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Abstract: In the present investigation, laboratory incubation experiment and field trials were done to
assess the effect of organic soil amendment including acetate, rice straw and charcoal at different levels on
temporal changes of microbially reducible iron, evaluate plant root oxidase activity and crop performance in
both simulated and field conditions. The contents of reduced iron in alluvial soil supplemented with acetate
were in the range of 3.5 to 23 μmol g-1 soil as compared to the laterite soil. The addition of rice straw stimulated
the process of iron reduction, as evident from the increased contents of reduced Fe(II) till 14 days of incubation.
However, application of charcoal along with glucose showed inhibitory effect on Fe(II) production. Extensive
field trial studies suggested that control plants and addition of charcoal at varying levels led to concomitant
decreases in the iron reduction potential and α-naphthylamine oxidase activities. The crop performance was
evaluated by grain yield of rice plants. Results clearly showed high yield content and harvest index when
amended with 10 Mg ha-1 charcoal, highlighting that organic amendment significantly improve plant nutrient
uptake and its availability by reducing sorption and leaching activity.
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Introduction
Agricultural productivity decline in tropical

climates are often attributed to poor soil fertility
and agronomic practices. Though chemical ferti-
lizer application has been extensively limited, the
improvement for crop production are adversely
affected due to abiotic stresses including, top soil
erosion; soil acidity; salinity; decrease of soil
organic matter; depletion of macro and micro-
nutrients and deteriorating soil physical proper-
ties 23, 16.

Rice (Oryza sativa L.) is considered as a ma-
jor staple food grain for nearly two-third of the
global population 24. As compared to other crops,
the high nutritional and calorie content makes rice

a major commodity across the globe, including
tropical countries like India. However, either due
to poor management, nutrient deficiency or toxi-
city, yield production reduces drastically in about
100 million hectares of land subjected to rice culti-
vation 1. Although, several soil applications includ-
ing biochar and compost have been proposed as
soil amendments to increase soil organic carbon
(SOC) levels and soil fertility, application of com-
post including rice straw may influence increase
of pH, SOC and available micronutrients in paddy
soil.

The addition of different substrates rich in car-
bon content usually enhance microbial activities
and contribute in improving the fertility of soils.
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As charcoal forms a significant proportion of or-
ganic carbon content of many soils, its unique
ability to adsorb metal ions and organic compounds
has been extensively used in water treatment pro-
cesses for the recovery of metals and the removal
of organic wastes and micro-pollutants 4. The
strongly adsorptive nature of activated or artifi-
cial charcoal is due to its large surface area as
well as its high porosity and reactive chemical
structure. The immobilization of metals through
their interaction with natural charcoal may be a
significant sink for trace elements in soils. Stud-
ies have suggested that, the combined application
of compost and biochar in maize crop had a syn-
ergistic positive effect on nutrient content, soil bulk
density and water holding capacity of the soil un-
der field conditions 3,11. Generally, there is no ad-
equate information, on the interaction effects of
charcoal and associated amendments rich in car-
bon content on iron dynamics and rice cultivation
in agricultural soils. Therefore, the objectives of
the present study was to assess the effect of dif-
ferent amendments including acetate; rice straw
and charcoal at different levels on kinetics of iron
reduction; evaluate associated factors including
plant root oxidase activity and crop performance
in both laboratory and field conditions.

Materials and methods
Experimental site and soil amendment

The experiment was conducted in field plots at
Central Rice Research Institute, Cuttack during
wet season (June-November, 2012). The soil at
the farm site was a Typic Haplaquept (deltaic al-
luvium). After the field was flooded, ploughed,
puddle thoroughly and leveled, rice plants (30-day-
old seedlings of cv Naveen) were transplanted in
early June, 2012 in a randomized block design in
field plots (8.8 m x 2.2 m) separated by levees.
The fertilizers were applied at the rates of 60:40:40
(N:P2O5:K2O) kg ha-1 and the plots were con-
tinuously submerged to a depth of 5 ± 2 cm dur-
ing crop growth. The bio-wastes from the dairy
of institute farm were composted to obtain
composted manure and applied as 5 Mg ha-1. In
addition, charcoal amendment was done at rates
of 1 Mg ha-1, 2 Mg ha-1, 10 Mg ha-1. In a follow-
up experiment, effect of different carbon rich sub-

strate was examined using alluvial soil under labo-
ratory incubation.

Study of selected physico-chemical proper-
ties of soils

The physico-chemical characteristics of the soil
samples used in the present investigation, as high-
lighted in Table 1 were determined using the fol-
lowing methods: Soil pH was determined in 1:1.25
soil to water suspension using glass electrode pH
meter 7. The maximum water holding capacity
(WHC) of soils was determined by the Keen-
Raczkowski method 14. Electrical conductivity
(EC) was determined in supernatant of 1:1.25 soil
to water suspension using conductivity bridge 7.
The organic carbon content of the soil samples
was estimated by the Walkley-Black’s wet-oxi-
dation method 7.

Effect of acetate on microbial iron reduction
in soils

The soil samples in 20 g portions were placed
in incubation bottles, mixed with sterile aqueous
solution of acetic acid (CH3COOH) at 50 mM,
100 mM, 200 mM and 250 mM CH3COO at 1:1.25
soil to solution ratio, and then, incubated under
anaerobic condition at 30 ± 2°C. At an interval of
2 day, the contents in triplicate samples were
mixed thoroughly, and the Fe(II) content was es-
timated colorimetrically using ferrozine 19.

Effect of addition of rice straw on iron reduc-
tion in soils

The soil samples were placed in 20 g portions
in incubation bottles, mixed with air dried, pow-
dered rice straw at 0.05 %, 0.25 %, 0.5 % and
1 % and incubated under flooded condition. The
Fe(II) iron content was analyzed at an interval of
2 days using ferrozine 19.

Effect of addition of charcoal on microbial iron
reduction in soils

A laboratory incubation study was conducted
to assess the effect of charcoal amendment on
microbial iron reduction in alluvial and laterite soil.
Samples in 20 g portions were placed in incuba-
tion bottles, amended with charcoal at varying rates
(1 Mg ha-1, 2 Mg ha-1, and 10 Mg ha-1) at 1:1.25
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soil to water ratio and incubated under anaerobic
condition at 30 ± 2°C. A control experiment was
also set up without charcoal amendment. At an
interval of 2 days, the contents in triplicate samples
were mixed thoroughly and reduced Fe(II) iron
content was estimated colorimeterically in a spec-
trophotometer (Specord 200, Analytika Jena).

Study of iron reduction kinetics in roots of
rice cultivar as influenced by charcoal amend-
ment under field conditions

At a periodic interval of 10 days, plant sample
was uprooted mechanically, washed thoroughly
using deionized water, blotted dry and cut uni-
formly of 1 cm size. Root samples were then
treated with 25 ml portions of basal nutrient solu-
tion (BNS) comprising of NH4NO3 (5 mM),
K2SO4 (2 mM), CaCl2 (4 mM), MgSO4.7H2O (1.5
mM), KH2PO4 (1.3 mM), Fe(III)-EDTA (100
μM), H3BO4 (10 μM), ZnSO4.7H2O (1 μM),
CuSO4.5H2O (1 μM), MnSO4.H2O (5 μM),
Na2MoO4. 2H2O (0.5 μM) and CoSO4.7H2O (0.2
μM). The sample was incubated for 2 hours un-
der continuous shaking, followed by centrifuga-
tion at 3000 rpm (REMI RM12C microcentrifuge)
for 5 min. An aliquot of 200 μl was reacted with
0.1 % ferrozine reagent (wt/v), and absorbance
was recorded at 562 nm (Spectronic 20D+, Spec-
tronic Inc., USA). Root samples were kept in an
oven to obtain dry weight, and used in calculation
for determining the mean concentration value.

Study of ααααα-naphthylamine-oxidase activity in
roots of rice cultivar as influenced by char-
coal amendment in soil under field conditions

The oxidizing of power of rice roots in a field
study was determined by using α-naphthylamine
(α NA) as described by Ota 13. Portions of 1 g
thoroughly washed root samples was added to 100
ml incubation bottles containing 25 ml of α-naph-
thylamine solution (20 ppm) and shaken in an or-
bital shaker at 125 rpm for 2 hours. An aliquot of
2 ml was treated with equal volume of sulphanilic
acid (1 %) and NaNO2 (1 M). The sample was
left for the development of color and absorbance
was recorded at 545 nm using a spectrophoto-
meter. The α-naphthylamine oxidase activity was
expressed as μg α-naphthylamine oxidized g-1

roots (d.w).
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Estimation of plant biomass
The estimation of plant biomass (fresh and dry

weight) from field plots was done by drying the
plant portions in a hot air oven at 70°C for 2-3
days. The mean of all values was reported as
t ha-1 based on spacing of hills.

Estimation of yield parameters
In field experiments, grain and straw yields were

estimated during post mature and harvesting stage.
All samples were sundried and recorded as
t ha-1. The harvest index was calculated by using
the formula:

Harvest index (%) = [(Grain wt.) / (Grain wt +
Straw wt)] x 100

Statistical analyses
All analyses were carried out on basis of three

replicates. The data were analyzed statistically
using analysis of variance (ANOVA) procedure.
Duncan’s new multiple range test (DMRT) was
employed to assess the differences between the
treatment means. The treatment effects were
declared as significant at 5 % probability levels.

Result and discussion
Changes in concentration of reducible soil iron
as influenced by acetate amendment

In anoxic rice soils, acetate is a major fermen-
tation product, and the disappearance of added
acetate and the product of 14CO2 from [2-14C]

acetate are associated with the accumulation of
Fe(II) 8. The effect of acetate on microbial iron
reduction was evaluated using alluvial and later-
ite soil. Acetate was added at 100 mM and 250
mM and the changes in the contents of reduced
iron were comparatively significant. In alluvial soil,
additions of acetate at 100 mM increased the con-
tents of reduced iron and were more pronounced
till 20 day of incubation, while at higher concen-
tration it reduced significantly and was compa-
rable with both 100 mM and control samples (Fig
1A). The contents was in the range of 3.5 to 23
μmol g-1 soil as compared to laterite soil, the
addition apparently depressed the availability of
reduced [Fe(II)] (Fig 1B). The obtained results
clearly correlate that available Fe (II) accu-
mulation in soil do not exceed as more as 100
μmol g-1 soil as studied earlier by Nealson and
Myers 12.

Microbially reducible iron content in soil as
affected by incorporation of rice straw

Rice among the world’s major food crops has
the widest adaptability to soil and hydrological con-
ditions. Because of its semiaquatic nature, rice
grows in totally or temporarily waterlogged soils.
After harvest, rice straw is used as a source of
organic matter for soil amendment. In the present
investigation, rice straw at 1 % (w/w) level was
used, and iron reduction was monitored regularly.
In alluvial soil, addition of rice straw did not in-

Fig. 1. Concentration of reduced iron expressed as μmol g-1 soil (A-alluvial, B-laterite) at different
days of incubation amended with acetate (Control, 50 mM, 100 mM, 200 mM and 250 mM)
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crease the dissolved iron contents, although it
stimulated the process of iron reduction, as evi-
dent from the increased contents of reduced
[Fe(II)] till 32 days of incubation (Fig 2A), whereas
in the laterite soil the peak concentration was ob-
served on 28 day of incubation (Fig 2B). The con-
tents of reduced iron in all the samples ranged
between 1.5 to 18.5 μmol g-1soil. According to
Tadano and Yoshida 20, acetic acid is the domi-
nant organic acid produced in the early stage of
decomposition processes, whereas Kyuma 9 high-
lighted the oxidation of acetic acid occur simulta-
neously with the reduction of Fe(III). In addition,

earlier reports have also clearly demonstrated the
role of heterotrophic microorganisms and reduc-
tion processes involving the use of carbon sources
as potential electron donor.

Influence of charcoal amendment in soil iron
reduction

The addition of charcoal to alluvial soil led to
non-significant decreases in reduced iron [Fe(II)]
concentrations till 12 days of incubation (Table
2). Extended incubation of soil samples amended
with higher amounts of charcoal, especially at 2
Mg ha-1and 10 Mg ha-1, inhibited the production

Table 2. Effect of charcoal amendment on iron reduction (expressed as μμμμμmol Fe(II)
produced g-1 soil) in an alluvial soil (A-CRRI) under laboratory conditions

Treatment Days after transplanting
 2  4  6  8 10  12 14 16 18 20

Control  0.79a   1.35a 1.72a 2.34ab 2.63bc  3.56bc  2.60b 2.58c 1.54b 0.87c

x+ 1 Mg ha-1  0.51a  1.05a 1.47a 1.65ab 1.76bc 1.93c 2.70bc 2.08bc 1.54b 0.59b

y+ 2 Mg ha-1 0.37a 1.07a 1.39a 1.90b 1.72ab 1.63bc 1.00a 0.96c 1.00ab 0.46d

z+ 10 Mg ha-1 0.34a 1.03a 1.60b 1.81ab 1.95bc 1.37bc 0.81c 0.91c 0.71ab 0.43b

In a column, means followed by a common letter are not significantly different at the 5% level by DMRT
(Duncan’s Multiple Range Test) *
x Charcoal was added at 2 mg g-1 soil to represent 1 Mg ha-1

y Charcoal was added at 20 mg g-1 soil to represent 2 Mg ha-1

z Charcoal was added at 200 mg g-1 soil to represent 10 Mg ha-1

Fig. 2. Concentration of reduced iron expressed in μmol g-1 soil (C-alluvial, D-laterite) at
different days of incubation amended with rice straw (0.05 %, 0.25 %, 0.5 % and 1 %)
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of reduced iron [Fe(II)]. Considerable decrease
in reduced iron concentration was observed only
after 12 days of incubation. A similar trend of
charcoal inhibitory effects was also observed in
the laterite soil (Table 3). The amount of Fe(II)
production was not completely inhibited by the
amendment process, at least during the initial pe-
riod after mixing with charcoal. Significant de-
creases in reduced iron [Fe(II)] concentration
were observed only after a period of 14 days. In
a follow-up experiment, the effects of glucose in
combination with charcoal and humic acid on
Fe(II) production were studied. Application of
charcoal along with glucose showed inhibitory
effect on Fe(II) production (Table 4). In the field

Table 4. Effect of selected soil amendment on iron reduction (expressed as μμμμμmol Fe(II)
produced g-1 soil)  produced in an alluvial soil incubated under laboratory conditions

Treatment Days after transplanting
 2  4  6  8 10  12 14 16 18 20

Control  0.38a  0.69a 1.10a 2.62ab 2.93bc  2.26bc 1.37b 1.23c 1.17b 1.49c

a+ Glucose  10.67a   10.74a 11.78a 15.41ab 16.25bc 19.25c 17.54bc 15.62bc 14.62b 12.93b

b+ Humic acid 0.54a 1.07a 2.39a 4.90b 6.72ab 4.67bc 4.00a 2.96c 1.54ab 0.95d

a+ Charcoal 0.51a 1.05a 1.47a 1.65ab 1.76bc 1.93c 2.70bc 2.08bc 1.54b 0.59b

 + Glucose + 5.76 6.03 11.60 14.31 17.05 14.37 12.81 10.91 5.17 3.59
Humic acid
c+ Glucose + 8.56a 9.03a 11.10b 12.31ab 11.05bc 10.37bc 7.81c 5.91c 3.37ab 1.87b

Charcoal

In a column, mean followed by a common letter are not singnificantly different at the 5 % level by DMRT
(Duncan’s Multiple Range Test).
aGlucose was added at 4 mg C g-1 soil
bHumic acid was added at 10 mM
cCharcoal was added at 20 mg g-1 to represent 1 Mg ha-1

Table 3. Effect of charcoal amendment on iron reduction (expressed as μmol Fe(II)
produced g-1 soil) in a laterite soil (L-BBSR) under laboratory conditions

Treatment Days after transplanting
 2  4  6  8 10  12 14 16 18 20

Control  7.21a  8.07a 1.72a 2.34ab 2.63bc  3.56bc 2.60b 2.58c 1.54b 0.87c

a+ 1 Mg ha-1  3.33a   4.05a 1.47a 1.65ab 1.76bc 1.93c 2.70bc 2.08bc 1.54b 0.59b

b+ 2 Mg ha-1 1.37a 2.07a 1.39a 1.90b 1.72ab 1.63bc 1.00a 0.96c 1.00ab 0.46d

c+ 10 Mg ha-1 2.04a 3.03a 1.60b 1.81ab 1.95bc 1.37bc 0.81c 0.91c 0.71ab 0.43b

In a column, means followed by a common letter are not significantly different at the 5 % level by DMRT
(Duncan’s Multiple Range Test) *

trial experiment, the effects of charcoal additions
to the alluvial soil planted with rice (cv. Naveen)
were studied. When analyzed for the iron reduc-
tion potential of these plants, there were signifi-
cant differences due to the charcoal application
(Table 5). Charcoal application led to significant
decreases in the iron reduction potential of rice
plants and these potentials were dependent on the
amounts of charcoal added. It was quite evident
that higher the addition of charcoal in the field
plots, lesser was the reduction potential of roots.
Extensive studies have shown that the occurrence
of excess Fe (II) in soil solution often result in
iron toxicity problems in paddy fields 17, 18, 2. Thus,
large concentrations of ferrous Fe in soil solution
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may occur either when iron is mobilized in situ by
microbial reduction of ferric iron 15.

Influence of charcoal amendment on ααααα-naph-
thylamine-oxidase activity in roots of rice
cultivar

Likewise, the activities of α-naphthylamine oxi-
dase in roots were significantly reduced due to
the addition of charcoal (Table 6). Higher the ac-
tivities of α-naphthylamine oxidase in roots, more
it can contribute to the oxidation of Fe(II) pro-
duced by the iron reducing microorganisms. Al-
though the deposition of primarily of Fe(III)-ox-
ides on the root surface can occur by both abiotic
and biotic Fe(II) oxidation, the later can be attrib-
uted in part to microaerophilic Fe(II)-oxidizing
bacteria (FeOB), at least from the evidence ob-
tained from other wetland plants 22,21 and those
reported from the present study. Since rice plants
can support both the iron-reducing and iron-oxi-
dizing microorganisms, the reduction potential and

Table 6. ααααα-Naphthylamine oxidase activity of roots of rice (cv. Naveen)
as influenced by addition of charcoal under field conditions

Treatment Days after transplanting
 10  20 30  40 50 60  70  80

Control 295.3a  360.2a 492.9a 358.8a  423.7a  485.3a 308.7a 419.6a

x+ 1 Mg ha-1  171.2b  197.5b 232.0b 138.3b 134.0b 248.2b 191.0b 279.4b

y+ 2 Mg ha-1 154.2b 130.7b 273.6b 183.9b 157.4b 222.1b 136.6b 250.2b

z+ 10 Mg ha-1 103.9b 196.1b 222.5b 139.0b 151.6b 207.4b 167.2b 249.2b

In a column, means followed by a common letter are not significantly different at the 5% level by DMRT
(Duncan’s Multiple Range Test) *

the α-naphthylamine oxidase activities can be di-
rectly related. This was apparently observed with
control plants and the addition of charcoal led to
concomitant decreases in the iron reduction po-
tential and α-naphthylamine oxidase activities.

Yield components in rice cultivar as affected
by addition of charcoal under field conditions

The grain yield of rice plants in field plots treated
with 10 Mg ha-1 was highest, followed by that of
2 Mg ha-1 and 1 Mg ha-1 charcoal treatments
(Table 7). Although straw yield was not signifi-
cantly different among the treatments, the har-
vest index was highest in the treatment with 10
Mg of charcoal ha-1. The results of present study
suggest that the application of charcoal can re-
tard the iron reduction process in soils, without
adversely affecting grain yield. Therefore, organic
soil amendments improved plant nutrient uptake
and its availability by reducing sorption and leach-
ing 10, 6.

Table 5. Iron reduction potential of roots of rice (cv. Naveen)
as influenced by addition of charcoal under field conditions

Treatment Days after transplanting
10  20 30  40 50 60 70 80

Control 10.99a  28.72a 41.44a 55.74a 101.50a  110.49a   107.38a 109.50a

+ 1 Mg ha-1 5.26b  13.40b 15.94b 14.25b 46.13b 23.58b 32.13b 24.87b

+ 2 Mg ha-1 4.72b 12.12b 13.51b 19.82b 39.37b 28.31b 35.69b 18.42b

+ 10 Mg ha-1 4.81b 8.08b 12.79b 13.52b 35.80b 30.89b 26.49b 19.02b

In a column, means followed by a common letter are not significantly different at the 5 % level by DMRT
(Duncan’s Multiple Range Test) *
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Table 7. Plant biomass of rice (cv. Naveen) as influenced
by addition of charcoal under field conditions

Days after transplanting
Treatment Grain Straw Harvest index

Control  3.83 6.70 36.34
+  1 Mg ha-1 4.28 7.18 37.36
+  2 Mg ha-1 4.50 7.30 38.14
+  10 Mg ha-1 4.74 7.26 39.47

Conclusion
The results of this study highlight the impact of

application of different organic amendments on
soil iron reduction processes, including improving
the quality of paddy soil, and in promoting rice
growth and harvest. Soil applications including
biochar and compost though increase soil organic
carbon (SOC) levels and soil fertility, application
of compost including rice straw relatively influ-
ence physico-chemical properties like pH, cation-
exchange capacity and available micronutrients
in paddy soil. The contents of different fractions
of iron including reduced form in analyzed samples
ranged between 1.5 to 18.5 μmol g-1 soil and rice
cultivar (cv. Naveen) show high yields with the
application of charcoal at the rate of 10 Mg ha-1.
The positive effects of organic amendments on
soil properties and crop yield can be correlated
relatively greater in at the site with lower soil fer-
tility, resulting into toxicity. As crop production in
the country is either irrigated or patially rain-fed,
localized biogeochemical cycling of nutrients as

influenced by soil microorganisms affects avail-
able nutrient pool for plant growth and develop-
ment. The amendment of different organic car-
bon substrates like acetate, decomposed rice straw
compost-charcoal mixes to soil may have stabi-
lizing effects especially on easily degradable com-
ponents of the compost. Therefore, organic
amendments in a farming system can improve soil
biophysico-chemical properties, maintain satisfac-
tory crop yield, reduce the cost-production and
enhance long-term sustain-ability of the produc-
tion system.
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