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a b s t r a c t

Carbon content in soils changes depending on the land use system, type of management practice and time.
There is an increasing concern about the soil quality vis-à-vis organic carbon content in soils due to global
warming and enhanced CO2 concentration in the atmosphere. This has led to estimate carbon stock in soils
at global and regional levels. The objective of the present study was to evaluate RothC model to estimate
total organic carbon (TOC) changes under four long term fertilizer experimental sites representing sub-
humid moist (Sarol and Nabibagh), sub-humid dry (Panjri) and semi-arid (Teligi) climate in India. The
plant carbon input rate was calibrated using organic carbon and other soil parameters using RothC. The
results showed that RothC could simulate changes in TOC in two contrasting eco-sites for surface soil
layers. The root mean square error (RMSE) considered as modelling error ranged from 11.50 to 15.01,
4.70 to 11.60, 2.14 to 6.52 and 1.45 to 13.74 in the surface layers of Sarol, Nabibagh, Panjri, and Teligi
sites, respectively. The simulation biases expressed by M (relative error) by Student‘t’ value for all the
treatments at these sites were non-significant with two exceptions. Observed trends in TOC consist of an

increase for all the four treatments in the sub-humid site of Sarol and Nabibagh; while manures alone
or in combination increase TOC appreciably in Teligi and Panjri. TOC remained, however, almost similar
over years for the control (no fertilizer or manure) and NPK treatments in all the four sites. Analysis of
RothC output data showed that this model could be used as a tool to arrive at different threshold values of
rainfall to influence decomposition rate modifier and thus to find out rate of organic carbon sequestration

tems
in various bioclimatic sys

. Introduction

Soil organic carbon (SOC) is vital for ecosystem function hav-
ng a major influence on soil structure, water holding capacity, CEC
nd the soils’ ability to form complexes with metal ions and store
utrients (Van Keulen, 2001). The knowledge of soil organic car-
on in terms of its amount and quality is essential to sustain the

uality and productivity of soils. In the recent past the greenhouse
ffect has created a great concern that has led to several studies on
he qualities, kinds, distributions and behaviours of SOC (Eswaran
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et al., 1993; Sombroek et al., 1993; Batjes, 1996; Velayuthum et al.,
2000). More recently soils and SOC have received attention in terms
of the potential role they can play in mitigating the effect of elevated
atmospheric CO2. An understanding of SOC stocks and changes at
the national and regional scale is necessary to further our under-
standing the global C cycle, to assess the responses of terrestrial
ecosystem to climate change and to aid policy makers in making
land use management decisions.

In the beginning of the 20th century, based on Rothamsted
model, series of Long Term Fertilizer Experiments (LTFE) were
established at different locations in India (Swarup and Wanjari,
2000). The purpose of LTFE at fixed sites in different agro ecological
regions and on important cropping systems is not only to monitor
the changes in yield responses in soil environment due to continu-
ous application of plant nutrient inputs from fertilizers and organic
sources, but also to help in the development of strategies and poli-
cies for rational fertilizer use management and in improvement

in quality of soil and the environments. For developing fertilizer
recommendations the focus of these experiments was to find out
soil productivity. The amount of soil organic carbon is an impor-
tant parameter to indicate soil productivity. Soil has been found
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Table 1
Details of Long Term Fertilizer Experiment at Sarol, Madhya Pradesh, India.

Crop rotation Treatment number N:P:K application (kg ha−1) Source of fertilizer Crop yield (t ha−1)

Soybean Safflower

Soybean–Safflower T1 Control (No NPK and FYM)a – 1.131 0.695
Soybean–Safflower T2 N 20 (for soybean) and Urea 1.628 1.132

N 40 (for safflower)
Soybean–Safflower T5 N 30 + FYM 6 t ha−1 (for soybean) and Urea 1.808 1.539

N 30 + FYM 6 t ha−1 (for safflower)
Soybean–Safflower T7 N 30 + FYM 6 t ha−1 (for soybean) and Urea 1.913 1.692

N10–20 (for safflower)

Source: Sharma and Gupta (1993).
a FYM: Farm Yard Manure.

Table 2
Comparison of weather and soil datasets in Sarol, Nabibagh, Panjri and Teligi.

Soil depth (cm) Rainfall, mm (month)a ETb, mm (month) Clay (%) MARc mm Tmax
◦Cd

Sarol (Sub-humid, moist)
0–23 62.2 (June) 68.07(Oct) 62.7 1053 32.3

14.87(Nov)
82.93(Dec)

Nabibagh (Sub-humid, moist)
0–23 39.26 52.35 50.7 1148 31.7

(July) (Oct)
Panjri (Sub-humid, dry)
0–23 40.23 53.64 56.5 1035 35.2

(June) (Nov)
Teligi (Semi-arid, dry)
0–23 61.72 63.65 (Nov) 57.74 505 33.4

(Sept) 18.29 (Dec)
81.94 (Jan)

a From weather file generated following soil moisture deficit values in RothC (Coleman and Jenkinson, 1999).
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b ET: Evapotranspiration.
c MAR: Mean Annual Rainfall.
d Air Temperature.

o be both source and sink of carbon depending on management
ractices (Bhattacharyya et al., 2008).
Regional and global C budget quantification needs to include an
nderstanding of SOC dynamics and SOC distribution at a regional

evel (Paustian et al., 1997). Carbon sequestration can be indi-
ectly assessed through the modelling of SOC content, which may

able 3
etails of Long Term Fertilizer Experiment at Nabibagh, Madhya Pradesh, India.

Crop rotation Treatment number N:P:K application (kg ha−1)

Soybean–Wheat T1 Control (No NPK and FYM)a

Soybean–Wheat T2 N20: P60: K20 (GRD)b (for soybean)
and N100: P50: K30 (GRD)(for wheat)

Soybean–Wheat T5 N12.5: P15: K10 + 5t FYM (for soybean)

Soybean–Wheat T6 N12.5: P15: K10 + 1t PMc (for soybean)
and N70: P30: K30 (for wheat)

Soybean–Wheat T7 N12.5: P15: K10 + 5t UCd (for soybean)
and N70: P30: K30 (for wheat)

Soybean–Wheat T10 5t WRe + 5t FYM (for soybean)
and N70: P30: K30 (for wheat)

ource: Singh et al. (2004).
a FYM: Farm Yard Manure.
b GRD: General Recommended Dose; NPK: Nitrogen, Phosphorus, And Potassium.
c PM: Poultry Manure.
d UC: Urban Compost.
e WR: Wheat Residues.
f SSP: Single Super Phosphate.
g MOP: Muriate of Potash.
compliment direct measurement (Ardo and Olsson, 2003). Mod-
elling offers an opportunity to study the future trends in soil carbon

changes along with identifying areas with large potential for C
sequestration. It thus helps in predicting and understanding future
changes due to climate change, land use change and different land
management conditions.

Source of fertilizer Crop yield (t ha−1)

Soybean Wheat

– 1.578 2.231
N (Urea) 2.056 2.895
P(SSP)f

K(MOP)g

and N70: P30: K30 (for wheat) N (Urea) 1.808 1.539
P(SSP)
K(MOP)
N (Urea) 2.090 3.381
P(SSP)
K(MOP)
N (Urea) 2.253 3.468
P(SSP)
K(MOP)
N (Urea) 1.848 2.928
P(SSP)
K(MOP)
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Table 4
Details of Long Term Fertilizer Experiment at Panjri, Maharashtra, India.

Crop rotation Treatment number Na:Pb:Kc application (kg ha−1) Source of fertilizer

Cotton–Sorghum T1 Control (No NPK and FYMd) –
Cotton–Sorghum T3 N60: P13: K0 (for cotton) and N (Urea)

N60: P13: K0 (for sorghum) P(SSP)
Cotton–Sorghum T5 N0: P13: K25 + 10 t FYM (for cotton) and N0: P13: K25 + 10 t FYM (for sorghum) N (Urea)

P(SSP)
Cotton–Sorghum T7 N30: P13: K25 (for cotton) and N30: P13: K25 + 5 t FYM (for sorghum) N (Urea)

P(SSP)
Cotton–Sorghum T11 N0: P20: K38 + 15 t FYM (for cotton) and N0: P20: K38 + 15 t FYM (for sorghum) N (Urea)

P(SSP)

Source: Venugopalan and Pundarikakshudu (1999).
a N: Nitrogen.
b P: Phosphorus.
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c K: Potassium.
d FYM: Farm Yard Manure.

RothC is a soil organic carbon model that accounts for the effect
f soil type, temperature, moisture content and plant cover on the
urnover of organic carbon in soils. It is originally developed and
arameterized to model the turnover of organic carbon in arable top
oils from the Rothamsted long term field experiments and is basi-
ally concerned with soil processes (Coleman et al., 1997). In order
o evaluate suitability for predicting changes on soil C stocks this

odel was tested under different environmental and management
onditions. The study was undertaken with an object to simulate
he SOC changes in four selected LTFE sites as influenced by diverse
limatic factors and management practices in India.

. Materials and methods

.1. Experimental sites

The LTFE site of Sarol (Indore, Madhya Pradesh, India) represents
oils developed in basaltic alluvial zone representing the Black Soil
egion (BSR) of India. Sarol soil is a member of very fine, smectitic,
yperthermic Typic Haplusterts. These soils are formed in nearly

evel old flood plain. Typically, Sarol soils have very dark grayish
rown, moderately alkaline, clayey A horizons and very dark gray-

sh brown, moderately alkaline, clayey B horizons which are nearly
30–155 cm thick. The surface soil of the experimental site showed
xidisable (Walkley and Black, 1934) organic carbon of 7.0 g kg−1,
alcium carbonate equivalent 6.5%, bulk density 1.5 Mg m−3 and
ation exchange capacity of 51.3 cmol (p+) kg−1 (Murthy et al.,

982; Lal et al., 1994; Tamgadge et al., 1999). Soybean and saf-
ower crops were grown annually in the College of Agriculture
arm, Indore, Madhya Pradesh during 1983 to 1985 (Lat. 22◦36′52′′

, Long. 75◦41′17′′ E) (Table 1) (Sharma and Gupta, 1993). The

able 5
etails of Long Term Fertilizer Experiment at Teligi, Karnataka, India.

Crop rotation Treatment number N:P:K ap

Rice (Kharif)- Rice (Rabi) T1 Control
Rice (Kharif)- Rice (Rabi) T2 N60: P3

N60: P3

Rice (Kharif)- Rice (Rabi) T6 N60: P3
and N12

Rice (Kharif)- Rice (Rabi) T8 N60: P3
and N12

Rice (Kharif)- Rice (Rabi) T10 N60: P3
N120: P

ource: Bellaki et al. (1998).
a CDS: Cowdung slurry.
b PS: Paddy straw.
climate is sub-humid moist with mean annual air temperature of
32.3 ◦C (mean annual maximum 34.8 ◦C) and mean annual rainfall
of 1053 mm (Table 2) (Bhattacharyya et al., 2008). Fifty year mean
monthly temperature (calculated from maximum and minimum
monthly temperatures), and mean monthly rainfall were used for
developing the weather files.

The LTFE site of Nabibagh represents a typical shrink–swell soil
of the BSR. The Nabibagh soils belong to fine, smectitic, hyper-
thermic Typic Haplusterts (Murthy et al., 1982). These are clayey,
moderately alkaline with organic carbon 8.0 g kg−1, CEC 45.9 cmol
(p+) kg−1, calcium carbonate equivalent 5.1%, and bulk density
1.3 Mg m−3 (0–15 cm) (NBSS and LUP Staff, 1994). Nabibagh LTFE
was started during 2002 with a soybean–wheat cropping rotation at
the Indian Institute of Soil Science farm in Bhopal, Madhya Pradesh
and continued till 2005. Out of 12 treatments, we selected 6 treat-
ments for the present study (Table 3) (Singh et al., 2004). This
site represents sub-humid climate with mean annual maximum
air temperature of 31.7 ◦C with mean annual rainfall of 1148 mm
(Table 1). Fifty five years (1951–2006) monthly temperature (cal-
culated from maximum and minimum monthly temperatures) and
average rainfall were used to develop the weather files.

The Panjri soils belong to fine, smectitic, isohyperthermic Sodic
Haplusterts. These soils are clayey, strongly alkaline with organic
carbon 7.0 g kg−1, CEC 63 cmol (p+) kg−1, calcium carbonate equiv-
alent 4.8%, and bulk density ranging from 1.4 Mg m−3 (0–13 cm)
to 1.6 Mg m−3 (13–38 cm). Panjri LTFE was started during 1986
with the cotton cropping system at the Central Institute for Cot-

ton Research (CICR), Nagpur and continued till 1997. Out of
eight treatments, we selected 5 treatments for the present study
(Table 4) (Venugopalan and Pundarikakshudu, 1999). Panjri site
represents sub-humid dry climate with mean annual maximum air

plication (kg ha−1) Source of fertilizer

(No NPK and FYM) –
0: K30 (for kharif rice) and N (Urea)
0: K30 (for rabi rice) P(SSP)

K(MOP)
0: K30 + CDSa 6 t ha−1(for kharif rice) N (Urea)
0: P60: K60 (for rabi rice) P(SSP)

K(MOP)
0: K30 + PSb 10 t ha−1(for kharif rice) N (Urea)
0: P60: K60 (for rabi rice) P(SSP)

K(MOP)
0: K30 + Gliricidia 6 t ha−1(for kharif rice) and P(SSP)
60: K60 (for rabi rice) K(MOP)
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ig. 1. Quantitative comparison between predicted and modelled soil organic carbo
ee Smith et al. (1997).

emperature of 35.2 ◦C with mean annual rainfall of 1035 mm
Table 2). Information on fifty five years’ (1951–2006) monthly
emperature (calculated from maximum and minimum monthly
emperatures) and average rainfall was used to develop the
eather files.

The LTFE site of Teligi represents a typical shrink–swell soil of
he BSR. The Teligi soils belong to fine, smectitic, isohyperthermic
odic Haplusterts (Bhattacharyya et al., 2008). These are clayey,
trongly alkaline with organic carbon 15.0 g kg−1, CEC 51.4 cmol
p+) kg−1, calcium carbonate equivalent 10.5%, and bulk den-

ity ranging from 1.2 Mg m−3 (0–10 cm) to 1.5 Mg m−3 (10–25 cm)
Barde et al., 1974). Teligi LTFE was started during 1984 and con-
inued till 1994 with the rice (Kharif and Rabi) cropping system at
griculture Research Station, Siruguppa, Karnataka and continued
tatistical scheme (hatched tracks) were followed in our study. For Eqs. A to F please

till 1994. Out of 12 treatments, we selected 5 treatments for the
present study (Table 5) (Bellaki et al., 1998). Teligi site represents
semi-arid dry climate with mean annual maximum air tempera-
ture of 33.4 ◦C with mean annual rainfall of 505 mm (Table 1). Fifty
five year (1951–2006) monthly temperature (calculated from max-
imum and minimum monthly temperatures) and average rainfall
were used to develop the weather files.

2.2. Model description and evaluation
RothC-26.3 is a model for the turnover of organic carbon and
top soils that allows for capturing the effects of soil type, temper-
ature, moisture content and plant cover on the turnover process.
In RothC model soil organic carbon is split into four compartments
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Fig. 2. Modelled organic carbon contents of the surface horizon (0–23 cm) of soils from four treatments on the LTFE site of Sarol. C inputs: before 1983 a plant carbon
return of 0.75 t C ha−1 yr−1 was used which gives a starting equilibrium C content of 10.35 t C ha−1 using a clay content of 62.7% and the soil depth interval of 23 cm with
the calculated IOM content of 0.70 t C ha−1. After 1983, T2 (N20–40) received 0.63 t C ha−1 yr−1 as plant C returns T5 (N30 + FYM) and T7 (N30 FYM + N10–20) received 1.41
and 1.40 t C ha−1 yr−1, respectively with additional 3.33 FYM ha−1 in May every year. The DPM/RPM ratio used was 1.44 for 1983 onwards, the usual value for agricultural
c d trop
c jected
u

s
r
(
(
t
m

T
T

rops. Previous to 1983 it was 0.25 used for deciduous forest species in the semi-ari
overed for ten months leaving May and June as fallow months. To find out the pro
sed for the treatments during 1983–1988.

uch as decomposable plant material (DPM), resistant plant mate-
ial (RPM), microbial biomass (BIO) and humified organic matter

HUM). Besides there is also a small amount of inert organic matter
IOM) which is resistant to decomposition. The relative propor-
ion of DPM and RPM depends on the type of vegetation. The

odel is programmed to a value of 59% DPM and 41% RPM for the

able 6
OC and its turnover in different treatments over years in Sarol, Nabibagh, Panjri and Tel

Treatments Values in t ha−1

Year
1990

Sarol, Madhya Pradesh, India
T1 (Control, No fertilizer and FYM) 7.80
T2 (N20-40) 8.80
T5 (N30 + FYM) 12.58
T7 (N30FYM + N10-20) 11.32
Nabibagh, Madhya Pradesh, India
T1 (Control, No fertilizer and FYM) 12.92
T2 (N:P:K = 20:60:20) 13.31
T5 (N:P:K = 12.2:15:10 + FYM) 14.85
T6 (N:P:K = 12.2:15:10 + PM) 13.20
T7 (N:P:K = 12.2:15:10 + UC) 13.51
T10 (WR + 5t FYM + N:P:K) 14.50
Panjri, Nagpur, Maharashtra
T1 (Control, No fertilizer and FYM) 15.60
T3 (N:P:K = 60:13:0) 15.57
T5 (N:P:K = 0:13:25 + FYM) 27.68
T7 (N:P:K = 30:13:25 + FYM) 20.54
T11 (N:P:K = 0:20:38 + FYM) 19.21
Teligi, Karnataka, India
T1 (Control, No fertilizer and FYM) 10.66
T2 (N:P2O5:K2O = 60:30:30) 10.67
T6 (N:P2O5:K2O = 60:30:30 + CDS) 13.14
T8 (N:P2O5:K2O = 60:30:30 + PS) 12.07
T10 (N:P2O5:K2O = 60:30:30 + Gliricidia) 12.54

a Parentheses indicate percentage changes compared to 1990 for Sarol, Teligi, Panjri an
ics. Since 1983 two crops (soybean and safflower) were grown keeping the ground
TOC (beyond 1988) we presumed same plant inputs, IOM and other parameters as

agricultural crops and improved grassland. These values differ
depending on type of the vegetation. It uses a monthly time step

−1
to calculate total organic carbon (t ha ), microbial biomass carbon
(t ha−1) and 14C (from which the equivalent radiocarbon age of the
soil can be calculated) on years to centuries timescale (Jenkinson
et al., 1992; Jenkinson and Coleman, 1994). It needs few inputs and

igi.

2010 2030 2050

7.60 (−3)a 7.52 (−4) 7.47 (−4)
10.73 (22) 11.92 (35) 12.763 (45)
16.17 (29) 22.81 (81) 25.70 (104)
14.23 (26) 19.48 (72) 21.76 (92)

12.47 (−3) 12.38 (0) 12.34 (3)
13.12 (1) 13.42 (3) 13.63 (6)
16.86 (28) 20.23 (68) 22.44 (96)
15.35 (30) 17.45 (65) 21.86 (89)
17.85 (70) 28.79 (174) 35.93 (242)
15.77 (60) 18.13 (141) 19.68 (195)

15.58 (−2) 15.57 (−2) 15.60 (−2)
15.68 (1) 15.74 (1) 15.57 (-1)
32.70 (65) 35.91 (82) 27.68 (40)
28.11 (37) 32.86 (60) 35.89 (75)
27.49 (43) 32.80 (71) 36.18 (88)

10.99 (3) 10.88 (2) 10.80 (1)
11.43 (7) 11.94 (12) 12.3 (15)
16.10 (22) 18.18 (38) 19.64 (49)
17.69 (47) 21.11 (75) 23.48 (95)
19.77 (58) 24.14 (93) 27.18 (117)

d 2002 for Nabibagh for 0–23 cm soil depth.
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Table 7
Model errors and simulation bias for four experimental sites.

Treatments Simulation error Simulation bias

RMSE (%) r M t Value of Ma Student tb Critical t value
(at two tailed)

Significance of
bias (yes/no)c

Significance of
bias (yes/no)d

Sarol
T1 (Control, No fertilizer and FYM) 13.88 0.34 −0.96 0.28 8.67 2.31 No Yes
T2 (N20-40) 11.50 0.76 −0.58 0.16 2.12 2.31 No No
T5 (N30 + FYM) 15.01 0.94 −0.68 0.67 0.54 2.31 No No
T7 (N30FYM + N10-20) 13.64 0.93 −0.58 0.028 0.59 2.31 No No
Nabibagh
T1 (Control, No fertilizer and FYM) 7.33 0.11 −0.808 0.27 4.39 2.31 No Yes
T2 (N:P:K = 20:60:20) 9.32 0.72 −0.44 0.05 0.87 2.31 No No
T5 (N:P:K = 12.2:15:10 + FYM) 4.70 0.97 −0.41 0.35 0.61 2.31 No No
T6 (N:P:K = 12.2:15:10 + PM) 8.03 0.88 −0.692 0.07 1.29 2.31 No No
T7 (N:P:K = 12.2:15:10 + UC) 11.60 0.92 −1.45 0.16 0.64 2.31 No No
T10 (WR + 5t FYM + N:P:K) 8.40 0.86 −0.98 0.21 1.51 2.31 No No
Panjri
T1 (Control, No fertilizer and FYM) 2.14 0.78 −0.30 0.65 0.94 2.31 No No
T3 (N:P:K = 60:13:0) 5.71 0.98 −0.93 0.21 1.03 2.31 No No
T5 (N:P:K = 0:13:25 + FYM) 6.52 0.90 −0.97 0.22 1.19 2.31 No No
T7 (N:P:K = 30:13:25 + FYM) 6.10 0.99 −0.56 0.14 0.56 2.31 No No
T11 (N:P:K = 0:20:38 + FYM) 6.11 0.84 −0.92 0.24 1.38 2.31 No No
Teligi
T1(Control, No fertilizer and FYM) 1.45 0.22 −0.11 −1.03 −2.12 2.31 No No
T2 (N:P2O5:K2O = 60:30:30) 3.75 0.83 −0.12 0.14 0.70 2.31 No No
T6 (N:P2O5:K2O = 60:30:30 + CDS) 6.55 0.97 −0.796 0.33 1.17 2.31 No No
T8 (N:P2O5:K2O = 60:30:30 + PS) 8.23 0.90 −0.630 1.16 1.57 2.31 No No
T10 (N:P2O5:K2O = 60:30:30 + Gliricidia) 13.74 0.87 −0.33 0.02 0.38 2.31 No No

a t value of M =
[

t = ˙D

n˙D2−(˙D)2/n−1

]
.

b Mean of measured values−Mean of modelled values
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Student t = √
Variance of observed value+Variance of modelled values/n

.
c On the basis of ‘t’ of M.
d On the basis of Student ‘t’ value.

hose are easily obtainable. RothC is designed to run in two modes:
forward’ in which known inputs are used to calculate changes in
oil organic matter and ‘inverse’, when inputs are calculated from
nown changes in soil organic matter. Mean monthly air temper-
ture (MAT) and mean annual rainfall (MAR) were estimated from
he nearest standard meteorological station for each site. Since
pen pan evaporation (PE) data were not available, mean monthly
otential evapotranspiration (PET) was used (Mandal et al., 1999)
o convert to open pan evaporation assuming PE = PET/0.75. Soil

oisture deficit (SMD) was calculated for the surface horizons of
he soils. Using SMD data, weather files for each layer were created
ollowing the method of Coleman and Jenkinson (1999).

.3. Parametrization of the model

The ability of the RothC model to predict change in TOC
urnover depends on the rate modifying factors viz tempera-
ure and moisture. The meteorological datasets provide only air
emperature. We have modified the air temperature to soil temper-
ture while developing the weather files. Besides in the northern
emisphere the RothC starts since January. In the humid tropical
limate like India we have parametrized the RothC so that it starts
ith the onset of monsoon in the month of June/July. We made

hanges to suit the climate of the various LTFE we tried in this
tudy.

Soil systems attain a steady-state (quasi-equilibrium) after
ccumulation of dry matter as well as loss of TOC over time.
epending on land use system, SOC levels often show tooth like
ycles of accumulation and loss (Batjes, 2001). After each change in
and use system, a period of constant management is required to

each a new quasi-equilibrium (QEV) stage. In this way the SOC
s stabilized to another QEV characteristic of that changed situ-
tions in terms of new land use pattern, vegetation cover and
anagement practice. It has been reported that under natural
vegetation SOC values tend to attain QEVs with varying durations
of 500–1000 years in a forest system (Jenny, 1950; Dickson and
Crocker, 1953), 30–50 years in agricultural systems after forest
cutting (Arrouyas et al., 1995; Johnson, 1995; Batjes, 2001) and
5–15 years in agriculture systems in other Indian soils (Saikh et al.,
1998; Naitam and Bhattacharyya, 2004; Chandran et al., 2009). In
the present study, Sarol (1983–1988), Panjri (1986–1997), Teligi
(1984–1994) satisfy the minimum numbers of years for attaining
equilibrium except for Nabibagh LTFE (2002–2005). It may how-
ever be mentioned here that before the initialization of LTFE trials,
soybean–wheat crop rotation was followed since 1992. As a matter
of fact, Indian Institute of Soil Science, Bhopal, India conducted field
experiments since 1992–1993 with soybean–wheat crop rotation
(Rao and Shrivastava, 1998). We did not get those data in order for
RothC modelling and so we used the datasets during the period of
2002–2005. In effect, therefore, the same site of Nabibagh is stabi-
lized with soybean–wheat since 1992 and thus has reached a stage
of equilibrium. It seems, therefore, that all the LTFE sites selected
and the assumptions for the steady state vis-à-vis equilibrium is in
place.

2.4. Calibration of the model

To fit the model to the data collected from these four LTFE sites,
the necessary first step was to run RothC with an annual input of
organic carbon that had been selected iteratively to give the TOC
at the start of each experiment. We followed this step for each site.
When TOC was set at the beginning, the model was run for the
selected treatments using iteratively selected values for the annual
return of plant carbon to the soil.
Soil clay (%), BD (Mg m−3) and TOC were utilized as model inputs
(0–20 cm) for each benchmark spot. Since we did not have radio-
carbon values (14C), the equation derived by Falloon et al. (2002)
was used (IOM = 0.049/SOC1.139) to estimate the size of the IOM
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Fig. 3. Modelled organic carbon contents of the surface horizon (0–23 cm) of soils from six treatments on the LTFE site of Nabibagh. C inputs: before 2002 a plant carbon return
of 0.70 t C ha−1 yr−1 was used which gives 1.27 t C ha−1 using a clay content of 52.20% and the soil depth interval of 23 cm with the calculated IOM content of 0.85 t C ha−1.
After 2002, T2 General Recommended Dose (GRD) received 0.99 t C ha−1, T5 and T6 (NPK + organic plots) received same 1.09 t C ha−1 yr−1 as plant C returns with additional
3.33 for FYM and PM; T7 (NPK + UC) received 1.39 and T10 (NPK + organic plots) received 1.45 t C ha−1 yr−1 which includes contribution of farm yard manure every year during
July. The DPM/RPM ratio used was 1.44 for 2002 onwards, the usual value for agricultural crops. Previous to 2002 it was 0.67 used for unimproved grasslands in the Black
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oil Regions (BSR), India. Since 2002 two crops (soybean and wheat) were grown ke
ut the projected TOC (beyond 2006) we presumed same plant inputs, IOM and oth

ool from total SOC content. We decided to estimate appropriate
lant carbon input rates (PI t C ha−1 yr−1) with fertilizer and other
anagement in each LTFE site. We used the same specific carbon

nput rate for a set of crops for a treatment of a particular LTFE
ite for all the years of simulation. It is in view of this we had set
he initial IOM (t C ha−1) value and adjusted the annual PI rate of
arbon through iterative process for arriving at the best agreement
etween measured and modelled TOC values. The IOM values for
TFE sites were set accordingly as 0.7 (Sarol), 0.85 (Nabibagh), 1.25
Panjri), and 1.25 (Teligi).

Organic matter decomposition rates were calculated from the
aximum decomposition rate constants (kpool n) for each pool (1 to

). Total SOC and the SOC concentration in each of the model pools
n the final year of simulation are shown in Eqs. (i) and (ii).

OC decomposition rate =
1∑
n

(
SOC pool n

Total SOC
X k pool n

)
(i)
odified SOC Decomposition rate = SOC Decomposition rate

×Rate modifier product sum

(ii)
the ground covered for ten months leaving May and June as fallow months. To find
ameters as used for the treatments during 2002–2006.

2.5. Validation of the model

The model performance was evaluated using various statisti-
cal parameters such as (i) r: simulation correlation coefficient; (ii)
RMSE: root mean square error measuring total simulation error;
(iii) M: mean difference or differences between means of predicted
and measured values exploring the total simulation bias; (iv) t
of M: a lower value of t of M than the critical two-tailed 2.5% t
value means the model bias is not significant, that is the simulation
bias is acceptable (Smith et al., 1996, 1997; Guo et al., 2006). We
also measured Student’s t to find out simulation bias as explained
later.

To assess the impact of global change on TOC and subsequent
feedback effects soil organic matter models have been used. A
model’s simulation of future events obviously cannot be compared
to measured data to verify its validity. We can, however, get some
measure of performance by testing a model’s ability to simulate
long-term soil organic matter changes using existing datasets. The

primary purpose of this exercise then is to test the ability of soil
carbon models to simulate the long term dynamics of soil organic
matter under a variety of land use systems in different types of
bioclimate with varying rainfall pattern as a mean of identifying
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Fig. 4. Modelled organic carbon contents of the surface horizon (0–23 cm) of soils from eight treatments on the LTFE site of CICR, Panjri farm, Nagpur. C inputs: before 1986
a plant carbon return of 1.70 t C ha−1 yr−1 was used which gives a starting equilibrium C content of 17.24 t C ha−1 using a clay content of 56.5% and the soil depth interval of
23 cm with the calculated IOM content of 1.25 t C ha−1. After 1986, T3 (N 60: P 13 kg) received 1.15 t C ha−1 yr−1 as plant C returns; T5 (P13:25K kg + 10 t FYM) received 1.36
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nd T7 (30N: 13P: 25K + 5 t FYM), T11 (20P: 38K + 15 t FYM) received 0.66, 1.02 t C
PM/RPM ratio used was 1.44 for 1986 onwards, the usual value for agricultural cro
ince 1986 two crops (cotton and sorghum) were grown keeping the ground covere

hich model is likely to be most appropriate to future global change
mpact assessment in different environments (Smith et al., 1997).

In the present study we selected RothC model to predict vari-
bles viz total organic carbon. Our exercise is restricted to the
bility of the model to simulate the long term changes in total
rganic carbon content. A schematic representation of statistical
teps for evaluating the accuracy of a simulation and determination
f acceptable error is shown in Fig. 1.

. Results

.1. Performance of model and plant C input in northern black
oil region

Sarol site was modelled for the surface horizon (0–23 cm).
he LTFE data indicated that TOC marginally increased when
rganic carbon is externally added through inorganic fertiliz-
rs (T2, Fig. 2) when compared with control (T1, Fig. 2). Rapid
ncrease in TOC in T5 and T7 (Fig. 2) was observed due to the
ddition of FYM in combination with inorganic fertilizer (Fig. 2).

egular application of NPK increased TOC slightly (T2, Fig. 2).
ddition of inorganic fertilizers alone did not bring an apprecia-
le increase in TOC content over years. Usually the harvesting of
nnual crops is done almost from the ground level. The grain and
r−1, respectively with an average additional 2.34 FYM ha−1 in May every year. The
vious to 1986 it was 0.25 used for deciduous forest species in the semi-arid tropics.
ten months.

straw both are used although for different purposes. The stubbles
are removed before sowing the next crop. This gives very little
scope of returning the biomass back to soil. This happened in cases
when higher inorganic fertilizer is added; yield increased but SOC
did not change much. This is in contrast to the treatments where
organic amendments are applied along with the inorganics. The
manures, since get mixed with soils, help in increasing the SOC
content.

Inorganic fertilizer in combination with organic in T5 and
T7 brought appreciable increase in TOC. RothC registered an
increase in TOC beyond 1990 when compared with the control
in Sarol (Table 6). The total simulation error in terms of RMSE in
Sarol ranged from 11.50 to 15.01% (Table 7). The simulation bias
expressed by M was found to be not significant for all the treat-
ments since the t values were lower than the critical 2.5% two-tailed
t-value. We also evaluated the simulation bias using Student’s t
values. We had similar experience as of t value of M for all the
treatments of Sarol except T1 (Table 7). The simulation correlation
coefficient (r) for T1 supports this observation indicating a signifi-
cant difference between modelled and measured values (Table 7).
The average grain yield of four treatments at Sarol site dur-
ing the experimental period (Table 1) showed that T2 (N20–40),
T5 (N30 + FYM) and T7 (N30 FYM + N10–20) brought significant
changes in soybean and safflower yield. A close look at yield data
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Fig. 5. Modelled organic carbon contents of the first horizon (0–23 cm) of soils from five treatments on the LTFE site of Teligi. C inputs: before 1984 a plant carbon return
of 0.86 t C ha−1 yr−1 was used which gives 10.35 t C ha−1 using a clay content of 57.74% and the soil depth interval of 23 cm with the calculated IOM content of 1.25 t C ha−1.
After 1984, T2 (NPK plot) and T6 (NPK + organic plots) received 5.18 t C ha−1 yr−1 as plant C returns with additional 1.875 for cow dung slurry; T8 received 5.20 and T10
(NPK + organic plots) received 3.68 t C ha−1 yr−1 which includes contribution of paddy straw (T8) and Gliricidia (T10) every year during July. The DPM/RPM ratio used was
1.44 for 1984 onwards, the usual value for agricultural crops. Previous to 1984 it was 0.67 used for unimproved grasslands in Black Soil Regions (BSR), India. Since 1986 two
crops (paddy and wheat) were grown keeping the ground covered for ten months leaving May and June as fallow months. To find out the projected TOC (beyond 2004) we
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resumed same plant inputs, IOM and other parameters as used for the treatments

Table 1) and TOC (Table 6) indicated that application of only
norganic fertilizer (T2) did not increase TOC but increased crop
ield while application of inorganic fertilizer in combination with
rganic materials (T5 and T7) brought increase in TOC as well
s crop yield. Estimated plant carbon input rates (0–23 cm) were
.59 t C ha−1 yr−1 for control and 0.63 t C ha−1 yr−1 in plots receiv-

ng N (20–40). These values were 1.41 and 1.40 for T5 (N30 + FYM)
nd T7 (N30 FYM + N10–20), respectively. Increased plant carbon
nput rates for these treatments showed the effect of addition of
xternal sources of plant nutrients to increase biomass carbon.

.2. Performance of model and plant C input in central black soil
egion

Nabibagh site was modelled for the surface horizon (0–23 cm).
abibagh LTFE data indicated that TOC marginally increased when

rganic carbon is externally added along with the inorganic fer-
ilizers (T2, Fig. 2) when compared with control (T1, Fig. 2). Rapid
ncrease in TOC in treatments T5, T6, T7 and T10 (Fig. 2) is seen
ue to the addition of FYM and other organic substances like paddy
g 1984–1995.

straw (PS), urban compost (UC), Gliricidia, wheat residue (WR) in
combination with inorganic fertilizer (Fig. 2). Regular application
of NPK increases TOC in T2 (Fig. 3).

RothC registered an increase in TOC beyond 1985 when com-
pared with the control (Table 6). Addition of organics further aided
in increasing TOC. Taking 1990 as the base year, relative increase
in TOC was high in T2 (GRD) followed by T5 (NPK + FYM), T6
(NPK + PM), T7 (NPK + UC) and T10 (WR + FYM + NPK) respectively.
Poultry manure (PM) in T6 had little effect on TOC increase (Table 6,
Fig. 3).

The total simulation error in terms of RMSE in Nabibagh range
from 4.70 to 11.60% (Table 7). The simulation bias expressed by M
was found to be not significant for all the treatments since the t val-
ues were lower than the critical 2.5% two-tailed t-value. However
simulation bias was significant in T1 when it was evaluated on the
basis Student t values. Poor r value of 0.11 in T1 supports this obser-

vation (Table 7). The simulation correlation coefficient (r) ranged
between 0.98 and 0.99.

The average grain yield of six treatments at Nabibagh site dur-
ing the experimental period is shown in Table 3. A close look at
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Table 8
Various pools of C content of the soil under various LTFEs in control treatment.

Various pools
of C content

On June
1860

On June
1983

On June
1988

DPM/RPM

1860 1983 1988

Sarol
DPM 0.02 0.07 0.07 0.01 0.04 0.04
RPM 1.77 1.56 1.93
BIO 0.15 0.16 0.21
HUM 5.81 5.83 5.92
IOM 0.70 0.70 0.70

Various pools
of C content

On June
1860

On June
2002

On June
2005

DPM/RPM

1860 2002 2005

Nabibagh
DPM 0.05 0.15 0.15 0.01 0.05 0.08
RPM 3.17 2.68 1.80
BIO 0.27 0.29 0.28
HUM 10.22 10.26 10.33
IOM 0.85 0.85 0.85

Various pools
of C content

On June
1860

On June
1986

On June
1997

DPM/RPM

1860 1986 1997

Panjri
DPM 0.19 0.20 0.20 0.05 0.10 0.11
RPM 3.86 1.88 1.79
BIO 0.42 0.31 0.29
HUM 16.14 11.91 11.96
IOM 1.25 1.25 1.25

Various pools
of C content

On June
1860

On June
1984

On June
1994

DPM/RPM

1860 1984 1994

Teligi
DPM 0.04 0.05 0.14 0.03 0.05 0.07
RPM 1.09 1.99 1.82
T. Bhattacharyya et al. / Agriculture, Ecos

ield data and TOC (Table 4) indicate that application of only inor-
anic fertilizer (T2) does not increase TOC but increases crop yield,
hile application of inorganic fertilizer in combination with organ-

cs (treatments T5, T6, T7 and T10) brings an increase in TOC as well
s crop yield.

Panjri data showed that when organic carbon was added
hrough farm yard manure (T5, T7 and T11), there was an effec-
ive increase in TOC (Table 5; Fig. 4). It was also observed that a
egular application of NPK (T2, Table 5) marginally influences TOC
uring the experimental period (1986–1997) (Fig. 4).

There was a noticeable increase in TOC content after addition of
norganic fertilizer in combination with farm yard manure (Fig. 5).
othC registered an increase in TOC beyond experimental period
hen compared with control. Addition of organic materials such

s farm yard manure brings appreciable increase in TOC (Table 6)
s compared with the treatments containing inorganic fertilizers
lone. Total simulation error in terms of RMSE for Panjri ranged
rom 2.14 to 6.52% (Table 7). The simulation bias expressed by M as
ell as Student’s t was found to be not significant for all the treat-
ents (Table 7). The simulation correlation coefficient (r) ranged
ithin 0. 78–0.99.

.3. Performance of model and plant C input in southern black
oil region

Teligi data showed that organic carbon added through external
ources like cow dung slurry, paddy straw and Gliricidia (T6, T8 and
10) increased TOC (Table 6; Fig. 4). It was also observed that a
egular application of NPK (T2, Table 6) marginally influenced TOC
uring the experimental period (1984–1995) (Fig. 5).

There was no noticeable increase in TOC content after addition
f inorganic fertilizers only (Fig. 3). Addition of inorganic fertilizer
n combination with organic (T6, T8 and T10) brings appreciable
ncrease in TOC over years. RothC registered an increase in TOC
eyond experimental period when compared with control. Addi-
ion of organic materials such as cow dung slurry (CDS), paddy
traw (PS), Gliricidia bring appreciable increase in TOC content
Table 6) as compared with the treatments containing inorganic
ertilizers alone. The total simulation error in terms of RMSE for
eligi ranged from 1.45 to 13.74% (Table 7) which was in the simi-
ar range of those obtained in Sarol and comparatively smaller than
he values obtained in Nabibagh. The simulation bias expressed
y M as well as Student’s t was found to be not significant for all
he treatments (Table 7). The simulation correlation coefficient (r)
anged from 0.22 to 0.97. Interestingly control treatment (T1) indi-
ates unbiased model output in spite of r showing non-significant
alue (0.22).

. Discussion

For Sarol, addition of inorganic fertilizers alone increased TOC
arginally while introduction of manure brought an increase in

OC (Table 6). Increase in TOC is controlled by nature and qual-
ty of clay in soils (Bhattacharyya et al., 2000). Relatively high clay
ontent in these four spots (Table 2) influencing favoured mois-
ure condition for organic matter decomposition in these soils
Vertisols) helped in increasing TOC when manures were added
Bhattacharyya et al., 2005) (Table 6). Earlier Coleman et al. (1997)
ound an increase in TOC with the regular application of NPK in
emperate climate.

The relative effect of the application of manures for TOC

ncrease in Teligi reported earlier was Gliricidia > PS > CDS (Bellaki
t al., 1998). These authors stated that this could be attributed to
ddition of organic materials and also due to better root growth,
ore plant residue after harvest of the crop and indirect influence
BIO 0.12 0.13 0.23
HUM 4.81 4.82 8.28
IOM 1.25 1.25 1.25

on the physical and chemical characteristics of soil. Modelled TOC
values support the earlier observations (Bellaki et al., 1998) which
is in line with the content of TOC in these amendments (42.0, 41.5
and 33.3% C for PS, Gliricidia and CDS, respectively).

Singh et al. (2004) earlier reported that organic carbon con-
tent in the surface soils in Nabibagh increased significantly with
the repeated additions of farm yard manure/poultry manure/urban
compost along with 50% NPK and 5 t FYM ha−1 to soybean and 100%
NPK to wheat. The modelled TOC values followed this trend. Similar
trend for TOC was observed in Panjri.

Table 8 gives the value of various pools of C content of the soils
under various LTFEs in control treatment. At the end of the prelim-
inary run to equilibrium on June, 1860 up to the time the model
had run for 10,000 years using the various weather files (Sarol,
Nabibagh, Panjri and Teligi), the C content showed variations in
different LTFEs. We have tabulated the various pools on June dur-
ing the beginning and at the end of the experimental period. It is
interesting to observe that RothC calculates relatively high inert
organic matter at LTFE spots receiving more mean annual rain-
fall (MAR). The DPM/RPM ratio also followed similar trend with
MAR with Sarol as an exception. This is due to low initial TOC con-
tent of Sarol (6 t ha−1) as compaired to Panjri (15 t ha−1), Nabibagh

(12 t ha−1) and Teligi (10 t ha−1). Fig. 5 gives decomposition rate
modifiers for moisture and temperature (and their sums), and mod-
ified and unmodified SOC decomposition rates at all modelled sites,
calculated by RothC.
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A closer look at Fig. 6 indicates that the rate modifiers vary in
ifferent LTFE spots. It is noted that rate modifier for moisture sum
radually decreases from sub-humid moist to arid bioclimatic sys-

em with a clear distinction at Sarol, Akola and Zarifa Viran. Various
ther details of these sites vis-à-vis the rate modifiers indicate that
ainfall during the wet months of nearly 850, 550 and 500 mm
ppear to be the three threshold limits in these five bioclimatic

Fig. 7. Rate of change of modelled total organic carbon
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systems in deciding the rate modifier for moisture sum (b in RothC
model, Coleman and Jenkinson, 1999). It means below the rainfall
of this wet month the organic carbon turnover rate will be reduced

causing less organic carbon storage in soils. While explaining inor-
ganic carbon sequestration and its consequences to soil sodicity
a threshold limit of 850 mm MAR was reported (Bhattacharyya
et al., 2000, 2004) below which the soils become more calcareous,

over control (T1) as influenced by management.
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lkaline and sodic. RothC model output can thus help to find out the
hreshold limits of climatic parameters to influence SOC decompo-
ition and its content which can serve as a good indicator for soil
uality and health.

While applying the model and evaluating its performance, many
actors should be considered. Some of the important factors which
ffect the model error and performance are discussed below. The
ccuracy of measured data is mainly affected by sampling and ana-
ytical errors. The replicate values for any of the experimental sites
nder study were not available. Annual soil samples from these

ong-term experimental stations were usually analysed by differ-
nt staff, and in some cases standard samples were not used in some
arlier years because of the lack of the analytical facilities in local
aboratories. Therefore, some extreme measured SOC values may
ave been the result of both sampling and analytical errors.

RothC model showed that addition of only fertilizers shall main-
ain the TOC level in soils (Fig. 7, T2 in all the sites). To increase
he level of organic carbon sequestration for the posterity, addi-
ion of organics along with fertilizers may be recommended. Recent
ndings on effects of organics on shrink–swell soils (Vertisols) indi-
ate an increase in active pool of organic carbon (Chivhane and
hattacharyya, 2010). Although such pools may not immediately

nfluence crop yield but in due course of time crop yield and soil
ealth will be bettered by such practice. Among organic manures,

arm yard manure and wheat straw have, by far, the best combina-
ion for the maximum influence in organic carbon sequestration.
he other options are cow dung slurry, urban compost and farm
ard manure (Tables 1, 3–5).

. Conclusion

The model was calibrated to simulate changes in soil organic
arbon on typical black soils. It has been found that the model
imulates the observation that inorganic fertilizers alone did not
ncrease TOC, while the combination of inorganic and organic does
o; in both the events however crop yields are increased.
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