients

Aggregate

stability

Bulk

density

Microbial

biomass

carbon

Enzyme

activity

1 Responsiveness 7 7 8 8 7 9 8

2 Ease of capture 8 7 6 5 7 3 8

3 Interpretation 8 8 8 7 5 5 6

4 Measurement

error

7 8 7 5 5 4 5

5 Stable to

measure

9 10 7 6 7 7 4

6 Frequency 8 8 6 7 7 5 4

7 Cost 8 6 5 5 6 2 6

8 Aggregation 6 9 5 5 7 3 4

9 Mappable 9 9 5 6 7 3 4

10 Acceptance 9 10 9 7 8 5 4

Total score 79 82 66 61 66 46 53

Ranking of the parameters as follows: bulk density ¼ 6.6; mean weight diameter ¼ 6.1; pH ¼ 7.9; organic carbon ¼ 8.2; available nitrogen ¼ 6.6;

available P ¼ 6.6; available K ¼ 6.6; microbial biomass carbon ¼ 4.6; dehydrogenase activity ¼ 5.3.
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RESULTS AND DISCUSSION

Soil Analysis Results

By comparing the initial soil properties of experimental site at the time of start

of the experiment during 1972 (Table 1) with those after the harvest of rice

during 2002 (Table 5), it was observed that there has been considerable

reduction in organic carbon content of soil even in the treatment where

farmyard manure (FYM) was added. There were few changes of pH and EC,

even after continuous addition of fertilizer. The pH and EC in all the treatments

were in optimum range of soil. The total soil nitrogen was highest in the

treatment with 100% NPKþ FYM (T4) followed by 100% N (T1), 100%

NPK (T3), 100% NP (T2), and control (T5), respectively. The higher

amount of total N in 100% N treatment may be due to less uptake of

nitrogen by plant due to the imbalance nutrients application in this

treatment. The available N, P, and K are in the order of 100% NPKþ FYM

followed by 100% NPK, 100% NP, 100% N and control, respectively. There

was considerable buildup of phosphorus in the plots, which received P appli-

cation continuously. Among the soil physical properties, no significant

changes were observed in bulk density. The mean weight diameter of aggre-

gates was highest in 100% NPKþ FYM followed by 100% NPK, 100% NP,

100% N and control, respectively. The increase in soil aggregates due to the

incorporation of organic matter is supported by the fact that organic substances

added to soil through FYM are capable of binding the soil particles together)

(MacRae andMehuys 1985). The improvement of soil structure in balance fer-

tilizer treatments might have resulted from increased root residues of crops

(Latif et al. 1992). The soil biological properties like microbial biomass

carbon and dehydrogenase activity were highest in 100% NPKþ FYM

followed by 100% NPK, 100% NP, 100% N and control, respectively. There

is strong relationship between soil organic matter content and enzyme activi-

ties (Gracia, Hernandez, and Costa 1994). Addition of organic matter in T4

treatment might have increased the biological activity of the soil (Min et al.

2003). The micronutrients Cu, Mn, Fe, and Zn were not limited in all the treat-

ments, and the plants did not show any deficiency symptoms of micronutrients.

One undisturbed fallow soil near the experimental plot was also analyzed.

There was difference of results of soil properties between the initial soil

properties during 1972 and the soil of undisturbed fallow plot. This may be

due to natural weathering of soil as well as erosion effect. In most cases, undis-

turbed fallow soil have properties between T2 and T3 treatments.

Minimum Data Set (MDS) Formulation for Soil Quality Indicators

The nonparametric x2 test of treatment means revealed that of 15 soil proper-

ties (or variables), 5 properties did not have significant difference between
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Table 5. Treatment effects on selected soil quality indicators to a depth of 0–15 cm after the harvest of rice in 2002

Treatment pH

EC

(dS m21)

Organic

carbon

(%)

Total

N (%)

Avl. N

(kg

ha21)

Avl. P

(kg

ha21)

Avl. K

(kg

ha21)

MBC

(mg g-1

of soil)

DHA (mg

TPF 24

h21 g21)

Bulk

density

(Mg m23)

MWD

(mm)

Cu

(ppm)

Mn

(ppm)

Fe

(ppm)

Zn

(ppm)

100% N 7.11 0.15 0.481 0.086 208.33 15.67 210.33 151.37 19.90 1.41 0.45 4.185 10.35 33.33 0.69

100% NP 7.10 0.18 0.489 0.078 246.67 73.00 227.33 248.17 26.68 1.36 0.62 3.961 9.11 33.24 0.75

100% NPK 6.97 0.21 0.564 0.084 274.33 94.67 247.33 412.33 32.89 1.43 0.65 4.107 9.61 47.73 0.72

100% NPK

þFYM

6.98 0.21 0.627 0.099 281.00 115.67 248.67 479.20 39.11 1.33 0.72 5.542 12.44 48.70 1.12

Control 7.12 0.15 0.469 0.076 182.67 11.00 208.33 140.21 21.18 1.42 0.35 3.915 7.71 35.27 0.78

P , a 0.036 0.020 0.022 0.015 0.014 0.011 0.084 0.010 0.011 0.187 0.017 0.287 0.02 0.064 0.088

Undisturbed

fallow soil

6.85

(0.04)

0.17

(0.01)

0.478

(0.02)

0.076

(0.01)

248.00

(6.431)

63.33

(2.400)

226.67

(5.077)

237.75

(7.33)

34.69

(1.972)

1.36

(0.029)

0.66

(0.027)

5.79

(0.14)

12.99

(1.98)

50.22

(2.68)

0.74

(0.08)

In undisturbed fallow soil, values in the parentheses is standard deviation between replicated values.
aSignificance of ANOVA comparison of Kruskal-Wallis test between treatments.

J
.
C
h
a
u
d
h
u
ry

et
a
l.

1
1
5
2



treatments. Soil Available K, extractable Cu, Fe, Zn, and bulk density showed

no significant difference between treatments at p , 0.05 level (Table 5). In

principal component analysis, these 5 variables were dropped, and the

remaining 10 variables having significant difference with treatments were

used. In the PCA of variables with significant differences between treatments

greater than 95% of the variance in the data were explained by the first three

principal components (Table 6) having eigen values greater than 0.5. Highly

weighted variables under PC1 included dehydrogenase activity, microbial

biomass carbon, organic carbon, available P, EC, available N, mean weight

diameter of aggregates. Under PC2 pH and total N, and for PC3, pH was

found to be the highly weighted variables. Because the soil pH in all the treat-

ments was within the optimum range, it was not included in the MDS and total

N from PC2 was included in MDS. All seven highly weighted variables under

PC1 were also highly correlated (Table 7). The dehydrogenase activity had the

highest correlation sums as well as highest factor loading value in PC1 and

because of its simple and inexpensive test, it was retained under MDS.

Mean weight diameter was the only physical parameter of soil having high

factor loading that was also retained under MDS. Organic carbon has the

lowest correlation coefficient, but it had high correlation coefficient with

DHA (0.93), and so it was dropped. Available N is the next lowest correlation

coefficient, but because total N was taken under MDS, it was dropped. From

the soil chemical properties, available P having higher correlation coefficient

with available N (0.91) was included into MDS. Because the EC and soil

Table 6. Results from the principal components analysis of statistically significant

variables (p , 0.05)

Statistic or variable PC1 PC2 PC3

Eigenvalue 7.595 1.326 0.589

Percentage of variance

explained

75.950 13.259 5.890

Cumulative percentage 75.950 89.209 95.099

Eigenvectors

PH 20.605 0.603 0.489

EC 0.899 0.297 20.117

Organic carbon 0.959 20.153 20.0552

Total N 0.765 20.563 0.232

Available N 0.897 0.324 0.085

Available P 0.942 0.263 20.0005

Microbial biomass carbon 0.967 0.107 20.107

Dehydrogenase assay 0.969 0.101 20.200

Mn 0.750 20.479 0.422

Mean weight diameter 0.888 0.331 0.206

Underline factor loadings are considered highly weighted.
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pH values were within the optimum range in all the treatments, EC along with

pH were dropped from MDS. Using the similar procedure, Andrews et al.

(2002) and Andrews and Carrol (Andrews and Carroll 2001) also reported

that soil aggregates and total N were important variables to be included in

the MDS while computing soil quality index. Enzyme activity was also con-

sidered an effective indicator of soil quality changes resulting from environ-

mental stress or management practices (Quilchano and Maranon 2002). A

multiple regressions was computed by using the four MDS indicators (i.e.,

MWD, DHA, total N and available P) as independent variables and the end

point measures representing management goals (i.e., overall sustainable

yield index as dependent variables). The coefficient of determination (r2) is

0.69 with level of probability of significance is 0.013. This indicates that

the MDS was responsive to management goals (SYI) in this cropping system.

Soil Quality Index Interpretation

The MDS variables for each treatment were transformed by using scoring

functions (Table 3). The SQI was calculated by using weighing factors for

each scored MDS variable according to the formula:

SQI ¼ S 0:799X S (DHA)þ 0:799X S (Available P)þ 0:799X S (MWD)

þ 0:139X S (total N)

where S is the score for the variable and the coefficients are the weighing

factors derived from the PCA. The organic system along with chemical ferti-

lizer received the highest SQI value (Figure 1). The mean weight diameter of

aggregates contributed maximum to the soil quality index (42.2%) followed

Table 7. Correlation matrix for highly weighted variables under PC with high factor

loading

Variables EC

Organic

carbon

Available

N

Available

P MBC DHA MWD

EC 1.000 0.837 0.860 0.902 0.901 0.922 0.840

Organic

carbon

0.837 1.000 0.773 0.853 0.915 0.933 0.778

Available

N

0.860 0.773 1.00 0.911 0.893 0.884 0.910

Available

P

0.902 0.853 0.911 1.000 0.946 0.934 0.930

MBC 0.901 0.915 0.893 0.946 1.000 0.957 0.856

DHA 0.922 0.933 0.884 0.934 0.957 1.000 0.854

MWD 0.840 0.778 0.910 0.930 0.856 0.854 1.000

Total 6.262 6.088 6.231 6.475 6.468 6.485 6.168
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by available P (29.6%), DHA (19.9%), and total N (8.3%), respectively. By

considering 100% NPKþ FYM as ideal treatment (SQI ¼ 100), the relative

soil quality (Figure 2) explained that if there were exclusion of FYM, the

soil quality (SQ) would decline by 19.35%. Furthermore, if FYM and

potassium fertilizer were excluded, the SQ would decline to 25.81%;

similarly, if FYM, potash, and phosphorus fertilizer were excluded, SQ

would decline by 46.54%; and if no fertilizer as well as manure was

applied, the SQ would decline by 56.68%. In the same way, if no manures

were applied, sustainability of yield (SY) would be reduced by 7.37%; if

manures and potassium fertilizer were excluded, 17.16% of SY would be

reduced. Furthermore, if manures, potassium, and phosphate fertilizer were

excluded, SY would go down by 27.58%, and if no fertilizer as well as

manures were applied, SY would be reduced by 46.46%. The variation of

results between sustainable yield index and soil quality index may be due to

other biophysical factors like climate crop variety that govern the yield in

rice-wheat-jute cropping system.

Another approach taking the undisturbed fallow as benchmark soil was

also used to compare the fragility of the production system caused by the

Figure 1. Soil quality index (SQI) for each treatment. Stacked bars show the com-

ponent (scored and weighted) indicators means added to derive the overall index

values. Error bars denote standard deviation of overall index values. LSD0.05 for SQI

between treatments ¼ 0.205.
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traditional system of farming. The soil parameters of pH, organic carbon, total

N, Available N, P, K, MBC, DHA, bulk density, MWD were used, and the

percent deviation of each variables for each treatment with reference to the

undisturbed fallow are presented in Table 8. The two treatments (i.e., 100

NPKþ FYM and 100% NPK) showed aggradation of soil quality, but the

other three treatments, 100% N, 100% NP, and control, where no fertilizer

and manures were applied showed negative change of soil quality in

reference to undisturbed fallow and indicated degradation of the system.

CONCLUSIONS

The balance fertilization along with manures improves the soil aggregation as

well as biological activity of soil and maintains soil quality and sustainability

of productivity. The multivariate statistical method effectively selected a

minimum data set from large existing data sets. The use of this approach

has the potential to integrate biological, chemical, and physical data for

ecological management applications where such integration is often lacking.

The indexing approach can be used as a tool for adaptive land management

for monitoring the effects of management practices on soil functions that

best meet the goal. The undisturbed fallow soil can be used as reference in

Figure 2. Relative soil quality and sustainable yield index among the treatments con-

sidering 100% NPKþ FYM as 100.
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Table 8. Percent changes in the soil properties as influenced by management practices with reference to undisturbed fallow samples

Treatments pH

Organic

carbon Total N

Available

N

Available

P

Available

K MBC DHA

Bulk

density MWD SQI

100% N 23.69 0.76 13.60 216.00 275.26 27.21 236.34 242.63 23.67 233.82 218.54

100% NP 23.60 2.44 2.19 20.54 15.26 0.29 4.38 223.08 0.24 28.82 20.76

100% NPK 21.70 18.00 10.96 10.62 49.47 9.12 73.42 25.19 24.89 24.41 14.05

100% NPK

þFYM

21.75 31.26 29.82 13.31 82.63 9.71 101.54 12.74 2.69 5.88 26.50

Control 23.89 21.88 0.439 226.34 282.63 28.09 241.03 238.94 24.40 248.53 223.60
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case of nonavailability of benchmark spot. This approach of soil quality

indexing may have even broader applications for soil restoration than for agri-

culture. Certainly, MDS indicators and scoring functions may need to be

changed with differing management, climate, soil type, or even time. But

this case study emphasizes that soil quality assessment is a tool that can be

used to evaluate the effects of land management practices on soil function.
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