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Abstract

Widespread yield stagnation and productivity declines in the rice–rice cropping system have been reported

and many of the associated issues are related to soil quality. A long-term experimental study was initiated

in 1969 to assess the impact of continuous cultivation of rice as a single crop grown in wet as well as dry

seasons using varying levels of chemical fertilizer and manure applications on soil quality indicators

(physical, chemical and biological), a sustainable yield index (SYI) and a soil quality index (SQI). The

treatments comprised chemical fertilizers and farmyard manure (FYM) either alone or in combination viz.

control, N, NP, NK, NPK, FYM, N+FYM, NP+FYM, NK+FYM and NPK+FYM, laid out in a

randomized complete block design with three replications. Soil samples were collected after the wet season

rice harvest in 2010 and were analysed for physical, chemical and biological indicators of soil quality. A

SYI based on long-term yield data and SQI using principal component analysis (PCA) and nonlinear

scoring functions were calculated. Application of NPK fertilizers in combination with FYM significantly

increased the average grain yield of rice in both wet and dry seasons and enhanced the sustainability of the

system compared to the control and plots in receipt of fertilizers. The SYI for the control was higher in

the wet season than in the dry one, whereas the reverse was true for NPK+FYM treatment. The value of

the dimensionless SQI varied from 1.46 in the control plot to 3.78 in the NPK+FYM one. A greater SYI

and SQI in the NPK+FYM treatment demonstrated the importance of using a chemical fertilizer in

combination with FYM. For the six soil quality indicators selected as a minimum data set (MDS), the

contribution of DTPA-Zn, available-N and soil organic carbon to the SQI was substantial ranging from

59.4 to 85.7 per cent in NPK+FYM and control plots, respectively. Thus, these soil parameters could be

used to monitor soil quality in a subhumid tropical rice–rice system.

Keywords: Principal component analysis, multivariate statistics, fertilizer, farmyard manure,
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Introduction

Long-term experiments provide opportunities for monitoring

changes in crop yields and nutrient balances and the

identification of factors associated with such changes to help

with evaluating the sustainability of agricultural management

systems (Rasmussen et al., 1998). It is essential that system

performance be monitored for productivity, soil nutrient

status and nutrient supply capacity in order to decide on

sustainable management systems (Powlson et al., 1986).

Results from many long-term experiments at several

locations in India have indicated a declining trend in the

productivity of rice after a few years of continuous cropping

(Dawe et al., 2000; Ladha et al., 2003). Many of the issues

related to sustainability are concerned with soil quality

which is a critical component in sustainable agriculture.

While the term ‘soil quality’ is relatively new, it is well

known that soils vary in quality and change in response to

use and management. A soil system is characterized by

attributes that range within limits, are functionally inter-

related and thus can be used to quantify soil quality. The

assessment of soil quality requires a systematic method for

measuring and interpreting soil properties (Granatstein &

Bezdicek, 1992). Individual soil properties may not provide

an adequate measure of soil quality and integrated soil
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quality indicators based on a combination of soil properties

can better reflect the status of soil quality than individual

parameters (Dick, 1994). Traditionally, soil quality research

has focused on chemical and physical properties because

simple methods of analysis were available (Larson & Pierce,

1991); however, more recently, it has been suggested that soil

biological properties can serve as early and sensitive

indicators of responses to soil management practices (Islam

& Weil, 2000). Thus, the measurements of biological along

with chemical and physical properties of soil are essential for

evaluating the impact of organic amendments on soil quality

(Min et al., 2003). A soil quality index (SQI) would help

with the interpretation of data from different soil

measurements and show whether management and land use

are having the desired effects on productivity, environmental

protection and health (Granatstein & Bezdicek, 1992).

Sustainability of agricultural production systems has become

an issue of national and international concern. In India a

rice–rice intensive cropping system is the second most

common system after rice–wheat and covers 5.5 9 106 ha.

The present investigation was undertaken in order to (i)

identify biological, chemical and physical indicators of soil

quality in a long-term rice–rice cropping system, (ii) develop

an overall SQI by using these indicators relevant to rice-

based agricultural systems and (iii) quantify the long-term

effects of chemical fertilizers and organic manures on soil

quality and crop productivity.

Materials and methods

Study site

The study site was on the experimental farm of the Central

Rice Research Institute, Cuttack, India (20°25′N, 85°55′E;
elevation 24 m above mean sea level). Mean annual

maximum and minimum temperatures are 39.2 and 22.5 °C,
respectively, and the mean annual temperature is 27.7 °C.
Annual precipitation is ca. 1500 mm of which 75–80% is

received during June to September (Figure 1). The difference

between mean summer and winter soil temperature is >5 °C,
thus qualifying for the hyperthermic temperature class. The

soil on the farm has developed in recent times from deltaic

sediments of the Mahanadi River. The soil at the

experimental site is an Aeric Endoaquept (Soil Survey Staff,

2010) with a sandy clay loam texture (31% clay, 17% silt and

52% sand). Other soil physical and chemical properties of the

experimental field at the beginning of the study were

bulk density (BD) 1.40 Mg/m3, cation-exchange capacity

15.2 cmol(p+)/kg, pH 6.6 (using 1:2.5, soil/water suspension),

organic carbon 6.6 g/kg, total-N 0.8 g/kg, exchangeable K

0.26 cmol(p+)/kg and available-P 13.0 mg/kg.

Field experiment

The experiment started in 1969 with two crops per year with

rice (Oryza sativa L.) as a mono-crop in wet (July–

November) and dry (January–May) seasons. Treatments were

arranged in a randomized complete block design with

three replications of control (no fertilizer) and different

combinations of chemical fertilizers and farm yard manure

(FYM) viz. control, N, NP, NK, NPK, FYM, N+FYM,

NP+FYM, NK+FYM and NPK+FYM. The wastes from the

Institute’s dairy farm were used to prepare the FYM which

contained 171–189 g total organic C and 4–16 g total-N per

kg. The FYM (5 Mg/ha) was applied uniformly in all the

treatments which received FYM during the last week of May

every year. The chemical fertilizer schedules were 60-40-40

and 80-40-40 N-P2O5-K2O kg/ha for wet and dry seasons,

respectively, and the fertilizers were applied according to the

required treatment.
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Figure 1 Mean monthly (1969–2010) weather

parameters for the study area.
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Soil sampling and analyses

Soil samples from three points in each plot at 0–15 cm depth

were collected randomly using a posthole auger after

harvesting the wet season crop in December, 2010. A

composite sample representative of each plot was prepared by

mixing the samples. Immediately after collection, part of the

soil sample was air-dried and ground to pass through a 2 mm

sieve and analysed for soil organic carbon (SOC) and total-N

(Ntot) with an elemental analyzer (Flash 2000; Thermo

Scientific), available-N (Subbiah & Asija, 1956), available-P

(Bray & Kurtz, 1945), available-K (Piper, 1966), DTPA-Zn,

Cu, Fe and Mn (Lindsay & Norvell, 1978), pH (1:2.5, soil:

water suspension), electrical conductivity (EC; 1:2.5, soil:

water suspension), clay percentage and clay dispersion index

(CDI, Gee & Bauder, 1986). The remainder of the sample was

stored in a refrigerator at 4 °C prior to biochemical analysis.

Microbial biomass carbon (Cmic) and nitrogen (Nmic) were

determined using the chloroform fumigation extraction

methods of Vance et al. (1987) and Ross (1990), respectively.

Carbon and nitrogen mineralization (Cmin and Nmin) were

determined by incubating soil for 1 month. Carbon

mineralization was evaluated by using alkali traps (Anderson,

1982). To measure Nmin, mineral N (NH4-N+NO3-N) of the

incubated soil was determined by extraction with 2M KCl

(Keeney & Nelson, 1982) followed by alkali distillation with

adding Devard’s alloy in an automatic N analyzer. Net

mineralized C and N were calculated and cumulative Cmin and

Nmin were determined. The activity of the dehydrogenase

(DHA), urease, acid- and alkaline-phosphatase enzymes were

measured as described by Tabatabai (1994). Two undisturbed

soil cores were also collected using a core sampler from each

plot for measuring BD (Blake & Hartge, 1986) and saturated

hydraulic conductivity (HC, Greene et al., 1988).

Soil quality index

The SQI as described by Andrews et al. (2002) was used

with some modification. The determination of SQI involved

four main steps: (i) statement on objective, (ii) selection of a

minimum data set (MDS) of indicators that best represented

soil functions, (iii) scoring the MDS indicators based on

their performance and (iv) integrating the indicator scores

into a comparable SQI. A sustainable yield index (SYI) for

wet and dry seasons and for the rice–rice system under each

treatment was the objective.

A SYI (Singh et al., 1990) was calculated based on rice

yield for wet and dry seasons using the following formula:

SYI ¼ ðY � rn�1Þ=Ym

where Y is average yield, rn�1 the standard deviation and Ym

the maximum yield obtained during the experiment. For the

SYI, low standard deviations (r) suggest sustainable systems

because r measures variation in yield caused by soil and

climatic factors. If the standard deviation (r) is large, SYI will

be low, and this indicates an unsustainable management

practice (Singh et al., 1990). Only those soil properties that

showed significant treatment differences were selected for a

representative MDS. Significant variables were chosen for the

next step in MDS formation through principal component

analysis (PCA; Andrews et al., 2002). The principal

components (PC) with high Eigen values (>1; Brejda et al.,

2000) and variables with high factor loadings (>0.700;
absolute value) were assumed to be variables that best

represented system attributes and were retained for the MDS.

When more than one factor was retained under a single PC,

multivariate correlation coefficients were used to determine if

the variables could be considered redundant and therefore

eliminated from the MDS (Andrews et al., 2002). Highly

correlated variables were considered redundant and only one

was considered for the MDS. If the highly weighted variables

were not correlated, each was considered important and

retained in the MDS. To check how well the MDS represented

the management systems, multiple regressions were performed

using the indicators retained as independent variables and the

end point measures such as the SYI for the wet season (wet-

SYI), dry season (dry-SYI) and the system (system-SYI) as

dependent variables. If any variable within the MDS did not

contribute to the coefficient of determination from the

multiple regressions, it was also ignored. After the MDS

indicators were determined, results were transformed using a

nonlinear scoring method (Andrews et al., 2002). The shape

of each decision function which was either a bell-shaped curve

(‘mid-point optimum’), a sigmoid curve with an upper

asymptote (‘more is better’) or a sigmoid curve having a lower

asymptote (‘less is better’); such curves were then evaluated on

the basis of the available literature and the opinions of the

collaborating researchers (Table 1). A score (S) for each MDS

variable was calculated using the following equation (Bastida

et al., 2006)

S ¼ a=ð1þ ðx=x0ÞbÞ

where x is the soil property value, a is the maximum score

(1.00) of the soil property, x0 is the baseline or value of each

variable where the score equals 0.5 and equals the mid-point

between threshold soil property values (Table 1) and b is the

value of the slope of the equation. With b equal to �7.5 for

the ‘more is better curve’ and 7.5 for the ‘less is better curve’

(http://www.meta-calculator.com/online/), we obtained curves

that fitted a sigmoidal one tending to ‘1’ in the case of ‘more

is better curve’ and ‘0’ in the case of ‘less is better curve’ for

the MDS variables.

Once transformed, the MDS variables for each observation

were weighted using the PCA results. We then summed the

weighted MDS variable scores for each observation using the

following equation:
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SQI ¼
Xn

i¼1

Wi � Si

where Wi is the weighing factor derived from the PCA

(absolute value) and Si is the score for the subscripted

variable. The assumption was that higher scores meant

better soil quality, which leads to greater productivity.

Furthermore, the percentage contribution of each final key

indicator was also calculated. The resultant SQI values were

tested for their significance at P < 0.05.

Statistical analyses

In order to compare the treatments, a one-way analysis of

variance (ANOVA) was performed following standard

procedures (Gomez & Gomez, 1984), and treatment means

were compared at the 5% probability level. The MDS of soil

quality indicators was derived from the PCA, Pearson’s

correlation coefficient and the multiple regression equation.

All the analyses were performed using the SAS software

package (SAS Institute Inc, 2008).

Results and discussion

Soil quality indicators

The mean values (n = 3) of all the soil physical, chemical and

biological properties are given in Table 2. The BD ranged

from 1.40 in NPK+FYM to 1.59 Mg/m3 in the control with

no added fertilizer, and the respective hydraulic

conductivities were 2.6 and 2.1 cm/day and the CDIs were

13.7 and 25.4. The improvement in soil physical parameters

in the plots with continuous application of NPK along with

FYM may be due to the increase in SOC and that might

have decreased BD and CDI (Reeves, 1997). The pH of the

treated plots declined significantly from an initial value of 6.6

in 1969 to a lowest value of 5.6 and a highest value of 6.2

recorded in NP and FYM treatments, respectively. The SOC

concentration in the control plots (6.3 g/kg) was maintained

close to its initial value (6.6 g/kg in 1969). Maintenance of

the SOC in the control even after 41 years can be explained

by the reduced decomposition of both added and native SOC

due to anaerobic conditions which prevail throughout the

year in a rice–rice system (Guo & Lin, 2001). The Cmic

content varied from 180 to 361 mg/kg, and the greatest was

reported for the NPK+FYM treatment, while was least in the

control plots. The reason for increased Cmic might be due to

increased SOC, particularly the light carbon fractions

(Alvarez & Alvarez, 2000) and the favourable environment

for microbial activity for C enrichment through plant residue

incorporation as well as FYM application. The lower value

for Cmic in the control treatment might be due to its

unfavourable environment as a result of depletion of

nutrients from the continuous cropping without any added

fertilizers (Grego et al., 1998). Cmin provides an early

Table 1 Soil quality indicators and scoring functions

Indicator Scoring curve

Lower

threshold

Upper

threshold

Lower

baseline

Upper

baseline Optimum Source of limits

Clay (%) More is better 0 40 20 – –

Bulk density (Mg/m3) Less is better 1.0 2.0 1.5 – – Glover et al., 2000;

Hydraulic conductivity (cm/h) Optimum 0.2 2.0 0.6 1.5 1.0 Lal (1994)

Clay dispersion index Less is better 0 36 18 – –

pH Optimum 4.5 9.0 5.5 7.5 6.5

Electrical conductivity (dS/m) Less is better 2.0 12.0 6.0 – –

Organic carbon (g/kg) More is better 0 12 6 – – Rao (1995)

Microbial biomass carbon (mg/kg) More is better 0 400 200 – – Haynes (2005)

Carbon mineralization (mg/kg) More is better 0 1200 600 – – Haynes (2005)

Total nitrogen (mg/kg) More is better 0 1200 600 – –

Available nitrogen (kg/ha) More is better 0 400 200 – –

Microbial biomass nitrogen (mg/kg) More is better 0 60 30 – – Haynes (2005)

Nitrogen mineralization (mg/kg) More is better 0 60 30 – – Haynes (2005)

Bray’s phosphorus (kg/ha) More is better 0 50 25 – –

Available potassium (kg/ha) More is better 0 400 200 – –

DTPA Zinc (mg/kg) More is better 0 1.5 0.75 – –

DTPA Copper (mg/kg) More is better 0 5 2.5 – –

DTPA Iron (mg/kg) More is better 0 50 25 – –

DTPA Manganese (mg/kg) More is better 0 20 10 – –

Urease (lg NH4
+/g/h) More is better 0 200 100 – –

Dehydrogenase (lg TPF/g/h) More is better 0 100 50 – –

Acid Phosphatase (lg PNP/g/h) More is better 0 600 300 – –

Alkaline Phosphatase (lg PNP/g/h) More is better 0 400 200 – –

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management
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indication of a possible degrading or aggrading effect of

different management practices on soil quality (Powlson,

1994), and varied from 691 to 851 mg/kg (Table 2). The Ntot

content in the treatments with N, NP, NK and NPK ranges

from 980 to 1020 mg/kg, whereas, combined use of chemical

fertilizer and FYM gave results for Ntot ranging from 1050 to

1140 mg/kg. Chavan et al. (2010) report that long-term and

continuous application of fertilizer and organic matter to

rice–rice systems result in significant change in the Ntot status

of surface soil. All the treatments receiving FYM along with

chemical fertilizer had a greater Nmic concentration than the

treatments with chemical fertilizer alone. The concentration

of Nmic varied from 19.3 to 36.0 mg/kg, and the greatest was

in NPK+FYM treatment. The greatest N availability

(251 kg/ha) for the surface soil was for the treatment where

NK was applied along with FYM which is significantly

greater than for the control, FYM and NPK treatments.

Application of FYM and P through chemical fertilizers

enhanced Bray’s P. Greater available-K of 147 and 154 kg/ha

was determined for the NPK+FYM and NK+FYM

treatments, respectively, which were statistically on a par and

significantly greater than the other treatments. Continuous

exclusion of K in fertilizer schedules resulted in a decline in

soil K under an intensive rice–rice system (Masto et al.,

2007). Application of chemical fertilizers without P reduced

the DTPA-Zn over the control; however, inclusion of P in the

fertilizer schedule maintained it on par with the control

because Zn present in the superphosphate fertilizer offset its

loss due to the crop harvest from the plots. Application of

FYM alone or in combination with chemical fertilizer

increased the DTPA-Zn over the control treatment. The

other micronutrients of Cu, Mn and Fe were not limited in

all the treatments, and the plants did not show any deficiency

symptoms. Application of NPK along with FYM led to a

significant increase in DHA, urease, acid- and alkaline-

phosphatase activities in the rice soil. Organic matter often

leads to an increase in the activity of various enzymes

(Crecchio et al., 2001; Bhattacharyya et al., 2005).

Rice yields and SYI

Compared to the control, application of fertilizers, either

alone or in combination with FYM significantly increased

the average grain yield of rice for both wet and dry seasons

and also for the system (Table 3). The yield data reveal that

the treatments receiving FYM along with chemical fertilizers

have greater values than those receiving only chemical

fertilizers in both seasons. The highest grain yield was found

for the NPK+FYM treatment both in wet (5.43 t/ha) and

dry (4.89 t/ha) seasons, whereas the lowest yields were in the

control plots in both seasons (3.38 and 2.40 t/ha) and for the

system (5.78 t/ha). Greater yields were found when N was

applied in combination with P than when applied in

combination with K in both wet and dry seasons to indicateT
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that rice had a greater response to P application than K in

lowland situations. The difference between these two

treatments narrowed when applied with FYM.

The SYI for rice varied significantly with nutrient management

practices. Under the control plot with no added fertilizers, the

SYI values for wet season, dry season and system were 0.46, 0.35

and 0.39, respectively. The combined application of chemical

fertilizer and FYM increased crop yields with the SYI for wet

and dry seasons being 0.74 and 0.79, respectively, and an overall

of 0.70 for the system. The SYI for the control was greater in the

wet season than in the dry one, whereas the reverse was true for

the NPK+FYM treatment. Our results indicate that a combined

application of chemical fertilizers with manure promotes a high

and stable yield.

Selection of a soil quality indicator

Three PCs had Eigen values >1 that explained 86.8% of

variation in the data (Table 4). A correlation matrix for the

highly weighted variables under different PCs was run

separately (Table 5). It was assumed that the variables having

the highest correlation sum best represented the group. All the

fifteen highly weighted variables under PC1 were also highly

correlated. The studied soils were slightly acidic to neutral,

and the range of EC was from 0.05 to 0.12 dS/m; however,

this does not affect crop productivity and hence was dropped

from the MDS, even though it had a high correlation sum and

factor loading. Andrews et al. (2002) report that choice among

well-correlated variables could also be based on the

practicability of the variables. Among the physical parameters

BD (highest correlation sum) and CDI (highest factor loading)

were retained. Selection of CDI was also important for its

significance under waterlogged soil conditions, and in our

study the plots were saturated/puddled twice in a year for the

last 41 years. The SOC was retained in the MDS because of its

easy determination and had a comparable factor loading to

the other organic carbon fractions. Microbial biomass carbon

and Cmin were highly correlated with SOC and hence were

excluded from the MDS. Among different N fractions, Avail-

N had a higher factor loading, is easy to analyse and thus was

retained for the MDS. The other fractions were highly

correlated with Avail-N, hence were ignored. For the soil

enzymes DHA, Urease and Alk-P were retained because they

Table 3 Long-term effects of chemical fertilizer and farmyard

manure (FYM) treatments on average crop yields (t/ha) and

sustainable yield index (SYI) for wet season, dry season and rice–

rice system

Treatments

Wet

season

yield

Wet-

SYI

Dry

season

yield

Dry-

SYI

System

yield

System-

SYI

Control 3.38 0.46 2.40 0.35 5.78 0.39

N 4.18 0.58 3.32 0.51 7.50 0.52

NP 4.56 0.64 4.04 0.62 8.60 0.59

NK 4.34 0.62 3.51 0.52 7.85 0.54

NPK 4.89 0.68 4.39 0.70 9.28 0.63

FYM 4.27 0.59 3.16 0.46 7.43 0.49

N+FYM 5.03 0.68 4.25 0.66 9.28 0.64

NP+FYM 5.11 0.69 4.60 0.72 9.72 0.66

NK+FYM 5.14 0.70 4.54 0.72 9.68 0.66

NPK+FYM 5.43 0.74 4.89 0.79 10.32 0.70

LSD (P < 0.05) 0.32 0.14 0.43 0.17 1.21 0.18

Table 4 Results of principal component analysis (PCA) of soil

quality indicators

Principal components PC1 PC2 PC3

Eigen value 15.009 3.581 1.387

% of total variance 65.257 15.568 6.030

Cumulative % 65.257 80.825 86.855

Factor loadings/Eigen vectors

BD �0.851 �0.240 �0.408

Clay 0.490 0.384 0.554

HC 0.880 0.282 0.220

CDI �0.933 �0.085 �0.088

pH �0.132 0.918 0.272

EC 0.824 0.382 0.277

SOC 0.822 0.196 0.444

Ntot 0.732 0.300 0.376

Avail-N 0.907 0.101 0.067

Bray’s P 0.670 �0.059 0.635

Avail-K 0.560 0.774 �0.042

DTPA-Zn 0.104 0.302 0.880

DTPA-Cu 0.139 0.842 0.233

DTPA-Fe 0.255 0.488 0.679

DTPA-Mn 0.066 0.672 0.638

Cmic 0.892 0.081 0.332

Cmin 0.814 �0.111 0.278

Nmic 0.896 0.124 0.288

Nmin 0.866 0.163 0.301

DHA 0.920 0.204 0.054

Urease 0.946 �0.104 �0.201

Acid-P 0.718 0.208 0.619

Alk-P 0.816 0.078 0.503

BD, Bulk density (Mg/m3); HC, Hydraulic conductivity (cm/day);

CDI, Clay dispersion index; EC, Electrical conductivity (dS/m); SOC,

Soil organic carbon (g/kg); Ntot, Total N (mg/kg); Avail-N,

Available Nitrogen (kg/ha); Bray’s-P, Available Phosphorus (kg/ha);

Avail-K, Available Potassium (kg/ha); DTPA-Zn, DTPA extractable

Zinc (mg/kg); DTPA-Cu, DTPA extractable Copper (mg/kg); DTPA-

Fe, DTPA extractable iron (mg/kg); DTPA-Mn, DTPA extractable

manganese (mg/kg); Cmic, Microbial biomass carbon (mg/kg); Cmin,

Carbon mineralization (mg/kg); Nmic, Microbial biomass nitrogen

(mg/kg); Nmin, Nitrogen mineralization (mg/kg); DHA,

Dehydrogenase (lg TPF/g/h); Urease, Urease (lg NH4
+/g/h); Acid-P,

Acid Phosphatase (lg PNP/g/h); Alk-P, Alkaline Phosphatase

(lg PNP/g/h). Factor loadings in bold are considered highly

weighted.
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represent different groups of enzymes and are responsible for

different biochemical reactions and are considered effective

indicators of soil quality change from environmental stress or

management (Quilchano & Maranon, 2002). Acid-P was

highly correlated with Alk-P and also had a low factor loading

and correlation sum and hence was not included. In PC2, pH

and Avail-K were retained in the MDS given their importance

in lowland rice cultivation. DTPA-Cu was correlated highly

with pH (r = 0.82) and also its values were well above the

critical limits (Dobermann & Fairhurst, 2000) and thus was

excluded from the MDS. Under PC3, DTPA-Zn was the only

highly weighted variable which has a significant role in

lowland rice cultivation and hence was retained. Multiple

regressions between MDS and management goals revealed

that CDI and Avail-K significantly influenced all three

management goals, while the effect of Avail-N was significant

on Wet-SYI and System-SYI. Soil organic carbon had

significant influence on Dry-SYI and System-SYI, whereas

DHA and DTPA-Zn were significantly correlated with

System-SYI (Table 6). In summary CDI, SOC, Avail-N,

Avail-K, DHA and DTPA-Zn were retained for SQI

estimation.

Soil quality index

Among all the treatments, the SQI had wide variation (0.10–

0.74) for CDI and least (0.07–0.15) for Avail-K (Table 7).

The value of the dimensionless SQI varied from 1.46 in the

control plot to 3.78 in NPK+FYM plot. The indicators

DTPA-Zn, SOC, Avail-N, CDI, DHA and Avail-K

contributed 21.4, 20.4, 18.0, 19.5, 16.6 and 4.1% to the SQI,

respectively, for the NPK+FYM treated plot, while for the

control plot, the corresponding contributions were 40.4, 31.0,

14.3, 7.9, 2.5 and 4.8%, respectively (Figure 2). If

NPK+FYM is taken as the ideal treatment, then the SQI

would decline by 31.4% if there was exclusion of FYM;

similarly, if no manure and fertilizers were applied, the SQI

would decline by 61.4%. Chaudhury et al. (2005) report a

decline by 56.7% in the SQI for no manure and fertilizer

compared to NPK+FYM treated plots in a long-term

rice–wheat–jute system. Similarly, when compared with a

NPK treatment, SQI declined by 43.7, 35.6, 5.7 and 14.0% in

control, N, NP and NK treatments, respectively. This

indicates that N and FYM are important for maintaining and

improving soil quality. In the present study, the contributions

of DTPA-Zn, Avail-N and SOC to the SQI were substantial

and ranged from 59.4 to 85.7% in NPK+FYM and control,

respectively. Avail-N plays a dominant role in maintaining

the yield of rice. It helps to increase vegetative growth as well

as root biomass. This in turn enhances the SOC, which

influences a wide range of physical, chemical and biological

properties of soil, and is considered the most important

indicator of soil quality (Carter et al., 1999). Rice is one of

the highly sensitive crops to zinc deficiency, and zinc is the

most important micronutrient limiting rice growth and yield

(Alloway, 2004). Masto et al. (2007) report that the Zn status

is a sensitive indicator of soil quality. Dehydrogenase enzyme

also contributed significantly to SQI and its contribution

Table 6 Results of multiple regressions of the minimum data set (MDS) components using management goal attributes at different probability

(P) levels

Goal or function R2 Most significant MDS variables P

SYI-Wet Season 0.969** Clay dispersion index (CDI), Avail-N, Avail-K <0.001, <0.003, <0.032

SYI-Dry Season 0.986** CDI, soil organic carbon (SOC), Avail K <0.000, <0.000, <0.000

SYI-System 0.983** CDI, SOC, Avail-N, DHA, Avail-K, DTPA-Zn <0.001, <0.001, <0.009, <0.027, <0.000, <0.039

Regression equations

SYI-Wet Season = 0.76 � 0.70 CDI + 0.51 Avail-N � 0.25 Avail-K

SYI-Dry season = 0.51 � 0.52 CDI + 0.62 SOC � 0.35 Avail-K

SYI-System = 0.60 � 0.50 CDI + 0.42 SOC + 0.31 Avail-N + 0.24 DHA � 0.34 Avail-K � 0.14 DTPA-Zn

**Significant difference at P < 0.01.

Table 7 Nonlinear scoring results and effect of chemical fertilizer

and farmyard manure (FYM) treatments on soil quality index (SQI)

Treatments

DTPA-

Zn SOC

Avail-

N CDI DHA

Avail-

K SQI

Control 0.59 0.45 0.21 0.10 0.04 0.07 1.46

N 0.44 0.49 0.54 0.21 0.17 0.07 1.93

NP 0.62 0.63 0.59 0.41 0.12 0.07 2.44

NK 0.41 0.56 0.59 0.35 0.19 0.13 2.23

NPK 0.51 0.67 0.58 0.48 0.27 0.09 2.59

FYM 0.85 0.62 0.48 0.21 0.07 0.10 2.33

N+FYM 0.75 0.75 0.64 0.38 0.32 0.12 2.96

NP+FYM 0.83 0.76 0.69 0.47 0.30 0.10 3.15

NK+FYM 0.66 0.76 0.70 0.58 0.40 0.18 3.27

NPK+FYM 0.81 0.77 0.68 0.74 0.63 0.15 3.78

LSD

(P < 0.05)

0.18 0.13 0.14 0.24 0.21 0.04 0.53

DTPA-Zn, DTPA extractable Zinc (mg/kg); SOC, Soil organic

carbon (g/kg); Avail-N, Available Nitrogen (kg/ha); CDI, Clay

dispersion index; DHA, Dehydrogenase (lg TPF/g/h); Avail-K,

Available Potassium (kg/ha).
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ranged from 2.5% in control to 16.6% in NPK+FYM

treatments (Figure 2). Enzyme activity in the soil is a major

contributor to overall soil microbial activity (Frankenberger

& Dick, 1983) and soil quality (Dick, 1994). Dehydrogenase

activity is thought to reflect the full range of oxidative

activity of soil microflora and may be a good indicator of

microbial activity (Nannipieri et al., 1990).

Conclusion

This study has shown that selection of a MDS based on PCA

and multiple regression analysis can be used to obtain a set of

variables relevant to soil quality determination. Data in a

MDS can be transformed using nonlinear scoring curves to

obtain scores varying between 0 and 1, and these scores can

then be used to derive a SQI. Application of chemical fertilizer

alone or in combination with FYM significantly improves soil

quality and sustainability of the rice–rice cropping system.

Omission of N, P, K and Zn from treatments and continuous

cultivation for 41 years causes depletion in these nutrients to

affect yield and soil quality. Inclusion of FYM in a fertilizer

regime maintains micronutrients at nonlimiting levels for the

rice–rice system. Improvement in soil physical and chemical as

well as in biological activity through continuous application

of chemical fertilizers along with FYM results in a greater SQI

and enhanced sustainability. The results from this study

demonstrate for lowland rice in subhumid tropical regions

that soil quality can be improved and sustained if

management is designed to increase SOC.

Acknowledgements

We thank all the researchers who have been associated with the

long-term experiment since 1969 at the Central Rice Research

Institute, Cuttack. We are also grateful to the anonymous

Reviewers and Editor for much help in improving the

manuscript.

References

Alloway, B.J. 2004. Zinc in soils and crop nutrition, p. 116.

International Zinc Association (IZA), Brussels, Belgium.

Alvarez, R. & Alvarez, C.R. 2000. Soil organic matter pools and

their associations with carbon mineralization kinetics. Soil Science

Society of America Journal, 64, 184–189.

Anderson, J.P.E. 1982. Soil respiration. In Methods of soil analysis,

part 2: chemical and microbiological properties. (eds A.L. Page,

R.H. Miller & D.R. Keeney), 2nd edn, pp. 837–871. ASA and

SSSA, Madison, WI.

Andrews, S.S., Karlen, D.L. & Mitchell, J.P. 2002. A comparison

of soil quality indexing methods for vegetable systems in

Northern California. Agriculture Ecosystem and Environment, 90,

25–45.

Bastida, F., Moreno, J.L., Hernandez, T. & Garcia, C. 2006.

Microbiological degradation index of soils in a semiarid climate.

Soil Biology and Biochemistry, 38, 3463–3473.

100.0
4.8
2.5

7.0

14.3

31.0

40.4

22.8

25.6

27.8

11.1

9.1

3.6 2.7
5.7

8.7

4.9

16.8

24.1

25.9

25.6
18.6

25.1

26.5

15.5 18.4

10.3

3.6 4.3

3.2

8.8

20.6

10.9

4.0

12.9

21.7 21.9

26.5

22.4

25.7

19.7

36.6

25.2

25.2 24.3

26.3
20.2

23.1

21.4
18.0

20.4

21.4

17.7

12.1

5.63.1

9.6

14.8

16.6

19.5

4.1

Avail K DHA CDI Avail N SOC DTPA Zn

P
er

 c
en

t c
on

tr
ib

ut
io

ns
 o

f i
nd

ic
at

or
s 

fo
r 

S
Q

I
90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0.0

Con
tro

l N NP

NPK

FYM

N+F
YM

NP+F
YM

NK+F
YM

NPK+F
YMNK

Figure 2 Per cent contribution of each indicator to the soil quality index under chemical fertilizer and farmyard manure treatments.

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management

Long-term soil quality index and yield sustainability 9



Bhattacharyya, P., Chakrabarti, K. & Chakraborty, A. 2005.

Microbial biomass and enzyme activities in submerged rice soil

amended with municipal solid waste compost and decomposed

cow manure. Chemosphere, 60, 310–318.

Blake, G.R. & Hartge, K.H. 1986. Bulk density. In Methods of soil

analysis, part 1: physical and mineralogical methods (ed. A.

Klute), pp. 363–375. Agronomy Monograph No. 9, SSSA,

Madison, WI.

Bray, R.H. & Kurtz, L.T. 1945. Determination of total organic and

available forms of phosphorus in soil. Soil Science, 59, 39–45.

Brejda, J.J., Moorman, T.B., Karlen, D.L. & Dao, T.H. 2000.

Identification of regional soil quality factors and indicators. I.

Central and Southern High Plains. Soil Science Society of America

Journal, 64, 2115–2124.

Carter, M.R., Gregorich, E.G., Angers, D.A., Beeare, M.H.,

Sparling, G.P., Wardle, D.A. & Voroney, R.P. 1999. Interpretation

of microbial biomass measurements for soil quality assessment in

humid regions. Canadian Journal of Soil Science, 79, 507–520.

Chaudhury, J., Mandal, U.K., Sharma, K.L., Ghosh, H. & Mandal,

B. 2005. Assessing soil quality under long-term rice-based cropping

system. Communications in Soil Science and Plant Analysis, 36,

1141–1161.

Chavan, M., Pujari, B.T., Suryawenshi, A. & Jalageri, B.R. 2010.

Nitrogen uptake and available nitrogen content in soil as

influenced by green manures and nitrogen levels. An Asian Journal

of Soil Science, 5, 186–188.

Crecchio, C., Curei, M., Mininni, R., Ricciuti, P. & Ruggiero, P. 2001.

Short-term effects of municipal solid waste compost amendments on

soil carbon and nitrogen content, some enzyme activities and generic

diversity. Biology and Fertility of Soils, 34, 311–318.

Dawe, D., Dobermann, A., Moya, P., Abdulrachman, S., Bijay

Singh Lal, P., Li, S.Y., Lin, B., Panaullah, G., Sariam, O., Singh,

Y., Swarup, A., Tan, P.S. & Zhen, Q.X. 2000. How widespread

are yield declines in long-term rice experiments in Asia? Field

Crops Research, 66, 175–193.

Dick, R.P. 1994. Soil enzyme activities as indicators of soil quality.

In Defining soil quality for a sustainable environment (eds J.W.

Doran, D.C. Coleman, D.F. Bezdicek & B.A. Stewart), pp. 107–

124. SSSA, Spec Pub No. 35, Madison.

Dobermann, A. & Fairhurst, T.H. 2000. Rice: nutrient disorders and

nutrient management, pp. 121–125. International Rice Research

Institute, Los Banos, Philippines, Potash and Phosphate Institute,

Singapore, Makati City.

Frankenberger, W.T. & Dick, W.A. 1983. Relationships between

enzyme activities and microbial growth and activity indices in soil.

Soil Science Society of America Journal, 47, 945–951.

Gee, G.W. & Bauder, J.W. 1986. Particle-size analysis. In Methods

of soil analysis. Part 1. Agron Monograph 9 (ed. A. Klute), 2nd

edn, pp. 383–411. ASA and SSSA, Madison, WI.

Glover, J.D., Reganold, J.P. & Andrews, P.K. 2000. Systematic method

for rating soil quality of conventional, organic, and integrated apple

orchards in Washington State. Agriculture Ecosystems and

Environment, 80, 29–45.

Gomez, K.A. & Gomez, A.A. 1984. Statistical procedures for agricultural

research, 2nd edn, p. 680. John Wiley and Sons, New York.

Granatstein, D. & Bezdicek, D.F. 1992. The need for a soil quality

index: local and regional perspectives. American Journal of

Alternative Agriculture, 7, 12–16.

Greene, R.S.B., Rengasamy, P., Ford, G.W., Chartres, C.J. &

Millar, J.J. 1988. The effect of sodium and calcium on physical

properties and micro morphology of two red brown earth soils.

Journal of Soil Science, 39, 639–648.

Grego, S., Marinari, S., Moscatelli, M.C. & Badalucco, L. 1998.

Effect of ammonium nitrate and stabilized farmyard manure on

microbial biomass and metabolic quotient of soil under Zea mays.

Agricoltura Mediterranea, 128, 132–137.

Guo, L.P. & Lin, E.D. 2001. Carbon sink in cropland soils and the

emission of greenhouse gases from paddy soils: a review of work

in China. Chemosphere-Global Change Science, 3, 413–418.

Haynes, R.J. 2005. Labile organic matter fractions as central

components of the quality of agricultural soils: an overview.

Advances in Agronomy, 85, 221–268.

Islam, K.R. & Weil, P.R. 2000. Soil quality indicator properties in

mid-atlantic soils as influenced by conservation management.

Journal of Soil and Water Conservation, 55, 69–78.

Keeney, D.R. & Nelson, D.W. 1982. Nitrogen – inorganic forms. In

Methods of soil analysis, part 2 Agron. Monograph 9 (ed. A.L.

Page), 2nd edn, pp. 643–698. ASA and SSSA, Madison, WI.

Ladha, J.K., Dawe, D., Pathak, H., Padre, A.T., Yadav, R.L.,

Singh, B., Singh, Y., Singh, Y., Singh, P., Kundu, A.L., Sakal, R.,

Regmi, A.P., Gami, S.K., Bhandari, A.L., Amin, R., Yadav, C.R.,

Bhattarai, E.M., Das, S., Aggarwal, H.P., Gupta, R.K. & Hobbs,

P.R. 2003. How extensive are yield declines in long-term rice-

wheat experiments in Asia? Field Crops Research, 81, 159–180.

Lal, R. 1994. Tillage effects on soil degradation, soil resilience, soil

quality, and sustainability. Soil Tillage Research, 27, 1–8.

Larson, W.F. & Pierce, F.J. 1991. Conservation and enhancement of

soil quality. In Evaluation for sustainable land management in the

developing world, Vol. 2. Proceedings of the 12 International

Board for Soil Resource and Management, Bangkok, Thailand.

Lindsay, W.L. & Norvell, W.A. 1978. Development of DTPA soil

test for Zn, Fe, Mn and Cu. Soil Science Society of America

Journal, 42, 421–428.

Masto, R.E., Chhonkar, P.K., Singh, D. & Patra, A.K. 2007. Soil

quality response to long-term nutrient and crop management on a

semi-arid Inceptisol. Agriculture Ecosystems and Environment, 118,

130–142.

Min, D.H., Islam, K.R., Vough, L.R. & Weil, R.R. 2003. Dairy

manure effects on soil quality properties and carbon sequestration

in alfalfa-orchard grass systems. Communications in Soil Science

and Plant Analysis, 34, 781–799.

Nannipieri, P., Greco, S. & Ceccanti, B. 1990. Ecological

significance of the biological activity in soil. In Soil biochemistry

(eds J.M. Bollag & G. Stotzky), Vol. 6, pp. 293–355. Marcel

Dekker Inc., New York, Basel.

Piper, C.S. 1966. Soil and plant analysis. Hans Publishers, Bombay.

Powlson, D.S. 1994. The soil microbial biomass before, beyond and

back. In Beyond the biomass (eds K. Ritz, J. Dighton & K.E.

Giller), pp. 3–20. Wiley, Chichester, UK.

Powlson, D.S., Pruden, G., Johnston, A.E. & Jenkinson, D.S. 1986.

The nitrogen cycle in Broadbalk wheat experiment- recovery and

losses of 15N-labelled fertility applied in springs and inputs of N

from the atmosphere. Journal of Agricultural Science (Cambridge),

107, 591–609.

Quilchano, C. & Maranon, T. 2002. Dehydrogenase activity in

Mediterranean forest soils. Biology and Fertility of Soils, 35, 102–107.

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management

10 M. Shahid et al.



Rao, S. 1995. Analysis of soils for available inorganic nutrients.

In Methods of analysis of soils, plants, water and fertilizers (ed. H.L.S.

Tandon), pp. 13–35. Fertilizer Development and Consultation

Organisation, New Delhi.

Rasmussen, P.E., Goulding, K.W.T., Brown, J.R., Grace, P.R.,

Janzen, H.H. & Ko�Erschens, M. 1998. Long-term agroecosystem

experiments assessing agricultural sustainability and global

change. Science, 282, 893–896.

Reeves, D.W. 1997. The role of soil organic matter in maintaining

soil quality in continuous cropping systems. Soil and Tillage

Research, 43, 131–167.

Ross, D.J. 1990. Measurement of microbial biomass C and N in

grassland soils by fumigation-incubation procedures: influence of

inoculum size and control. Soil Biology and Biochemistry, 22, 289–294.

SAS Institute Inc. 2008. SAS software version 9.2 of the SAS system

for windows. SAS Institute Inc., Cary, NC, USA.

Singh, R.P., Das, S.K., Rao, U.M.B. & Reddy, M.N. 1990. Towards

sustainable dryland agriculture practices, pp. 5–9. Bulletin,

CRIDA, Hyderabad, India.

Soil Survey Staff. 2010. Keys to soil taxonomy, 11th edn. USDA-

Natural Resources Conservation Service, Washington, DC.

Subbiah, B.V. & Asija, G.L. 1956. A rapid procedure for the estimation

of available nitrogen in soils. Current Science, 25, 259–266.

Tabatabai, M.A. 1994. Soil enzymes. In Methods of soil analysis, part

2: microbiological and biochemical properties of soils (eds R.W.

Weaver, G.S. Angle, P.S. Bottomley, D. Bezdicek, S. Smith, M.A.

Tabatabai & A. Wollum), pp. 775–833. SSSA, Madison, WI.

Vance, E.D., Brookes, P.C. & Jenkinson, D.S. 1987. An extraction

method for measuring soil microbial biomass carbon. Soil Biology

and Biochemistry, 19, 703–707.

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management

Long-term soil quality index and yield sustainability 11


