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A B S T R A C T

Several alternative amendments like organic manure and biochar have been proposed for revitalizing the de-
grading soil viability and fertility for sustainable agriculture, globally. However, detailed field-scale studies
focussing on the soil and agronomic parameters of crops under these amendments are limited in dry tropical
ecosystems. Therefore, we studied the impact of various soil amendments viz., rice-husk ash (RHA) and farm-
yard manure (FYM) along with mineral fertilizer on soil biophysical and agronomic parameters of wheat crop.
We specifically explored the impact of the amendments on soil CO2 efflux (SCE, under different growth stages)
and the harvest index of wheat crop, which are considered as the key indicators of soil viability and agronomic
efficiency, respectively. SCE, soil moisture, soil temperature, soil N, microbial biomass and soil pH were found
significantly varying under different treatments (P < 0.05). SCE was found maximum under sole FYM applied
and minimum under mineral fertilizer applied treatments, whereas RHA application lowered the SCE as com-
pared to sole FYM application. Moreover, SCE showed variation with plant growth stages, and found maximum
during stem elongation followed by heading stage whereas minimum during ripening stage. Soil moisture was
found to have considerable regulation for the overall variation in SCE (r2= 0.17; P=0.04). In contrast to the
soil properties, agronomic parameters (except harvest index) were found higher under mineral fertilizer applied
treatments followed by sole FYM and combined FYM+RHA treatments, whereas sole RHA applied treatment
showed minimum values. However, significant variations were observed only for harvest index, aboveground
dry matter, grain and straw yields (P < 0.05). Further, harvest index was found highest under sole and com-
bined FYM and RHA applied treatments whereas lowest in mineral fertilizer applied treatments. Soil C/N ratio
(r2= 0.16; P=0.04) and panicle length (r2= 0.18; P=0.03), respectively as soil and agronomic parameters,
have been found to have considerable control over harvest index. The findings revealed that soil viability is
higher under sole FYM and combined FYM+RHA treatments whereas mineral fertilization enhances agronomic
performance. Based on the studied two indicators, we conclude that both soil and agronomic sustainability can
be maintained by using a combination of organic (FYM and RHA) fertilization with reduced inputs from mineral
fertilizers. However, it further needs exploration for various soil and plant eco-physiological parameters of
different crops at field level for wider adaptation in the dry tropical region.

1. Introduction

Generation of surplus crop residue and husk biomass is of greater
concern worldwide (Haefele et al., 2011). In Asian countries, about
30% of the total ∼4000MT yr−1 lignocellulosic waste is generated
from 27 major cereal crops, mainly from rice-wheat cropping system
(Lal, 2008). The crop residues are rich in plant available nutrients

which can be utilized for improving soil properties (Westeman and
Bicudo, 2005; Tang et al., 2013). However, a major portion of it is burnt
in the field due to short time difference between two crops, resulting
into several environmental issues (Jain et al., 2006). In contrast, husks
(associated with grains) constitute about 20–33% of paddy yield (Lim
et al., 2012; Shafie et al., 2012), and generally excluded from open
burning. Husks are generally consist of cellulose, hemicellulose and
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lignin in different proportions (McKendry, 2002; Muhammad et al.,
2013); and have a considerable amount of minerals like silica (espe-
cially rice husks) and other macro- and micro-nutrients (Della et al.,
2002; Koyama et al., 2016). Thus, the rice husks are utilized in various
value-added products such as extractions of various minerals and raw
material for bio-energy generation via thermo-chemical decomposition
(Della et al., 2002; Singh et al., 2015a; Quispe et al., 2017). After bio-
energy production and mineral extractions (especially silica), some
solid remains are generated which have no or negligible use for the
industries (Shackley et al., 2012a). The solid remains are carbonaceous
in nature and rich in plant nutrients (Muhammad et al., 2013; Quispe
et al., 2017). These remains (termed as crop residue ash or biochar)
have been explored for managing soil fertility and productivity in
several studies (Abrishamkesh et al., 2015; Gamage et al., 2016;
Nguyen et al., 2016).

Biochar, the carbonaceous remains of bio-energy production, have a
significant amount of plant nutrients and can be used for soil ameli-
oration (Singh et al., 2015a). In addition, its multifaceted potential for
soil carbon sequestration and waste management led to its wider ap-
plication as soil ameliorant (Lehmann and Joseph, 2009; Singh et al.,
2015a). It has ash content of 0.4% to 88.2% (depending upon the
heating process) consisting of various macro- and micro-nutrients
(Enders et al., 2012), and engrossed the wider attention because of its
ability to improve the basic soil physico-chemical and biological
properties (Sohi et al., 2010; Jeffery et al., 2011; Lehmann et al., 2011;
Enders et al., 2012). Several studies have shown the variable effects of
biochar derived from various sources on soil properties (Mukherjee and
Lal, 2013; Prendergast-Miller et al., 2014; Hussain et al., 2017; Jeffery
et al., 2017; Mohan et al., 2018). Recently, several studies assessed the
impact of biochar on the agronomic benefits and risks for various crops
(Carter et al., 2013; Liu et al., 2013; Kuppusamy et al., 2016; Hussain
et al., 2017). However, the identification and evaluation of agronomic
benefits as compared to the soil related observation is quite difficult
(Enders et al., 2012). The studies reported both positive and negative
responses of crops under biochar applied soils (Atkinson et al., 2010;
Major et al., 2010; Spokas et al., 2011; Kuppusamy et al., 2016).
Moreover, biochar application is being assessed in combination with
organic manure and composts (Agegnehu et al., 2016a,b, 2017).
However, several agronomic benefits reported at laboratory scale stu-
dies may not be observed in field scale studies due to different soil-crop-
climate interactions (Jones et al., 2012; Kuppusamy et al., 2016;
Agegnehu et al., 2017; Jeffery et al., 2017). Therefore, biochar appli-
cation (either sole or in combination) with other amendment needs to
be evaluated for different ecosystems before wider application.

Dry tropical ecosystems are characterised by variable precipitation
and temperature regimes (Allen et al., 2017), and are under the in-
tensive agriculture (Srivastava et al., 2016a). These ecosystems are fa-
cing the major challenges such as the loss of soil C (Houghton, 1994)
and declining soil fertility, and are under intensive application of mi-
neral fertilization for achieving food security (Srivastava et al., 2016a;
Singh et al., 2016). Organic amendments have been extensively pro-
posed by several studies for restoring the soil organic C (SOC) pool in
these ecosystems (Srivastava et al., 2015, 2016a,c, 2017a). It alone or in
combination with mineral fertilizers have significant impact over SOC
pool (Srivastava et al., 2017a,b). However, soil CO2 emission from the
organically amended system is one of the major concerns in the present
climate change scenario (Yang et al., 2015; Srivastava et al., 2017a).
Thus, organic amendment with mineral fertilization is proposed for the
reduced soil CO2 emission (Wilson and Al-kaisi, 2008; Srivastava et al.,
2016c, 2017a). Alternatively, several studies showed the beneficial
impact of biochar on soil properties (Sohi et al., 2010) and plant growth
in combination with mineral fertilizers (Chan et al., 2007; Asai et al.,
2009; Saarnio et al., 2013). Recently, Mohan et al. (2018) performed a
pot experiment to observe the impact of rice husk and corn stover
biochar over the soil CO2 efflux (SCE) and plant biomass. They reported
the decrease in SCE whereas an increase in plant biomass with biochar

application as compared to the raw biomass application. Such studies
showed the candidature of rice husk biochar for the improvement of
various soil and agronomic parameters. However, most of the studies
performed on rice-husk biochar application to soil are limited to in-
cubation or pot levels. Thus, limited understanding exists on how bio-
char and several other agro-management practices govern the soil and
the agronomic properties in the dry tropical agro-ecosystems. These
ecosystems showed the strong adaptive mechanisms; and a proper or-
ganic management may lead to the mitigation of negative effects of
present climate change (Srivastava et al., 2015). Therefore, it is im-
portant to evaluate the effect of biochar as sole as well as with organic
amendment and mineral fertilizer based agricultural management
practices on soil bio-physical and agronomic behaviour of cereal crops
in these ecosystems.

Detailed field- or plot-scale studies considering integrated biochar
and organic as well as mineral fertilizer application could be of greater
importance for soil amelioration and carbon sequestration (Singh et al.,
2015b). In the present plot-level study, we observed the effect of rice-
husk ash (RHA, biochar) in integration with farm-yard manure (FYM)
and mineral fertilizers on soil (soil respiration and biophysical prop-
erties) and agronomic parameters of wheat crop. We considered the
SCE and harvest index as the indicators of soil and agronomic para-
meters, respectively, for evaluating the impact of RHA as sole and in
combined form for agriculture sustainability in dry tropics. Studies
reported the strong effect of crop phenology on SCE (Shi et al., 2006;
Tong et al., 2017), therefore, we further assessed the variation in SCE
along with crop growth stages of wheat crop. We hypothesized that
application of RHA as sole or in combination to FYM or mineral ferti-
lizers would help to negate the impact of: (1) organic amendment on
SCE as well as soil biophysical properties, and (2) mineral fertilizer
application for the agronomic parameters in the dry tropical environ-
ment. The objectives of the study were to observe: (1) the variation in
SCE (overall and at different growth stages) and other basic soil bio-
physical properties; and (2) the variation in various agronomic para-
meters and harvest index of wheat crop under seven treatment com-
binations of RHA, FYM and mineral fertilizers.

2. Material and methods

2.1. Rice-husk ash and farm-yard manure

Rice-husk ash (RHA) was taken from a local power plant which was
a by-product after energy production, whereas farm-yard manure
(FYM) was procured from Banaras Hindu University farm. These ma-
terials were characterized by Fourier-Transformed Infra-Red (FTIR)
spectroscopy, Scanning Electron Microscopy (SEM), Energy Dispersive
X-ray spectroscopy (EDX) and elemental analyses for observing its
structural and functional composition. The pH of the RHA and FYM was
determined using 1:10 ratio (RHA:water) whereas 1:2.5 ratio
(FYM:water) using a pH electrode. Organic carbon (C) and nitrogen (N)
contents of the FYM were determined by using dichromate acid diges-
tion method (Nelson and Sommers, 1982) and Kjeldahl method
(Jackson, 1973), respectively.

2.2. Study site and treatment details

The study was performed in the experimental plot of Banaras Hindu
University, Varanasi, Uttar Pradesh, India (25°16′10.2″N and
82°59′20.6″E). The study site is a part of middle Indo-Gangetic plains,
consisting of rich alluvial soils. The region is characterized by a typical
dry tropical monsoonal climate with three distinct seasons, viz.,
summer (April to mid-June), rainy (mid-June to September) and winter
(November to February). October and March constitute the transitional
months between the rainy and winter seasons and between the winter
and summer seasons, respectively (Srivastava et al., 2016b; Singh et al.,
2017a). Average annual rainfall is∼1100mm, of which 80–85% occurs
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during the rainy season. Mean monthly minimum and maximum tem-
peratures varied from 8.7 °C during winter and 45.0 °C during summer
season, respectively (Afreen et al., 2017). During the study period
(January to May 2016), the temperature ranged from 19 to 42 °C, re-
vealing a hot year, however, occasional overcast conditions were ob-
served. The soil is inceptisol, pale brown in colour with silty-loam
texture (Afreen et al., 2017).

Total seven treatments viz., control (RC), sole mineral fertilizer (RI),
sole FYM (RO), sole RHA (RB), RHA+mineral fertilizer (RIB),
RHA+FYM (ROB), and RHA+FYM+mineral fertilizer (ROIB),
showing a combination of RHA, FYM and mineral fertilizers were taken
in a plot size of 2×1m for each (see: Table S1 for more treatment
details). The experiment was conducted in triplicate for all the treat-
ment combinations with total 21 (7×3) plots distributed randomly.
The RHA and FYM were applied at the rate of 5 t ha−1 for the crop
grown/cycle. It signifies a moderate dose of application under tropical
soils (Srivastava et al., 2016c). Mineral fertilizers were used as per the
local application rate by farmers of the region as 100:50:50 ratio for
nitrogen: phosphorus: potassium (NPK) using urea, single superpho-
sphate and muriate of potash, respectively.

2.3. Soil mineralogical and biophysical properties

Soil mineralogical/elemental composition was identified by EDX
spectroscopy. Soil CO2 efflux was measured at different intervals
throughout the wheat crop cycle (i.e. at different growth stages like one
shoot, tillering, stem elongation, booting, heading, ripening onset, ri-
pening and after harvest stages) by using an infra-red gas analyser
(IRGA)-based portable photosynthetic system LICOR-6400XT (see:
Srivastava et al., 2016b; Singh et al., 2017a). Soil temperature was
measured using the attachment with LICOR-6400XT. Soil moisture was
determined by gravimetric analysis as given in Singh et al. (2017a).
SOC was determined by dichromate acid digestion method (Nelson and
Sommers, 1982). Total Kjeldahl N (TKN) was determined by Kjeldahl
method (Jackson, 1973). Soil microbial biomass (C and N) was mea-
sured by following chloroform fumigation-extraction method (Brookes
et al., 1985; Vance et al., 1987). Soil pH was measured by taking soil
and double distilled water in 1:2.5 ratio (Anderson and Ingram, 1993).

2.4. Agronomic parameters

Agronomic parameters such as tiller number, effective tiller
number, tiller and panicle length were measured for the matured crop
whereas grain and straw yields were measured just after the harvest.
Harvest index (%) was calculated based on the grain and aboveground
dry matter ratio by following Unkovich et al. (2010).

2.5. Statistical analysis

One-way Analysis of Variance (ANOVA) and Tukey’s post hoc ana-
lyses were performed using SPSS package (ver. 16) to observe the
variation in different soil biophysical and agronomic parameters of
wheat crop under different treatment combinations. Correlation ana-
lysis was also performed using SPSS package to identify the inter-
relationship among different soil and agronomic parameters. Moreover,
stepwise (bidirectional) regression analysis was performed to identify
the key determinants of two major indicators (viz., soil CO2 efflux and
harvest index) of soil health and agronomic sustainability. Some para-
meters (viz., straw yield, grain yield and aboveground dry matter
content) were excluded during the stepwise regression analysis per-
formed for the harvest index as harvest index is directly derived from
these parameters.

3. Results

3.1. Characterization of soil amendments

The ultimate analysis of RHA and FYM showed the carbon (C),
hydrogen (H), nitrogen (N) and sulphur (S) contents of 42.09%, 4.57%,
0.61% and 0.12%, respectively for RHA, and 53.37%, 7.60%, 2.87%
and 0.30%, respectively for FYM. Moreover, organic C and total
Kjeldhal N (TKN) contents of FYM was found as 28.59 ± 0.14% and
2.81 ± 0.09%, respectively. The FTIR spectra of RHA and FYM (Fig. 1)
showed the presence of absorption bands at 3400–3600 cm−1,
2900–2950 cm−1, 2360–2380 cm−1, 1300–2000 cm−1, 1100 cm−1,
980 cm−1, 680 cm−1and 661 cm−1, revealing the presence of different
functional groups (elaborated in discussion section). As observed in the
SEM images (Fig. 2), the RHA showed some crystalline structures
dominated by various macro- and micro-pores on its surface whereas
FYM showed amorphous structure with comparatively less micro-pores.
The EDX spectral analysis revealed the presence of different macro- and
micro-nutrients including sodium (Na), K, calcium (Ca) and copper (Cu)
on the surface of RHA. However, FYM showed several additional ele-
ments (Al, P, S, Cl and Fe) on its surface (Table 1). The pH was found
moderately alkaline (10.54 ± 0.03) for RHA whereas neutral
(7.07 ± 0.05) for FYM.

3.2. Variation in soil CO2 efflux with treatments and plant growth stages

Soil CO2 efflux was found to vary significantly (F6,14=2.40;
P < 0.05) under the seven treatment combinations (Table S2). Tukey’s
post hoc results further grouped the seven treatments into three distinct
groups (Fig. 3). Average SCE was found maximum (201.50 ± 4.35 µg
CO2-C m−2 s−1) in FYM applied (RO) treatment whereas minimum
(147.94 ± 14.31 µg CO2-C m−2 s−1) in mineral fertilizer applied (RI)
treatment. RHA applied treatment showed moderate SCE lying in be-
tween RO and RI treatments (Fig. 3). Similarly, SCE was found varying
with the plant growth stages (Fig. 4). It was found maximum during the
stem elongation stage, followed by heading and tillering stages whereas
minimum during ripening stage. RO treatment showed an overall
highest SCE during all the growth stages whereas mineral fertilizer
applied (RI) treatment showed minimum SCE during one shoot,
booting, heading, ripening and after harvest growth stages. Control
(RC) showed minimum SCE during tillering and stem elongation stages
whereas rice-husk ash applied (RB) treatment during ripening onset
stage (Fig. 4).
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Fig. 1. Fourier-Transformed Infra-Red (FTIR) spectra of rice-husk ash and farm-
yard manure used for soil amelioration.
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3.3. Variation in soil mineral composition and biophysical properties

Energy Dispersive X-ray spectroscopic (EDX) analysis showed the
presence of various macro- (C, O, Mg, Al, Si, K) and micro-nutrients (Fe
and Cu) in all the seven treatment combinations (Table 1). It was ob-
served that the C, O, Si, Al, K and Fe majorly contributed to the overall
composition of soil system showing the alumino-silicate nature of soil
system. Moreover, presence of Na was observed in FYM (RO) and RHA
(RB and RIB) applied treatments. Presence of Ca was observed in con-
trol and combined FYM+RHA+mineral fertilizer applied (ROIB)
treatment (Table 1).

Analysis of variance (ANOVA) showed significant variation in soil
moisture (F6,14= 4.22; P < 0.01), soil temperature (F6,14= 3.72;
P < 0.05), TKN (F6,14= 4.40; P < 0.01), soil C/N ratio (F6,14= 6.12;
P < 0.001), microbial biomass C (MBC, F6,14= 23.44; P < 0.001),
microbial biomass N (MBN, F6,14= 10.62; P < 0.001), microbial C/N
ratio (F6,14= 7.90; P < 0.001) and soil pH (F6,14= 3.22; P < 0.05),
except soil organic C (SOC, P > 0.05) (Table S2). Tukey’s post hoc
analysis also showed the variation among treatments for various stu-
died soil biophysical properties (Table 2). Sole RHA applied treatment
showed minimum soil moisture, TKN, MBC and MBC/N ratio whereas it
showed maximum values of these properties in combination with FYM,
except soil moisture which was found maximum under sole FYM
treatment (Table 2). Soil C/N ratio was found maximum in RIB treat-
ment whereas minimum in ROB treatment. MBN was found maximum
in ROIB treatment whereas minimum in control (RC). Soil temperature
and pH were found maximum in sole RHA applied (RB) treatment
whereas minimum in RIB and RI treatments, respectively (Table 2).

Fig. 2. Scanning Electron Microscopic (SEM) images of rice-husk ash (A) and farm-yard manure (B) used for soil amelioration.

Table 1
Electron Dispersive X-ray (EDX) spectroscopic analysis of rice-husk ash, farm-yard manure and soils having a combination of rice-husk ash, farm-yard manure and
mineral fertilizer applied treatments. RC=Control, RI=Mineral fertilizer, RO=Farm-yard manure, RB=Rice-husk ash, RIB=Mineral fertilizer+Rice-husk ash,
ROB=Farm-yard manure+Rice-husk ash, ROIB= Farm-yard manure+Mineral fertilizer+Rice-husk ash applied treatment combinations.

Treatment name Rice-husk ash Farm-yard manure* RC RI RO RB RIB ROB ROIB

Elements %Weight
Carbon 21.12 48.12 7.78 8.80 8.19 7.28 8.14 7.12 40.03
Oxygen 50.23 36.54 50.21 50.03 51.01 48.76 53.53 56.30 45.05
Sodium 1.14 nd nd nd 0.25 0.21 0.43 nd nd
Magnesium 0.31 2.70 4.80 0.18 0.52 0.64 0.64 nd 0.42
Aluminium nd 0.87 8.99 1.25 13.72 14.24 13.45 0.58 2.26
Silicon 26.31 7.42 13.04 38.26 17.78 18.66 17.09 35.36 9.98
Potassium 0.26 0.41 0.93 0.30 6.52 7.42 5.44 0.22 0.73
Calcium 0.31 1.67 0.28 nd nd nd nd nd 0.11
Iron nd 0.62 13.38 0.89 1.58 1.77 0.91 0.26 1.15
Copper 0.30 0.14 0.28 0.30 0.22 0.21 0.18 0.16 0.15
Titanium nd nd 0.14 nd 0.21 0.82 0.18 nd 0.11

nd=not detected.
* Also showed peaks for Phosphorus (1.09%), Sulphur (0.36%) and Chlorine (0.07%) which were not observed in other EDX spectra.
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Fig. 3. Soil CO2 efflux (average) observed under different treatment combina-
tions of rice-husk ash, farm-yard manure and mineral fertilizer applied soil
systems. Values are given as Mean ± 1SE and n=24. Values with different
letters indicates significance at P < 0.05. RC=Control, RI=Mineral ferti-
lizer, RO=Farm-yard manure, RB=Rice-husk ash, RIB=Mineral
fertilizer+Rice-husk ash, ROB=Farm-yard manure+Rice-husk ash,
ROIB= Farm-yard manure+Mineral fertilizer+Rice-husk ash applied treat-
ment combinations.
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3.4. Variation in agronomic parameters of wheat crop

Analysis of variance (ANOVA) showed significant variation in grain
weight (F6,14= 9.27; P < 0.001), straw weight (F6,14= 7.24;
P < 0.001), aboveground dry matter (F6,14= 10.38; P < 0.001) and
harvest index (F6,14= 2.58; P < 0.05) whereas tiller number, effective
tiller number, panicle and tiller lengths did not show significant var-
iation under different treatment combinations (Table S2). Tukey’s post
hoc analysis also showed the variation among treatments for various
studied agronomic parameters (Table 3). Aboveground dry matter,
grain and straw yields were found maximum in RI treatment whereas
minimum in RB and control treatments (Table 3). Harvest index was
found maximum (0.38 ± 0.01) under ROB treatment followed by sole
RHA (RB) applied treatment (0.36 ± 0.01) whereas minimum
(0.32 ± 0.01) under the ROIB treatment (Fig. 5). Tukey’s post hoc
results further grouped the seven treatments into three distinct groups
based on harvest index (Fig. 5).

4. Discussion

4.1. Candidature of RHA and FYM as soil ameliorant for improving soil and
plant properties

Based on EDX analysis (Table 1), it was found that RHA is majorly
composed of silicate minerals having carbon (C) and oxygen (O) with a
small amount of magnesium (Mg), potassium (K), calcium (Ca) and
copper (Cu). FYM was found rich in carbonaceous components with a
moderate amount of silica and minimal amounts of Mg, aluminium
(Al), phosphorus (P), sulphur (S), chloride (Cl), K, Ca, iron (Fe) and Cu.
The presence of these minerals as well as significant amount of C, N and
S contents showed their credential as soil ameliorants. Based on SEM-
EDX analysis, RHA was found to have several macro- and micro-pores
with the presence of various minerals on its surface which might help in
providing nutrients to plants as well as the pores will help in improving
the soil physico-chemical properties (Singh et al., 2015a). In addition, it
would also help in the retention of adsorbed nutrients on its surface
(Taghizadeh-Toosi et al., 2011; Spokas et al., 2011). The pH of RHA was
moderately alkaline which suggest its suitability for the application in
neutral to acidic soils. However, the studied soil had a slightly basic pH,
thus, it may not have significant changes in soil pH. The higher pH of
RHA is possibly due to the presence of carbonates formed during the
heating process. In addition, additional lime treatment was applied for
washing the rice-husk ash after silica extraction which might be re-
sulted into the increase in its pH. It is also reflected by the presence of
carbonate related peaks (1100 and 980 cm−1) in the FTIR spectra of
RHA. The FTIR spectra of RHA and FYM showed the presence of broad
absorption bands at 3400–3600 cm−1 which corresponds to the pre-
sence of hydroxyl groups of various organic and inorganic compounds.
Further, the small absorption bands at 2950–2900 cm−1 corresponds to
the C–H bond stretching and CO2 from the aliphatic compounds, and
broad absorption bands at 2380–2360 cm−1 is assigned to C]C and
CeN bonds of aromatic structures, respectively. Moreover, several un-
symmetrical absorption bands were observed for RHA at region
1300–2000 cm−1, whereas broad and symmetrical bands for FYM in
the range of 1400–1750 cm−1 revealed the presence of different C]O,
CeO, C]C and HeCeH bending. The absorption bands at wavelength
of 1750 cm−1, 1685 cm−1, 1540 cm−1 and 1460 cm−1, were formed
due to different aliphatic and aromatic groups such as benzene rings,
ketones, carboxylic acid, esters and anhydrides. Smooth or distinct
peaks in the FYM as compared to RHA may reflect more amorphous and
aliphatic nature of FYM as compared to RHA (Fig. 1). Further broad-
ening of band at 1100 cm−1 and small absorption band at 980 cm−1

(corresponding to eCeO bond and carbonates, respectively) was ob-
served in RHA which showed the high concentration of calcite or car-
bonate minerals in RHA as compared to FYM (Mohan et al., 2018).
Moreover, broad peak at 661 cm−1 in FYM and narrow peak at
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Fig. 4. Soil CO2 efflux observed at different wheat crop growth stages under
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yard manure+Rice-husk ash, ROIB=Farm-yard manure+Mineral
fertilizer+Rice-husk ash applied treatment combinations.

Table 2
Soil properties observed in different rice-husk ash, farm-yard manure and mineral fertiliser applied treatment combinations. Values are as Mean ± 1SE and n=9.
Values with different letters indicate significant difference at P < 0.05. RC=Control, RI=Mineral fertilizer, RO=Farm-yard manure, RB=Rice-husk ash,
RIB=Mineral fertilizer+Rice-husk ash, ROB=Farm-yard manure+Rice-husk ash, ROIB= Farm-yard manure+Mineral fertilizer+Rice-husk ash applied
treatment combinations.

Soil properties Unit Treatment name

RC RI RO RB RIB ROB ROIB

Soil Moisture % 3.30 ± 0.18ab 2.08 ± 0.44b 3.79 ± 0.43a 2.16 ± 0.24b 3.20 ± 0.08ab 2.92 ± 0.36ab 2.80 ± 0.18ab

Soil temperature oC 28.76 ± 0.37ab 29.54 ± 0.26ab 28.45 ± 0.27ab 29.97 ± 0.19a 28.35 ± 0.09b 29.43 ± 0.38ab 29.48 ± 0.50ab

Soil organic C % 1.20 ± 0.01a 1.13 ± 0.02a 1.21 ± 0.07a 1.18 ± 0.01a 1.27 ± 0.11a 1.14 ± 0.04a 1.34 ± 0.11a

Total Kjeldahl N % 0.14 ± 0.01ab 0.16 ± 0.02ab 0.16 ± 0.01ab 0.15 ± 0.01ab 0.11 ± 0.01b 0.18 ± 0.02a 0.12 ± 0.01b

C/N ratio 8.78 ± 0.61abc 7.31 ± 0.80c 7.75 ± 1.08bc 8.07 ± 0.41abc 12.04 ± 1.21a 6.38 ± 0.58c 11.64 ± 1.16ab

Microbial biomass C µg C g−1 soil 245.72 ± 11.61d 322.25 ± 16.64 cd 499.14 ± 57.72b 192.97 ± 17.47d 255.11 ± 1.72d 671.94 ± 64.63a 457.95 ± 25.21bc

Microbial biomass N µg N g−1 soil 17.35 ± 0.50c 20.99 ± 2.02c 33.97 ± 2.53ab 25.63 ± 2.05bc 33.25 ± 3.51ab 26.32 ± 2.75abc 36.91 ± 0.80a

Microbial C/N ratio 14.21 ± 4.99b 15.41 ± 5.20b 14.72 ± 3.12b 7.54 ± 5.76b 7.68 ± 0.47b 25.56 ± 4.30a 12.41 ± 5.75b

Soil pH 7.85 ± 0.10ab 7.70 ± 0.07b 7.88 ± 0.02ab 8.14 ± 0.08a 7.91 ± 0.10ab 8.04 ± 0.04ab 7.84 ± 0.11ab
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680 cm−1 in RHA, are assigned to the Si-O-Si stretching and the pre-
sence of alkyl-halides in the FYM (Fig. 1). Based on the FTIR spectra, it
can be inferred that the RHA is composed of more aromatic structures
whereas FYM is dominated by aliphatic components. It can also be
inferred from the SEM structures and elemental composition (EDX re-
sults) of RHA and FYM. Moreover, based on the characteristics observed
for the RHA, it revealed its behaviour as similar to the rice-husk bio-
char, therefore, it is further discussed in relation to the biochar applied
under different systems in previous studies. Both RHA and FYM showed
the presence of several functional groups on its surface which further
help in improving the soil properties such as nutrient retention, soil
water holding capacity, pH, cation exchange capacity and microbial
community structure and function. Thus, based on the different char-
acteristics reported here, the RHA and FYM showed its candidature as a
suitable soil ameliorant.

4.2. Variation in soil CO2 efflux (overall and with plant growth stages)

Soil CO2 efflux is one of the indicators for soil biological activities,
and is of vital concern in the present climate change scenario.
Researches are being carried out to reduce the SCE from agro-ecosys-
tems on one hand whereas improving the soil viability on the other
hand. In the present study, SCE was found maximum under FYM

applied treatment. Several studies reported higher SCE under treat-
ments receiving FYM (Agegnehu et al., 2016a; Srivastava et al.,
2016b,c) which limit the sole FYM application as soil nourishing agent.
On the contrary, the application of mineral fertilizer led to the short
term increase in plant growth and yield, however, decrease in soil
quality in the long term (Foley et al., 2005). Therefore, application of
biochar or crop residue ash is recently considered as one of the alter-
native for reducing the greenhouse gas emissions from soil and im-
proving the soil basic properties (Sohi et al., 2010; Jeffery et al., 2011).
However, several studies reported both positive and negative responses
of greenhouse gas emissions from biochar applied soils (Spokas and
Reicosky, 2009; Taghizadeh-Toosi et al., 2011; Aguilar-Chávez et al.,
2012; Zhang et al., 2012; Angst et al., 2013). We observed that the
application of RHA as sole and in combination with FYM, mineral
fertilizer and combined FYM+mineral fertilizer applied treatment
showed 17%, 15%, 11% and 21%, respectively, less SCE than sole FYM
applied treatment. Moreover, RHA application showed at par SCE with
control and comparatively higher SCE than mineral fertilizer applied
treatment.

In general, SCE is a combined efflux contributed by roots and mi-
croorganisms residing at different soil depths. It may be regulated by a
variety of factors such as soil properties and plant growth and their
interactions (Litton et al., 2003; Epron et al., 2004). Thus, plant phe-
nology may have an important role in regulating SCE through its in-
fluence on rhizospheric activities (Shi et al., 2006). We observed var-
iation in SCE with different plant growth stages. Previous studies also
showed variation in SCE with crop phenology (Shi et al., 2006; Tong
et al., 2017). As suggested previously, phenological changes in crop
affect the SCE by modulating soil bio-physical processes. The SCE was
found increasing initially during tillering and stem elongation stages
possibly due to improved soil water conditions and plant root devel-
opment. Moreover, a drop in SCE during booting stage revealed the less
rhizospheric activity and higher plant development (i.e. greater nu-
trient allocation to plant) during this stage whereas a sudden increase
during the heading/flowering stage revealed the increased microbial
activity. In addition, a drop in soil moisture content during booting
stage (Fig. S1A) may possibly lead to decrease in microbial activities.
Whereas later increases in SCE may possibly be due to higher root re-
spiration as compared to the heterotrophic respiration as well as in-
directly by crop phenological changes such as increase in leaf area and
photosynthetic activities (Shi et al., 2006).

Soil moisture and temperature are reported as the major regulatory
variables of SCE as it is observed that an increase in soil water content
with a suitable soil temperature conditions improved soil biological
activities resulting into higher SCE (Srivastava et al., 2015, 2016b,c,
2017a). We also observed the variation in soil moisture and tempera-
ture with plant growth stages (Fig. S1). SCE coincided positively with
the variation in soil moisture and soil temperature up to heading stage
(Fig. 4 and Fig. S2). Irrigation is applied at different intervals of the
plant growth stages which may lead to the improved root development

Table 3
Agronomic parameters of wheat crop observed in different rice-husk ash, farm-yard manure and mineral fertiliser applied treatment combinations. Values are as
Mean ± 1SE and n=9. Values with different letters indicate significant difference at P < 0.05. RC=Control, RI=Mineral fertilizer, RO=Farm-yard manure,
RB=Rice-husk ash, RIB=Mineral fertilizer+Rice-husk ash, ROB=Farm-yard manure+Rice-husk ash, ROIB=Farm-yard manure+Mineral fertilizer+Rice-
husk ash applied treatment combinations.

Agronomic Parameter Unit Treatment name

RC RI RO RB RIB ROB ROIB

Tiller number Per plant 5.28 ± 0.29a 5.67 ± 0.57a 5.40 ± 0.12a 5.07 ± 0.41a 5.47 ± 0.13a 5.53 ± 0.57a 5.67 ± 0.35a

Effective tiller number Per plant 4.48 ± 0.06a 4.33 ± 0.35a 4.60 ± 0.42a 4.13 ± 0.35a 4.40 ± 0.31a 5.03 ± 0.32a 4.20 ± 0.42a

Panicle length cm 7.23 ± 0.49a 8.03 ± 0.43a 7.21 ± 0.17a 7.17 ± 0.04a 7.85 ± 0.15a 6.73 ± 0.31a 7.97 ± 0.53a

Tiller length cm 62.23 ± 3.13a 67.00 ± 2.67a 64.73 ± 2.60a 60.60 ± 3.10a 66.60 ± 3.03a 58.53 ± 3.74a 64.53 ± 2.37a

Grain weight g m−2 156.83 ± 4.10bc 193.67 ± 7.97a 163.50 ± 4.32bc 154.50 ± 1.45c 164.67 ± 4.13bc 176.00 ± 3.78ab 169.50 ± 1.26bc

Straw weight g m−2 294.40 ± 0.95bc 398.09 ± 20.12a 296.34 ± 35.03bc 270.63 ± 12.12c 337.25 ± 6.08abc 289.79 ± 7.04bc 358.90 ± 12.22ab

Aboveground dry matter g m−2 451.24 ± 4.43bc 591.75 ± 24.74a 459.84 ± 35.39bc 425.13 ± 10.78c 501.92 ± 5.08bc 465.79 ± 3.41bc 528.40 ± 11.05ab

Treatment Name

RC RI RO RB RIB ROB ROIB
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Fig. 5. Harvest index of wheat crop under different combinations of rice-husk
ash, farm-yard manure and mineral fertilizer applied treatments. Values are
Mean ± 1SE and n=3. Values with different letters indicates significance at
P < 0.05. RC=Control, RI=Mineral fertilizer, RO=Farm-yard manure,
RB=Rice-husk ash, RIB=Mineral fertilizer+Rice-husk ash, ROB=Farm-
yard manure+Rice-husk ash, ROIB=Farm-yard manure+Mineral
fertilizer+Rice-husk ash applied treatment combinations.
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and activities resulting into higher SCE at different growth stages.
However, there was a sudden increase in soil temperature after booting
stage which may led to the decrease in soil moisture (as no irrigation
was applied). In addition, onset of ripening revealed the reduced plant
activity which coincided with reduced soil moisture and increase in soil
temperature, thus, a reduction in SCE was observed. The role of soil
moisture in SCE at different growth stages can also be inferred from the
positive and significant relationship (r2= 0.39; Fig. S2A) observed
between SCE and soil moisture. Moreover, moderate soil temperature
(20–30 °C) also showed positive (r2= 0.49; Fig. S2B) regulation over
SCE at early growth stages (till maturity) whereas mature crop phe-
nology and increased soil temperature (30–40 °C) did not show sig-
nificant relationship (Fig. S2B). Such variations led to enhanced mi-
crobial activities and soil C mineralization resulting into higher SCE
(Sainju et al., 2010; Tong et al., 2017). Previous studies also suggested
that the soil temperature had its impact over SCE when soil moisture is
not limited (Curiel-Yuste et al., 2004; Jassal et al., 2008; Tong et al.,
2017). However, dry tropical ecosystems are nutrient and moisture
limited (Singh et al., 1989; Singh et al., 2017b), therefore, soil moisture
showed pronounced impact over SCE as compared to the soil tem-
perature throughout the crop cycle possibly by mediating soil nutrient
dynamics (Srivastava et al., 2015; 2016b, 2017a,b). Moreover, crop
phenology also led to nullifying the impact of soil temperature in later
stages with increase in leaf area, photosynthetic rate and root activities
(Shi et al., 2006; Tong et al., 2017).

Further, SCE was found higher under FYM applied treatment in all
the growth stages which suggest suitable micro-environment under
FYM treatment. Moreover, RHA application initially showed higher
SCE, however, a reduction in the overall SCE as well as under different
growth stages of wheat crop was observed later under RHA applied
treatment as compared to the FYM applied treatment. Smith et al.
(2010) also observed higher SCE initially under biochar applied systems
which get reduced after one week of application. Higher SCE observed
from soils receiving organic amendments (FYM and RHA) as compared
to the mineral fertilizer applied treatment is in accordance with the
results of some previous studies (Wilson and Al-kaisi, 2008; Smith et al.,
2010; Zhang et al., 2012; Lentz et al., 2014; Shen et al., 2014; Agegnehu
et al., 2016a; Srivastava et al., 2016c). Usually higher C mineralization
is observed in the biochar applied soils which may further get enhanced
or diminished depending upon the availability of labile C sources
(Jones et al., 2012; Bruun et al., 2014; Junna et al., 2014; Mohan et al.,
2018). Thus, initial increase in SCE under RHA applied systems re-
vealed the higher biological activities initially due to presence of labile
C source which may get stabilized after a few days of application
(Hussain et al., 2017). It can further be attributed to the improved
microbial growth and nutrient turnover under these treatments which
may get stabilized and led to soil C sequestration in different soil ag-
gregate fractions in the medium to long terms (Mikha and Rice, 2004;
Srivastava et al., 2016b).

Further, variation in SCE under organically amended systems was
possibly attributed to the moisture availability in these treatments due
to presence of pores on their surfaces (as observed in SEM-EDX ana-
lysis). In addition, higher organic C content of these amendments may
also lead to improved soil physical properties. Moreover, higher pH
under biochar applied treatments may favour the bacterial communities
(Srivastava et al., 2016b). It led to the improved nutrient availability as
well as habitats to the microbes catalysing higher microbial activities
(Lehmann et al., 2011; Srivastava et al., 2016b). It can be inferred from
the higher microbial biomass under FYM applied treatments revealing a
labile C source for increased microbial activities. A positive relationship
was observed for soil moisture and average SCE (Table S3) and stepwise
regression analysis also revealed a considerable effect of soil moisture
on overall SCE (r2= 0.17; P < 0.05; Table 4). Moreover, the presence
of various nutrients (as in Table 1) also led to catalysing microbial
activities in RHA and FYM applied treatments. These observations re-
vealed that the organic treatments (FYM and RHA) have consistent

effect over soil microbial activities whereas mineral fertilizers have
occasional or temporary effect over microbial communities.

4.3. Variation in soil bio-physical properties

Soil degradation is one of the most imperative constraints limiting
agricultural productivity (Lal, 2015; Pender, 2009). Incorporation of
mineral fertilizers led to improved crop yield; however, its excessive
application has also been reported to deteriorate soil quality by rapid
mineralization of native organic matter and SOC stocks (Palm et al.,
2001; Foley et al., 2005; Liu et al., 2010). Sole organic amendment or in
combination with mineral fertilizers in agro-ecosystems showed posi-
tive impact over the SOC dynamics. Thus, a regular application of or-
ganic amendments is suggested to improve the soil vitality and nutrient
pools (Marinari et al., 2000; Srivastava et al., 2016c, 2017a,b). On the
other hand, biochar application has been reported to alter the soil
physical properties especially soil aeration and water content in certain
soils (Jeffery et al., 2011; Haefele et al., 2011). In this study, FYM and
RHA application (sole as well as combined) led to increase in soil
moisture, soil pH and microbial biomass (except sole RHA) as compared
to mineral fertilizer application. Liu et al. (2012) also observed the
improvement in soil nutrient levels and water content of a sandy soil
under compost and biochar+ compost applied field conditions. More-
over, RHA and FYM also led to improved soil N content which was at
par with mineral fertilizer soils. However, variation in SOC was not
found significant in the present study. It showed that biochar applica-
tion may lead to long term increase in SOC content which might not be
reflected in short term observation. In general, RHA application along
with mineral fertilizer led to increase of 6–12% in SOC whereas
15–23% decreases in soil N content. In contrast, the increase in mi-
crobial biomass N was more (92–114%) under combined RHA and
mineral fertilizer treatments which showed the improved microbial
activity under RHA applied treatment leading to microbial im-
mobilization of soil N, as compared to control. The C/N ratio (11–12) of
RHA+mineral fertilizer applied soils revealed the presence of more
labile organic matter source, thus, a higher biological activity. Thus,
RHA may catalyse the higher microbial activities in presence of N
source leading to reduction in soil N and its immobilization in microbial
biomass. In addition, higher SOC content (though not significant) in
RHA+mineral fertilizer applied soils showed that the combined ap-
plication of RHA with mineral fertilization could be more sustainable
approach for soil C sequestration in long term.

As observed, sole RHA application led to decrease in SOC content
possibly due to enhanced microbial activities. However, sole RHA ap-
plication led to increase in soil N and microbial N by 7% and 48%,
respectively, as compared to control. A recent study also suggested that
the partial or complete substitution of mineral fertilizers with organic
amendments may lead to reduction in soil N losses from the agricultural
soils which may improve the crop production (Wang et al., 2015).
Previous studies reported that the application of biochar showed an
increase in microbial biomass and composition (Lehmann et al., 2011;

Table 4
Stepwise regression analysis data table showing major determinants of average
soil CO2 efflux and harvest index for wheat crop under different treatment
combinations.

Parameter Number of
samples (n)

Primary
determinant

Adjusted r2 P

Soil CO2 efflux (overall
parameters)

21 Soil moisture 0.17 0.04

Harvest index (with soil
properties)

21 Soil C/N ratio 0.16 0.04

Harvest index (with
agronomic
parameters)

21 Panicle length 0.18 0.03
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Galvez et al., 2012; Biederman and Harpole, 2013; Thies et al., 2015;
Wang et al., 2016), due to presence of various macro- and micro-pores
on its surface acting as a suitable habitat for microbes (Thies and Rillig,
2009). In addition, FYM application as sole as well as along with RHA
showed a substantial increase in soil N (16–32%), MBC (103–174%)
and MBN (52–96%) as compared to control soil. Higher soil microbial
biomass in FYM amended system as compared to RHA and mineral
fertilizer applied treatments in the present study is consistent with
several previous studies (Dalal and Mayer, 1986; Kaur et al., 2008;
Banger et al., 2009). The lower microbial biomass in RHA and mineral
fertilizer applied treatments than FYM amended system may be at-
tributed to N fertilization (Omay, 1997). Organic matter decomposition
is found to be related with the variation in soil microbial biomass
(Schnurer et al., 1985) which can be observed as an increase in mi-
crobial biomass under FYM and combined RHA applied systems.

Improvement in soil nutrient properties under RHA and
RHA+FYM combined system along with mineral fertilization was in
accordance with previous studies (Schulz and Glaser, 2012; Agegnehu
et al., 2016a). Such improvement in soil properties is crucial for the
improvement of agronomic performance and agricultural productivity
(Bationo et al., 2007; Vanlauwe et al., 2010). However, combined ap-
plication of mineral and organic fertilizers may show varying results
depending upon local environmental conditions (Vanlauwe et al.,
2010). For example, rapid mineralization of organic matter under tro-
pical environment is one of the aspects to be considered for suggesting
any ameliorant. It is the major constraints for sole FYM application
under dry tropical environment as rapid decomposition is observed in
several studies (Kaur et al., 2008; Srivastava et al., 2014). Thus, ap-
plication of biochar may hold the rapid mineralization and led to soil C
accumulation in these ecosystems by microbial mediated processes. It
can also be inferred by the significant increase in soil N and microbial
biomass under RHA and FYM treatments in the present study. Increased
nutrient availability (especially N) is reported from biochar applied
soils under combined application of biochar and compost (Sanchez
et al., 2001; Fischer and Glaser, 2012; Schulz and Glaser, 2012). It is
attributed by the modified stoichiometric relationship of soil N dy-
namics under biochar (Anderson et al., 2011) and organic manure
(Srivastava et al., 2016b) applied soils. Moreover, RHA application
(sole or combined with FYM and mineral fertilizer) led to increase in
soil pH as compared to the control and inorganic treatments. It is in
accordance with the previous studies showing an increase in soil pH
with the application of alkaline biochar (Laird et al., 2010; Zhang et al.,
2010; Anderson et al., 2011; Shackley et al., 2012b). However, FYM
application showed a moderate change in soil pH. The increase in pH of
biochar applied soils may led to the solubilisation and availability of
nutrients to the microbes from the biochar ash itself or from the ad-
jacent labile nutrient source (Shackley et al., 2012b; Carter et al.,
2013). The alkaline pH range of RHA favours soil bacterial communities
responsible for rapid mineralization of organic matter on one hand and
its microbial sequestration on the other hand, thus, improved soil via-
bility under RHA and FYM applied systems (Nardi et al., 2004). Overall,
organic amendment improved the soil biophysical properties and may
led to the soil C accumulation in the long term in contrast to the mineral
fertilizer applied soils.

4.4. Variation in agronomic parameters of wheat crop

The capacity of a soil to perform various agronomic and environ-
mental functions such as biomass productivity and responses to various
biotic and abiotic stresses under different management practices refers
to the soil health (Doran and Zeiss, 2000; Srivastava and Ngullie, 2009).
As discussed earlier, the improvement in soil bio-physical properties
under organic amended (RHA and FYM) systems as sole as well as
combined with mineral fertilizers revealed the improved soil health
under these systems as compared to the sole mineral fertilizer applied
treatment. It showed one dimension of soil health improved by the

organically amended systems. However, evaluation of agronomic ben-
efits under different management system would help in holistic un-
derstanding of the agricultural sustainability. The benefits of mineral
fertilizers in terms of agronomic performance and agricultural pro-
ductivity have been well established since last few decades (Vanlauwe
et al., 2010). On the contrary, rapid organic matter mineralization in
presence of N fertilizers leading to the deteriorating soil quality is also
an imperative aspect for the sustainable management of agriculture
(Palm et al., 2001; Foley et al., 2005; Liu et al., 2010). Therefore,
evaluating the responses of mineral fertilizers along with organic
amendments could be of vital importance for maintaining the soil
productivity and viability in the long term.

In this study, agronomic performance of wheat crop in terms of tiller
and panicle length and number was not significantly varied under dif-
ferent management systems. Though the differences were not sig-
nificant statistically, the mineral fertilizer (either complete or partial)
applied treatment showed higher tiller number, effective tiller number,
tiller and panicle lengths as compared to the control and sole RHA and
FYM applied treatments. Moreover, mineral fertilizer applied systems
showed maximum aboveground dry matter, grain and straw yields.
Control and sole RHA applied treatments showed lowest grain (19 and
20% low) and straw (26 and 32% low) yields, respectively, as compared
to the mineral fertilizer applied treatment. However, partial addition of
mineral fertilizers along with RHA or RHA+FYM led to improvement
in yields by 10–20% as compared to the sole RHA and FYM application.
Glazer et al. (2015) also found similar results for maize crop where sole
mineral as well as combined mineral fertilizer with biochar showed
higher yield and agronomic performance than sole biochar and organic
manure receiving treatments. Agegnehu et al. (2016b) also found sig-
nificant improvement in barley yield and soil fertility under combined
organic amendment with N fertilizer treatment. Moreover, several
studies showed higher crop yield under the combined application of
biochar with compost or mineral fertilizer than the sole mineral ferti-
lization (Yamato et al., 2006; Christoph et al., 2007; Steiner et al., 2007;
Kaur et al., 2008; Meade et al., 2011; Blackwell et al., 2015), which
stands in contrast with our results showing higher aboveground dry
matter under sole mineral fertilizer applied treatment as compared to
the combined treatments. This further supports the consensus that the
sole application of RHA or biochar and organic fertilizer (FYM) may
initially lead to a yield penalty.

In a meta-analysis showing the impact of biochar application on
crop productivity, Jeffery et al. (2011) found an overall small (∼10%)
improvement in grain yield under biochar applied systems possibly due
to liming effect and increase in soil water holding capacity induced by
biochar application. Moreover, several recent studies showed positive
impact of biochar (as sole or combined with organic manure) addition
on crop yield along with the improved nutrient dynamics (Van Zwieten
et al., 2010; Galvez et al., 2012; Zhang et al., 2012; Biederman and
Harpole, 2013; Agegnehu et al., 2017) depending upon the soil types.
Agegnehu et al. (2017) suggested that biochar-compost mixture showed
substantial economic gain under poor fertility soils due to replenish-
ment of nutrient deficiency in soils by the compost source. Thus, a re-
duction in grain yield under RHA applied treatments may be due to
poor fertility status of studied soil. The change in microbial community
composition and activity in response to the organic amendments may
resulted into the improved nutrient supply to the plants resulting into
better yields (Kuzyakov et al., 2009; Liang et al., 2010). As observed in
this study, several other studies suggested that combined organic
manure and biochar only (i.e. without mineral fertilization) may lead to
negative impact over agronomic parameters due to reduced bio-avail-
ability and binding of nutrients (especially N) on the surfaces of biochar
and organic manure (Chan et al., 2007; Asai et al., 2009; Saarnio et al.,
2013). Thus, a combined amendment can be viewed for agricultural
sustainability

Moreover, harvest index is a measure of reproductive efficiency and
crop C balance which can be used as an indicator of agronomic benefits.
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It reflects the ability of crops to produce grain from dry matter
(Unkovich et al., 2010). It is regulated by several factors and majorly by
the soil water content, temperature, crop type and genotypes (Turner
et al., 1999). The harvest index ranged from 0.32 to 0.38 in this study.
Unkovich et al. (2010) also found an average harvest index of 0.37 for
wheat crop after analysing a large dataset. Moreover, we observed that
the sole FYM and RHA applied treatments showed higher harvest index
followed by combined application whereas lower values were observed
under mineral fertilizer applied treatments. A decrease in harvest index
with the increase in mineral fertiliser is reported previously (Unkovich
et al., 2010). The addition of N fertilisers led to the enhanced devel-
opment of structural component (cellulosic structures) of crop due to
allocation of photosynthate towards it whereas decrease in formation of
water-soluble carbohydrate component which may not get mobilized
into the grains later. Thus, it leads to increase in aboveground dry
matter (mainly straw component) content resulting into decrease in
harvest index (van Herwaarden et al., 1998; Adcock, 2006; Unkovich
et al., 2010). It showed that higher photosynthetic activity under the
mineral fertiliser applied treatments led to the improved structural
development of wheat crop whereas nutrient limitation may lead to the
production of water-soluble carbohydrate components which may get
easily mobilize to the reproductive components (i.e., seeds/grains)
under the RHA and FYM applied treatments as compared to the struc-
tural components. Comparatively higher soil water content might also
lead to the improved harvest index under these treatments as compared
to the mineral fertilizer applied treatment. Furthermore, we observed
an overall negative correlation (r=−0.45, P < 0.05) between harvest
index and soil C/N ratio (Table S3). Whereas, stepwise analysis results
showed a considerable impact of soil C/N ratio over harvest index
(r2= 0.16; P < 0.05; Table 4). It indirectly revealed that the soil N
might not be the only major reason for the decrease in harvest index in
the dry tropical region. Further, a positive but not significant re-
lationship between SCE and harvest index revealed that the higher soil
biological activities might led to the improved allocation of water so-
luble carbohydrate components to the seeds rather than the structural
components. It may also be inferred from the positive relationship
(r= 0.45, P < 0.05) between microbial biomass C/N and harvest
index. Moreover, a sudden increase in temperature was observed after
the booting period which may also led to the reduced allocation of
photosynthates to the grain components later in the mineral fertiliser
applied treatments (Stone and Nicholas, 1995). It can also be inferred
from higher tiller number, panicle (r=−0.47, P < 0.05) and tiller
length in mineral fertilizer applied treatment showing negative impact
over harvest index. Effective tiller number was comparatively higher
under the sole and combined FYM and RHA applied treatments. It
showed positive relationship (r= 0.44, P < 0.05) with harvest index
(Table S3). Moreover, stepwise analysis showed a considerable impact
of panicle length (r2= 0.18; P < 0.05) on harvest index (Table 4).
Thus, a combined application of RHA either with FYM or mineral fer-
tilizer or both can be a viable approach under the dry tropical region for
the sustainable management of agricultural productivity and soil
health.

5. Conclusions

We observed the improved soil biophysical properties under the
combined rice-husk ash (RHA), farm-yard manure (FYM) applied along
with mineral fertilizer applied treatments. RHA addition initially
showed higher soil CO2 efflux, however, a reduction in it was observed
later in different growth stages as well as overall SCE. It showed its
potential for reducing greenhouse gaseous emissions from the dry tro-
pical soils, which were nutrient poor and suggested for receiving a
substantial amount of organic fertilizers for restoring soil viability.
Moreover, the findings suggest that the soil biophysical properties can
be optimized by organic (RHA+FYM) amendment whereas mineral
fertilization improved the agronomic parameters. Agronomic properties

were found higher under mineral fertilizer applied treatment, however,
a combined (RHA+FYM+mineral fertilizer) fertilization approach
showed at par or slightly reduced yields. As observed by the harvest
index, a better agro-management would help in producing more grains
and restoring soil viability by applying FYM and RHA along with an
appropriate dose of mineral fertilizers. It showed that the combined
application of mineral fertilizer with RHA and FYM may help in de-
creasing the initial yield penalty. Organic amendments will help in
improving soil viability and health and it in combination with mineral
fertilization can be a sustainable approach to produce at par grain yield
as compared to the mineral fertilizer alone. It would help in reducing
the amount of mineral fertilizer application in the long term under the
dry tropical ecosystems. Moreover, the RHA left out after the energy
production and mineral extraction can be used as a potential material
for soil health and agronomic improvement in combination with FYM
and mineral fertilizers. However, sole application of RHA, FYM or mi-
neral fertiliser could not be promoted due to their direct impact over
greenhouse gas emissions, agronomic parameters and soil properties,
respectively. A combined approach needs to be explored further for
other soil and plant eco-physiological parameters under the dry tropical
ecosystems to promote their potential uses under the present climate
change scenario.
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