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Effect of long-term nutrient management on
soil organic carbon sequestration in
rice–rice–fallow rotation
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A study was conducted on long-term (for 31 years)
rice–rice–fallow cropping sequence to determine the
effect of balanced chemical fertilizer and integrated
nutrient management (INM; chemical fertilizer +
poultry manure 2 tonne ha–1) on soil organic carbon
(SOC) sequestration. C mineralization rate (k),
microbial population, SOC and C content in the mean
water stable soil aggregate (MWDw) were measured
from field soil. The C dynamics was described using
DSSAT crop and DNDC models. INM increased soil
bacteria and improved SOC stock by 27.98%,
although C loss was higher with this treatment. A
decreasing trend of bacterial population and SOC was
observed in the balanced chemical fertilizer (15%)
and fertilizer control (46%) treatments compared to
initial soil. A positive correlation (r = 0.94) was found
between C content of MWDw and soil bacteria population, which provided evidence of vital contribution
of soil bacteria for SOC sequestration. In INM treatment, k (incubation study) was 0.011 tonne year–1, and
it was less than DNDC- and DSSAT-generated data.
However, k value (0.010 tonne year–1) obtained in the
incubation study of the balanced chemical fertilizer
was similar to DNDC model data. An increasing trend
of paddy yield (10 years) was observed in INM compared to balanced chemical fertilizer. In conclusion,
microbial population, SOC sequestration and crop
yield were high with INM. For sustainable rice
production and C sequestration, INM is superior to
balanced chemical fertilizer. Between two models
used, DNDC is better for prediction of SOC balance.
Keywords: Bacterial population, carbon stock, fallow,
poultry manure, rice.
SOIL organic matter (SOM) is the storehouse of many
mineralizable nutrients for plant growth and development. It improves cation exchange capacity, buffering
system, structure and aggregate stability of the soil1.
Healthy soil biology and ecosystem depend on SOM content. Soil is one of the greatest carbon (C) reservoirs of
this planet. It has potential for C sequestration and thus
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slows down global warming by reducing CO2 emissions
depending on environmental conditions2,3. Soil biochemical and physical processes are governed by the environment and management practices such as methods of
cultivation, types of crop, nutrient management practices,
temperature, moisture, soil texture, etc.4.
Microbial activities are directly related to SOM
decomposition and soil C loss as CO2 and methane (CH4).
All these C loss phenomena are related to the availability
of C substrates and decomposition of added SOM, which is
more complicated in association with crops in a cropping
system rather than single cropping pattern. For example,
soil in a rice–rice–fallow cropping system remains flooded
during most of crop growth period. However, the crop experiences dissimilar temperature and rainfall during different growing seasons. After harvest of the first-season crop,
about 10–20 cm of crop residue with root remains in the
field, which is incorporated with the soil during land preparation for the next crop. So, in the rice–rice–fallow cropping pattern, some amount of crop residue is added to the
soil in each season. Decomposition rate of this residue is
faster in summer compared to winter as temperature and
rainfall favour the process. Another important factor is
fertilizer management practice in which C mineralization
pattern will vary depending on organic and inorganic
amendments. Considering temperature, rainfall and fertilizer management practices, it is complex to determine
SOM turnover in a cropping system. Models such as
DSSAT5–7 and DNDC8 can be used to determine approximate soil C dynamics under wide climate and management
practices, where crops are grown in rotations over the years.
Hence, the objectives of the present study were: (i) to determine the effect of different nutrient management practices on soil C mineralization and (ii) to evaluate C
dynamics using DSSAT and DNDC models in a rice–rice
cropping pattern after 46 years of crop cultivation.

Materials and methods
Field history and nutrient management
The study site is located at Bangladesh Rice Research
Institute farm, Gazipur (29.54°N, 90.24°E), Dhaka,
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Bangladesh. The climate of the site is tropical humid,
with a dry season from November to February. Annual
rainfall is 2200 mm and annual mean temperature is
29°C. Mean temperature for the warmest and coolest
months varies by less than 5°C and mean annual relative
humidity is 89%. The soil is grey terrace soil, clay loam
in texture. Initially, i.e. in 1985, SOM was 1.14% and total nitrogen was 0.08%. In this study, yearly rice was
grown in two seasons as irrigated Boro (January–May)
and rainfed T. Aman (July–December). Three treatment
combinations considered for this study were: T1: full
chemical fertilizer (balanced doses of N, P, K, S and Zn);
T2: integrated nutrient management (INM), chemical fertilizer with 2 tonne ha–1 poultry manure (PM; applied during the last 10 years), and T3: fertilizer control treatment.
Chemical fertilizer doses (kg ha–1) N–P–K–S–Zn were
applied @ 138–10–80–20–5 and 100–10–80–20–5 for dry
season irrigated rice (Boro) and rainfed rice (T. Aman)
respectively. The fertilizer rate was calculated following
soil test results-based nutrient requirement with a yield
target of 7.5 tonne ha–1 for Boro and 6.5 tonne ha–1 for T.
Aman respectively.

Kemper and Rosenau10 was used to separate water-stable
aggregates. In brief, 20 g of 4 mm air-dried soil samples
was placed on the topmost sieve of a nest of three sieves
of 2, 0.59, 0.30, 0.149 and 0.074 mm mesh size and
pre-soaked in distilled water for 30 min. Then, the nest of
sieves was oscillated vertically in water 20 times, at 4 cm
amplitude and at the rate of 1 oscillations/sec so that soil
particles on the topmost sieve were always below the
water surface during each oscillation. After wet-sieving,
the water–stable soil materials left in each sieve were
quantitatively transferred into beakers, dried in the oven
at 50°C for 48 h, weighed, and stored for later analysis.
The soil organic carbon (SOC) content in each fraction
was measured by Walkley and Black method11. Mean
weight diameter of water-stable aggregate (MWDw) was
calculated by the equation

Carbon mineralization rate (incubation study)

The crop rotation or sequence tool in DSSAT V4.5 was
used to simulate long-term rice–rice–fallow crop production system. Experimental file was initiated using original
field datasets of each treatment. Weather file was created
from weather data obtained from Gazipur meteorological
station. Agronomic management practices such as seeding, transplanting, seedling weight, fertilizer application,
organic amendment and irrigation schedule were done
according to model requirements for each season. DSSAT
genetic crop coefficient parameters were adjusted separately using a default rice variety for both T. Aman and
Boro rice. The model was calibrated and validated
(RMSE and d value) using original SOC data of the last
10 years for each treatment.
Fertilizer inputs, management practices, manure
amendments, irrigation and flooding, crop rotation, land
preparation and harvesting dates were fed to the model
according to long-term experiment schedule. The SOC
analysis data of different treatments were the base to
calibrate the DNDC model. However, microbial activity
index parameter was set at 1% for INM (T2), 0.6% for
balanced fertilizer (T1) and 0.3% for the fertilizer control
(T3) treatments. Total microbial populations were counted
from different treatments using plate count method in
nutrient agar medium (Table 1). During the calibration
process, all parameters related to SOM and crop growth
were chosen based on sample analysis in the laboratory.

After harvest of 62 crop, soil samples (15 cm) were collected for incubation study to determine C mineralization
rate at annual mean temperature. Briefly, samples were
prepared by air-drying and sieving (2 mm) to remove root
fragments. Soils of each treatment (3 kg) were taken into
separate plastic pots and kept in an incubator at 28° ± 2°C
temperature. Soil moisture was maintained as saturated.
The incubation study was carried out for one month and C
mineralization rate (k) was calculated as

k = 2.303

(log C0 − log C )
,
t

where C0 is the initial C content and C at time t.

Total bacterial population
Bacterial population was determined from 0 to 15 cm soil
depth using dilution and total plate count method in
nutrient agar medium. A series of ten-fold dilutions was
prepared up to 10–8 of 10 g soil and the bacterial populations were determined in nutrient agar plate following
total plate count method9.

Soil water stable aggregate
Soil water stable aggregate was determined to check soil
C sequestration among the treatments. Soil samples from
0 to 15 cm depth were used for aggregate analysis by wet
sieving method. The classical procedure described by
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MWDw = Xi × Wi,
where Xi is the mean diameter of the ith sieve and Wi is
the amount of total aggregates in the ith fraction.

Model calibration and validation

Statistical analysis
Data obtained for C mineralization in the incubation
study were analysed following complete randomized
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design. Evaluation of model performance was done based
on comparison of the simulated values provided by the
model with actual values obtained from field measurements. However, statistical model evaluation was done
using correlation coefficient, mean ratio and mean difference (RMSE), and mean difference between observations
and simulation.

Results

A similar trend of k value was obtained in both the tested
models, i.e. highest C mineralization occurred with INM
and lowest in the fertilizer control treatment. However k
values obtained using the DNDC and DSSAT models
were very low and high for the chemical fertilizer control
and INM respectively, compared to field soil incubation
study. At balanced chemical fertilizer treatment, similar k
value was found in both the incubation study and using
the DNDC model.

Bacterial population and soil carbon mineralization

Soil carbon sequestration

Figure 1 shows total bacterial population and soil C
fraction in the mean weight diameter of water-stable
aggregates. Significantly high bacterial population was
observed in the INM treatment, in which PM was added
with chemical fertilizer during the last ten years. Application of balanced chemical fertilizer reduces bacterial
population. The lowest bacteria population was found in
control treatment, where none of the nutrients was added
for 31 years. A similar trend of soil C fraction was found
in the MWDw, which establishes a strong correlation
(r = 0.94) between the two variables. Table 1 provides the
result of C mineralization rate (k). In the incubation
study, C mineralization rate was high (0.011 tonne year–1)
with INM followed by balanced chemical fertilizer (0.010
tonne year–1) and control (0.009 tonne year–1) treatments.

Soil C content (kg ha–1) of the last 15 years was generated using the DSSAT model (Figure 2), which showed an
increasing trend in INM and decreasing trend for
balanced chemical fertilizer and control treatment. Table
2 shows soil C sequestration of the last 10 years in rice–
rice–fallow cropping sequence. In the field study, significantly high soil C stock (26.30 tonne ha–1 year–1) was observed in INM followed by balanced chemical fertilizer
(17.30 tonne ha–1 year–1) and fertilizer control (10.95
tonne ha–1 year–1) treatments compared to initial soil
(20.55 tonne ha–1 year–1 in year 1985). Similar trend of C
stock was also generated in the DNDC and DSSAT
models. However, both models generated some C stock
value (30.5 tonne ha–1 year–1) for INM, which was higher
than the field-observed data. In the field observation, a
negative C sequestration was recorded in the fertilizer
control and balanced chemical fertilizer treatments; however, it was positive (127.86 kg ha–1 year–1) for INM. In
case of the DNDC model, C sequestration for INM was
539 kg ha–1 year–1, followed by balanced chemical fertilizer treatment (151.5 kg ha–1 year–1) and the lowest was
for fertilizer control treatment (46.6 kg ha–1 year–1). The
C sequestration value was higher in the DSSAT model
compared to the DNDC model.

Carbon balance

Figure 1. Effect of long-term nutrient management on soil total bacterial population and soil organic carbon (SOC) stock in rice–rice cropping sequence.

Table 1.

Carbon mineralization rate under different fertilizer
management practices (incubation study)
Carbon mineralization rate
(k = tonne year–1)

Treatment
Fertilizer control
Balanced chemical fertilizer
Integrated nutrient management
(INM)

Observed data

DNDC

DSSAT

0.009
0.010
0.011

0.005
0.010
0.020

0.007
0.018
0.030
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Carbon losses were determined using the DNDC model
(Table 3). Total C loss was high in INM (1343 kg C ha–1
year–1) compared to balanced chemical fertilizer (866 kg
C ha–1 year–1) and fertilizer control (236 kg C ha–1 year–1)
treatments. C loss was high in INM due to higher CO2,
CH4 and C leaching compared to other treatments. The
lowest C loss was observed in the fertilizer control treatment.

Crop yield
Figure 3 shows the annual (Boro + T. Aman) paddy yield.
The yield data of the last 10 years showed significantly
higher paddy yield and an increasing trend in INM. However a yield plateau trend was observed in the balanced
589
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Figure 2.

SOC content in rice–rice–fallow cropping pattern (last 15 years). Model: DSSAT, Index of agreement 0.91.

Table 2.

Carbon sequestration during the last 10 years in a rice–rice–fallow cropping sequence
Carbon stock (tonne ha–1 year–1)

Treatment
Fertilizer control
Balanced fertilizer
INM
Initial soil

Observed
10.95
17.303
26.304
20.55

DNDC

DSSAT

Observed

DNDC

DSSAT

10.7
19.7
30.7
–

18.4
25.6
30.8
–

–213
–72.15
127.86
–

46.6
151.5
539
–

149
457
706
–

fertilizer treatment. The lowest paddy yield and yield
decreasing trend were found in the fertilizer control
treatment. In the long run, INM produced superior yield
than balanced chemical fertilizer.

Model evaluation
Model evaluation was performed using SOC data of longterm rice–rice–fallow cropping sequence field experiment. Statistical analysis for root mean square error
(RMSE), and mean difference between observations and
simulation was performed (Table 4). Statistical values
(nRMSE) obtained for INM and balanced chemical fertilizer treatment were within the range, and d value gave
the best fit for all the treatments for both models. However, values estimated using the DNDC model were closer to the observed data than the DSSAT crop model.

Discussion
Bacterial population may have significant role in SOC
sequestration. The highest bacterial population and C
590

Carbon sequestration (kg ha–1 year–1)

sequestration were found in organic amended plots (INM)
and the lowest in the fertilizer control treatment, where in
the last 31 years no nutrient was added. Carbon mineralization in the flooded soil was mainly derived from labile
C pools12 and SOC dynamics was governed by both
biophysical and biological changes during microbial
decomposition of organic matter13. The highest bacterial
population and higher C sequestration in INM-treated
plots might be a resultant effect of SOM and activity of
soil bacteria. Wang et al.14 also found a strong positive
correlation of bacterial abundance with total SOC accumulation, and reported an enhanced bioactivity with C
stabilization. Moreover, MWDw play a considerable role
in improving C sequestration. In the present study, SOC
increased because of INM rather than balanced chemical
(NPKSZn) fertilizations and without fertilizer application
(control). Aggregate size fraction of 0.30 mm showed the
highest SOC (12.7 g kg–1) in INM, whereas in the
balanced chemical fertilizer treatment it was 11.8 g kg–1.
So there might be a strong relationship for C sequestration in soil aggregate size and soil microbial activity,
and it was enhanced due to organic amendment.
A close relationship between the soil aggregate stability
CURRENT SCIENCE, VOL. 118, NO. 4, 25 FEBRUARY 2020
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Table 3.

Carbon losses from rice–rice–fallow cropping sequence since the last 10 years measured using
the DNDC model
Carbon loss (kg C ha–1 year–1)

Treatment

CO2 evolution

CH4 emission

C leaching

Run-off

Total

185
691
1281

41
143
232

5
16
27

5
16
14

236
866
1343

Fertilizer control
Balanced chemical fertilizer
INM
Table 4.

Statistical analysis of model-generated data for rice–rice–
fallow cropping sequence
nRMSE

d

Treatment

DNDC

DSSAT

DNDC

DSSAT

INM
Complete
Control

7.9
4.1
36

20.9
25.6
18

0.99
0.99
0.95

0.99
0.98
0.99

Figure 3.

Effect of long-term nutrient management on rice yield.

index and SOM content has been reported in the literature15–18.
In the present study, application of PM along with
chemical fertilizers (INM) increased SOC stock considering initial soil status. Increased SOC by PM amendments
was also reported by Are et al.19. The beneficial effects of
organic amendments for enhancing soil C sequestration
have been reported in the literature20,21. In the present
study, SOC stock increased by 27.98% due to addition of
PM at 2 tonne ha–1 in INM over the last 10 years. Adeleye et al.22 found that the application of 10 tonne ha–1
PM increased SOC by 37.8%. The SOC stock decreased
by 46% in fertilizer control and 15% in balanced chemical fertilizer treatments compared to initial soil C content.
The lowest soil C content in the fertilizer control soil
might be due to less root biomass incorporation into the
soil compared to balanced chemical fertilizer treatment. It
is well known that balanced fertilization produces higher
root biomass, and rice root biomass has a significant role
in rice soil C sequestration. Carbon sequestration in rice–
rice–fallow cropping system was determined from origiCURRENT SCIENCE, VOL. 118, NO. 4, 25 FEBRUARY 2020

nal field study and simulated data obtained from model.
Model-generated data also showed a negative balance of
organic C in the control and balanced fertilizer-treated
soils (Figure 2).
According to the DNDC model total carbon sequestration was 47 kg ha–1 year–1 in the control and 151 kg ha–1
year–1 in the chemical fertilizer-treated plots. Whereas it
was 539 kg ha–1 year–1 in soil subject to INM. The incubation study result of C mineralization rate (k) of the
experimental field soil was comparable with modelgenerated data. Carbon mineralization rate was lower in
the control plot compared to balanced chemical fertilizer
treatment and INM. The highest C mineralization rate
was obtained from INM and simulated k value was higher
in both tested models compared to that observed. The
results obtained for C stock using the DNDC model were
similar for fertilizer control and balanced chemical fertilizer treatments compared to the DSSAT cropping
sequence model.
Carbon losses were determined using the DNDC model
and highest C loss was found in INM followed by
balanced chemical fertilizer applied soil (Table 3). Total
SOC stocks were significantly different between INM
and balance chemical fertilizer treatment during the study
period. These results indicate that INM plays a critical
role in maintaining SOC sequestration. It resulted in
higher C sequestration compared to non-treated control.
Addition of more root biomass C to the soil improved
physico-chemical properties, and biological environment
suitable for crop growth resulted in higher C sequestration. The rate (kg C ha–1 year–1) of increase was calculated with reference to the baseline SOC pool at the start
of the experiment. It was observed that C balance rate
was the highest with INM amendment and lowest with nontreated control. Organic C inputs were higher than outputs
for INM, resulting in higher C sequestration. INM contains
most of the carbon in recalcitrant form resulting in more
sequestration, as it has already been subjected to some
decomposition before application in agricultural fields23.
Figure 3 shows the annual yield (10 years) of paddy.
Nutrient management practices have significant effect on
grain yield. The highest grain yield was obtained for
INM. Three years of application of PM alone or in
combination with urea at different N levels significantly
increased wetland rice yield24. Liu et al.25 also reported
that organic amendments (17 years) increased rice yields,
SOC and soil N compared to NPK application. In the
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present study, after the sixth year of INM, an increasing
trend of paddy yield was observed, whereas a yield
plateau trend was found in the balanced chemical fertilizer
application. An increasing trend of grain yield might be the
resultant effect of increasing soil carbon stock in INM.
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Conclusion
Data obtained from long-term soil analyses using the
DNDC and DSSAT models proved that INM is superior
compared to balanced chemical fertilizer treatment to
increase soil carbon stock, paddy yield, microbial population and C sequestration. Carbon losses to the environment were high, but total carbon balance was positive in
INM. A significant positive correlation (r = 0.94) was
found between C content of MWDw and soil bacterial
population, which proved positive contribution of soil
bacteria for C sequestration. Carbon mineralization rate
in the incubation study was 0.011 tonne year–1 for INM
which was lower than the values obtained in the DNDC and
DSSAT models. Comparing the two models, DNDC is
better than DSSAT for prediction of SOC balance.
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