
Vol.:(0123456789)1 3

International Journal of Recycling of Organic Waste in Agriculture (2019) 8:295–308 
https://doi.org/10.1007/s40093-019-0251-0

ORIGINAL RESEARCH

Effects of biochar and nitrogen fertilizer on soil physicochemical 
properties, nitrogen use efficiency and upland rice (Oryza sativa) yield 
grown on an Alfisol in Southwestern Nigeria

Segun Oladele1 · Adebayo Adeyemo2 · Moses Awodun2 · Ayodele Ajayi3 · Abayomi Fasina4

Received: 24 March 2018 / Accepted: 12 February 2019 / Published online: 4 March 2019 
© The Author(s) 2019

Abstract
Purpose Biochar and inorganic fertilizer when co-applied have been reported to increase crop yield and enhance soil fertil-
ity. However, studies on this complementary effect on soil properties and rain-fed upland rice performance in Sub-Saharan 
Africa are still scanty.
Methods Field factorial studies conducted over 2 years was set up to investigate the interactions between rice husk biochar 
and inorganic nitrogen (N) fertilizer on a sandy clay loam Alfisol. A two-factor (4 × 4) in RCBD where rice husk biochar 
was incorporated at four doses, 0, 3, 6, and 12 t/ha−1, inorganic N fertilizer (urea) at four rates, 0, 30, 60 and 90 N kg/ha−1, 
and their combinations was adopted.
Results Results showed that combination of biochar and N fertilizer exerted significant (P > 0.05) interactive effect on rice 
harvest index, grain and straw yield and N-use efficiency. Interaction between biochar and N fertilizer increased agronomic 
efficiency by 140% and grain nutrient recovery by 191% over 2 years. Combination of biochar and N fertilizer reduced soil 
bulk density, increased water holding capacity and soil chemical status such as pH, N, P, K, Corg, Ca, ECEC and base satu-
ration, all within the top 10 cm depth of the soil.
Conclusions Overall, the results established that rice husk biochar can be used as a soil conditioner to enhance upland rice 
yield on an Alfisol. The combined dose of 3–6 t/ha−1 biochar and 30 kg/ha−1 of N fertilizer is thus recommended for upland 
rice farmers in the study area.
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Introduction

Declining soil quality and nutrient losses have been a fore-
most bane to increased crop production and food security in 
sub-Saharan Africa (SSA), (Jones et al. 2013; Oladele and 
Awodun 2014). These problems are further exacerbated by 
enormous pressure on farmers to increase crop yield due to 
geometric population growth, climate change and the need 
to practice climate smart agriculture that provides benefi-
cial ecosystem services in addition to food security (Vagen 
et al. 2005; Lal 2009; Awodun et al. 2017). Soils in SSA 
including Nigeria are faced with several challenges, such 
as poor agricultural practice, land degradation, soil erosion 
and climate change (Faloye et al. 2017). Dominant soil types 
in this region are greatly weathered and have acidic, low 
level of soil organic matter (SOM) and nutrient status (Fag-
benro et al. 2012; Akingbola et al. 2016; Ajala et al. 2017). 
Consequently, potential crop yield has become unattainable 
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without the application of inorganic fertilizer and organic 
materials (Mohamed et al. 2008). Farmers often use inor-
ganic fertilizers which are expensive and scarce; therefore, 
they are forced to depend on alternative nutrient source such 
as organic manures (Awopegba et al. 2017). However, the 
effects of organic manure amendment on soils in SSA are 
short term due to rapid decomposition and less stability 
(Glaser et al. 2002). Furthermore, the use of mineral ferti-
lizers also has its own downside, which includes soil acidity, 
leaching of nutrients, priming effect on soil organic mat-
ter, soil structure weakening, eutrophication and the huge 
amount of fossil fuel reserve consumed during fertilizer pro-
duction (Barrow 2012). Therefore, it becomes imperative to 
investigate sustainable ways of managing soils in SSA and 
maximizing and enhancing potential crop yield. Actualizing 
this will require the need to amend the soil with a biological 
inert material such as biochar, noted for its nutrient reten-
tion characteristics and soil structure stabilization (Lehmann 
2007). Biochar is derived from the thermo-degradation of 
organic materials in an oxygen-depleted environment with 
physiochemical characteristics that makes it suitable for use 
as a soil conditioner and carbon sequester (Shackley and 
Sohi 2010; Bouqbis et al. 2016). Studies by Bouqbis et al. 
(2016) and Ajayi and Horn (2016) reported that biochar 
improves soil chemical properties, decreases soil acidity, 
increases cation exchange capacity (CEC), improves soil 
aggregates, retains nutrients and helps influence water infil-
tration dynamics in different soil types. Rice is an important 
crop in Nigeria due to its large cultivated hectarage and real-
ized tonnage (FAO 2013). It is largely cultivated in aerobic 
environment by resource-poor farmers, especially within 
areas with low mean annual rainfall of ˃ 1000 mm. The aver-
age yield of upland rice from the farmer’s field is very low at 
1.0–1.7 t/ha−1 and far below the global world average yield 
of 3.53 t/ha−1 (FAO 2013). Increasing upland rice yield is 
important; however, increase in yield is presently limited 
by acidity, drought, low nutrient and fertilizer use efficiency 
(Fageria et al. 2010). Low nutrient utilization efficiency of 
fertilizer such as inorganic N fertilizer contributes to low 
crop yield, increased farming cost and environmental pol-
lution. Hence, improving the efficiency of fertilizer use is of 
utmost importance for subsistence farmers. Enhancing N-use 
efficiency through the use of a sustainable soil management 
technique such as biochar could help raise upland rice pro-
ductivity, while mitigating environmental pollution. Studies 
have shown that deriving an appropriate N-recovery index 
(%) could be used as an indicator for evaluating applied ferti-
lizer use efficiency (Agegnehu et al. 2016). Previous studies 
reported 75% increase in maize biomass relative to NPK 
fertilizer alone when biochar and NPK fertilizer were com-
bined at different ecological zones in southern China (Zhu 
et al. 2015). Studies by Gathorne-Hardy et al. (2009) also 
reported over 30% increase in barley yield when biochar and 

N fertilizer were co-applied. Currently, studies on biochar, 
nitrogen fertilizer and their interactive effects on upland 
rice yield, soil nutrient status and nitrogen use efficiency 
are scanty in southwest Nigeria. To our knowledge, this is 
the first field-scale study addressing this research gap in the 
study area. This study was set up to investigate the effects 
of rice husk biochar, N fertilizer and their interaction on 
select soil physicochemical properties, upland rice yield and 
nitrogen recovery and also identify optimum combination 
rate of biochar and N fertilizer suitable for rain-fed upland 
rice production in the study area.

Materials and method

Study area: geology and vegetation

The study was undertaken in Akure, Ondo State, Nigeria. 
The location lays on latitude  70171 north of the Equator 
and on longitude  150141 east of the Greenwich meridian. 
It stands on an altitude of about 370 m above the sea level 
with hilly adjourning lands studded with granite forma-
tions believed to be of volcanic origin spreading over an 
area of 99,287 km2. The study area falls into the pre-Cam-
brian exposed order granite belt, with formation dating 
back as far as 600–3500 million years ago. Topographi-
cally, the site is generally flat, consisting of large quanti-
ties of red laterite and very little of mangrove swamp soil 
of humid tropical equatorial area. Climatically, the study 
area has a tropical climate and belongs to the equatorial 
rain forest belts (Awopegba et al. 2017). Field experiments 
were carried out at the experimental station of the Federal 
University of Technology, Akure, Department of Crop, 
Soil and Pest Management (7°20′N; 5°30′E) during the 
wet seasons of August–November, 2016 and May–August, 
2017. Sixteen pre-planting composite soil samples were 
collected at the experimental site from a layer of 10 cm 
and 10–20 cm. These collected samples were subjected to 
standard routine soil chemical analysis.

Biochar production

Rice husks were obtained from a local rice mill in Akure, 
Ondo State, Nigeria, and used for producing biochar in 
a fabricated electric biochar reactor. The rice husk was 
charred at 350 °C at a residence time of about 1 h and 
15 min. The chemical properties of the resulting biochar 
material were analyzed according to a standard protocol 
described by IBI (International Biochar Initiative (1BI) 
2011).
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Experimental layout

Forty-eight subplots with a size of 2 × 2 m were laid out 
at the experimental station. The plots were prepared using 
traditional tillage implements between 7 and 14 July 2016. 
Each subplot was raised and bunded, while a spacing of 1 m2 
was allowed in between plots. Rice husk biochar was tilled 
into the soil in each plot according to the intended doses 
using a rotary hoe and rake. An improved variety of upland 
rice (Oryza sativa) seeds (N-U-1) widely used by farmers 
in the study area was manually sown by dibbling in holes on 
at a spacing of 0.25 m by 0.25 m. Experimental treatment 
was a 4 × 4 factorial design replicated thrice, consisting of 
four doses of rice husk biochar, 0, 3, 6 and 12 t/ha−1, and 
four rates of nitrogen fertilizer (urea 46%), 0, 30, 60 and 
90 N kg/ha−1, which resulted in 16 treatment combinations. 
The 16 (16) treatment combinations include: (i) F0B0, (ii) 
F0B3, (iii) F0B6, (iv) F0B12, (v) F90B0, (vi) F90B3, (vii) 
F90B6, (viii) F90B12, (ix) F60B0, (x) F60B3, (xi) F60B6, 
(xii) F60B12, (xiii) F30B0, (xiv) F30B3, (xv) F30B6, (xvi) 
and F30B12, where F is the nitrogen fertilizer rate and B 
is the rice husk biochar rate. The appropriate rate of nitro-
gen fertilizer was broadcasted on respective subplots before 
seeding, while basal phosphorus and potassium fertilizers 
were not applied as the pre-seeding soil analysis showed that 
the available phosphorus and potassium levels were quite 
adequate. Weed emergence on the plots was controlled by 
hand weeding and the use of hoe to prevent competition 
with the rice plants. At maturity, a quadrant of 1 m2 size was 
placed in each plot and plants within each quadrant were 
sampled for determination of grain and straw yield.

where M is the moisture content in grain (%) and D is the 
designated moisture content (13.5%).

where HI is the harvest index, Gy is the grain yield and Sy 
is the straw yield.

Post-planting soil samples were collected from each of 
the 48 experimental plots to obtain representative samples. 
These samples were similarly characterized.

Plant analysis and nutrient use efficiency derivation

Vegetative parts of rice plant from each subplot were sam-
pled randomly at flowering stage. At each sampling, leaves 
and other aboveground vegetative parts were dried at 60 °C 
in a laboratory oven for 72 h. Oven-dried samples were 
ground and passed through a 0.5 mm sieve to prepare a 
sample of 10 g. Straw and grain samples were analyzed for 
N concentrations from each plot separately using Kjeldahl 
method as described by Jackson (1973). Nitrogen uptake 
in grain and straw was calculated by multiplying N con-
tent with the respective straw and grain yield  ha−1. Total N 
uptake by whole biomass was obtained by summing up the 
N uptake by grain and straw and was expressed as kg ha−1. 
Total N content in straw and grain samples was used for 
calculating N-use efficiency according to Moll et al. (1982), 
Ortiz-Monasterio et al. (1997) and Guarda et al. (2004). The 
different efficiencies of nitrogen were derived using the fol-
lowing formulae:

(1)Grain yield = actual grain yield × 100 - M/100 - D,

(2)
Harvest index was calculated as ∶ HI (% )=Gy/Sy × 100,

where N is the fertilizer N applied and AE  is the agronomic efficiency.

(3)AE (kg/kg−1) =
grain yield of fertilized treatment (kg ha−1) − grain yield of unfertilized plot (kg ha−1)

fertilizer applied (kg/ha−1)
,

(4)

N Recovery Index (% )

=
Average grain N content of fertilized plots (kg/ha−1) − average grain N content of control (kg/ha−1)

fertilizer N content (kg/ha−1)

× 100.
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Soil analysis

Post-planting soil samples were collected at the soil depth 
of 0–10 cm and 10–20 cm and air dried, homogenized and 
sieved before determination of physicochemical character-
istics. Kjeldahl method was applied for determining total 
nitrogen, and available phosphorus was determined by the 
Bray-2 P extractant (ammonium fluoride and concentrated 
hydrochloric acid) (Bray and Kurtz 1945). Soil pH was 
determined by using pH meter at a soil:water ratio of 1:1 
(volume/volume) (Faloye et al. 2017). Exchangeable cations 
were determined by using ammonium acetate (Black 1965). 
Organic carbon was determined by wet oxidation method as 
described by Walkley and Black (1934); the exchangeable 
acidity (EA) was determined using KCl extraction proce-
dure (Mclean 1965). The percent base saturation was deter-
mined by expressing the sum of the exchangeable cations 
as a percentage of the effective cation exchange capacity 
(ECEC) values. The trace elements (Mn, Fe, Cu and Zn) 
were determined by extracting with 0.1 M ammonium chlo-
ride  (NH4Cl) and read on the atomic absorption spectro-
photometer as described by Soylak et al. (2003). Soil bulk 
density and water holding capacity (WHC) were measured 
according to methods described by Page et al. (1982) and 
soil texture by the Bouyoucos hydrometer method (Bouy-
oucos 1962).

Statistical analysis

Data collected for grain and biomass yield and soil physico-
chemical properties were subjected to factorial analysis of 

variance (ANOVA), testing for interactive and main effects 
of biochar and N fertilizer. A separate one-way ANOVA 
was conducted for treatment combinations where interaction 
between biochar and N fertilizer was significant and the sig-
nificant differences were assessed using Tukey’s HSD test. 
All analyses were performed using SPSS 20th edition. The 
component contribution of each treatment (i.e., rice husk 
biochar, N fertilizer and rice husk biochar × N fertilizer) 
to grain and straw yield were derived according to a math-
ematical equation by Zhu et al. (2014).

Results and discussion

Initial soil and biochar properties

The textural class at the study area is a sandy clay loam 
Typic Paleustalf Alfisol containing 68.8% sand, 25.1% clay 
and 6.1% silt at the top soil layer. It was acidic with low 
exchangeable acidity, low organic carbon, low CEC and low 
trace elements across the soil depths (Table 1).

The SEM–EDX analysis showed that rice husk biochar 
contains microstructure which is amorphous and heterogene-
ous (Fig. 1a, b). The particles also consist of higher silicon 
(Si) mineral aggregates, exhibiting a large degree of micr-
oporosity, containing carbon (C), oxygen (O), aluminum 
(Al) and potassium (K). Some of the surface pores appeared 
to be dominated by organic and mineral matter that was high 
in Al/Si/O and Fe/O compounds.

The internal pore size of rice husk biochar was clearly 
seen in the SEM micrographs, exposing a variety of shapes 
in the form micropores and macropores. The biochar was 
slightly alkaline in nature with a pH of 8.50, due to the high 
ash content, rich in magnesium, calcium and potassium and 
high in organic carbon (Table 1). However, for optimal per-
formance and maximization of these benefits, biochar has 
to be co-applied with other sources of organic or mineral 
fertilizer.

Effect of biochar and N fertilizer on grain, straw 
yield and harvest index

Result showed a significant (P < 0.05) interaction of biochar 
and N fertilizer combination on grain yield in years of study 
(Table 2). However, when biochar was applied alone, rice 
grain yield decreased by 32.06%, 1.63%, and 14.43% in 
treatments F0B3, F0B6 and F0B12 in the first year, while in 
the second year, grain yield was decreased by 12.20%, 
14.12% and 23.18%. In the first year, treatment F0B12 
recorded low grain yield which averaged at 1200 kg/ha, 
while treatment F30B0 had the highest yield (5,483 kg/ha). 
However, the F30B0 treatment was not significantly 
(P < 0.05) different from treatment F30B6 (5350 kg/ha) 

Table 1  Initial soil and rice husk biochar properties

Parameters Soil Biochar

0–10 cm 10–20 cm

pH  (H2O) 4.90 4.95 8.50
Total organic carbon (%) 0.37 0.61 51.13
Total Nitrogen (g/kg) 0.41 0.28 0.30
P (mg/kg) 38.06 14.41 0.73
K (cmol/kg) 2.77 2.81 9.20
Ca (cmol/kg) 2.92 1.23 1.25
Mg (cmol/kg) 2.60 1.52 4.50
Na (cmol/kg) 0.38 0.71 0.95
CEC (cmol/kg) 8.67 6.27 16.00
Exchangeable acidity (cmol/kg) 0.33 0.41 –
ECEC (cmol/kg) 9.01 6.68 –
Base saturation (%) 96.22 83.23 –
Cu (mg/kg) 0.09 0.03 226.5
Fe (%) 0.46 0.28 4.80
Zn (mg/kg) 0.38 0.17 561.5
Mn (mg/kg) 0.13 0.13 332
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(Fig. 2). Furthermore, lowest grain yield in the second year 
was recorded in biochar treatment F0B3 (855 kg/ha), while 
the highest yield was observed in treatment F30B3 (7390 kg/
ha) and treatment F30B0 (7527 kg/ha), respectively. These 
recorded values were significantly different from the control 
and other treatment combinations (Fig. 2). The interaction 
between biochar and N fertilizer increased grain yield by 
311, 285, 260, 255 and 185% in treatments F60B6, F30B6, 
F90B12 and F30B3, respectively, in the first year, and 269, 
159, 136, 126 and 113% in treatments F30B3, F60B6, 
F30B12, F30B6 and F60B3 in the second year when com-
pared with the unfertilized treatment F0B0, suggesting a 
complementary interaction. N fertilizer application also 
increased grain yield by 202% in the first year, and 394% in 

the second year in treatment F30B0 and was statistically 
significant when compared to the unfertilized treatment 
F0B0. After 2 years of study, the application of rice husk 
biochar alone decreased rice grain yield, straw yield and 
harvest index as doses of biochar increased (Table 2). How-
ever, increasing dose of biochar was not significantly differ-
ent from the control treatment. This observed trend suggests 
that rice husk biochar used in this study has little or no fer-
tilizing effect and its primary role when applied as an 
amendment is to condition the soil for better functioning. 
The direct non-stimulatory effect of biochar on rice grain 
and straw yield in this study could also be ascribed to the 
nutrient immobilizing or sorption effect/high C:N ratio and 
non-availability of essential nutrient such as N and P from 

Fig. 1  a Scanning electron microscope (SEM) images of the rice 
husk biochar applied in the study before its incorporation into the 
soil. Images were taken using 27 IRPrestige-21 system and JEOL 
6060 LV Scanning Electron microscope of the Environmental Sci-

ence Research Laboratory, Cyprus International University, Nicosia, 
Cyprus. b The EDS spectrum of the external surface of rice husk bio-
char with pores coated with a range of minerals, illustrating the range 
of different mineral phases observed on rice husk biochar surface
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rice husk biochar for plant uptake. Findings from our study 
showing the negative effect of rice husk biochar on rice grain 
yield, straw yield and harvest index when applied alone are 
corroborated by Asai et al. (2009) and Karer et al. (2013) 
who reported a decrease in upland rice grain yield, wheat 
and maize grain yield when wood residue biochar at the 
doses of 4–16 t/ha and 72 t/ha were applied singly without 
complementary N fertilizer in Northern Laos, Vietnam and 
Austria, respectively. However, when doses of rice husk bio-
char were combined with N fertilizer, an increase in rice 
grain and straw yield was detected which indicates a sturdy 
complementary effect of this combination. This could be 

ascribed to the increased availability of nutrient to the crops 
as well as the liming effect biochar has on acidic soils, as 
most of the soils in these studies were acidic in nature. In 
our study, the soil type was acidic, which implies that it 
would benefit from the liming characteristics of biochar and 
also potentially offsetting the acidification that comes with 
its combination with N fertilizer. Such conditioning of the 
soil due to biochar application is expected to also improve 
soil physical condition, encourage prolific root growth and 
enhance air, water and gas transport. Furthermore, ameliora-
tive effect of biochar will also enhance microbial population, 
increase concentrations of active soil organic matter, influ-
ence carbon and nitrogen cycling and also stimulate soil 
enzyme activities which influence crop growth environment 
(Revell et al. 2012; Ndor et al. 2015; Ajayi et al. 2016; Yao 
et al. 2017). Recent studies by Mete et al. (2015) and Faloye 
et al. (2017) have also observed an increased crop yield 
when biochar and mineral fertilizers were combined. Find-
ings from our study are in conformity with Liu et al. (2012), 
who observed that the combination of biochar with fertiliz-
ers for soils poor in fertility had more significant effect on 
crop yield than the sole application of fertilizer or biochar. 
This could be ascribed to the improvement in soil CEC, 
water holding capacity (WHC), soil structure, decreased 
acidity, reduction in nutrient losses and increased fertilizer 
use efficiency due to biochar amendment (Asai et al. 2009; 
Ajayi and Horn 2016). The sturdy effect of biochar × N fer-
tilizer on rice grain yield at all doses of biochar (3, 6, 12 t/
ha) when combined with the low rate of N fertilizer 
(30 kg N) could be ascribed to the conditioning influence of 

Table 2  Effects of biochar and N fertilizer on rice grain yield, straw yield and harvest index

Means in a column followed by the same letter(s) are not significantly (P ≤ 0.05) different according to Tukey’s test, * significant, NS not signifi-
cant

Factors 2016 2017

Grain yield (kg/ha) Straw yield (kg/ha) Harvest index Grain yield (kg/ha) Straw yield (kg/ha) Harvest index

Biochar rate (t/ha)
 0 3735.00a 4508.00a 0.43ab 4443.50a 8586.58a 0.44a
 3 2537.50a 4058.00a 0.39a 3902.75a 5463.75a 0.42a
 6 3674.16a 4220.00a 0.46b 3816.25a 5342.75a 0.43a
 12 3196.66a 3579.00a 0.46b 3413.25a 4778.50a 0.42a

N fertilizer (kg/ha)
 0 1555.00a 2354.20a 0.40a 1221.50a 1709.80a 0.41a
 30 4704.20c 5504.20c 0.44ab 6039.80c 9584.80c 0.45a
 60 3391.70b 4229.20b 0.43ab 4950.20c 7862.80c 0.44a
 90 3492.50b 4279.20b 0.47b 3364.20b 5014.20b 0.40a

P (F test)
 Biochar NS NS * NS NS NS
 N rates * * * * * NS
 B × N * * * * * *
 CV (%) 41.78 37.36 8.33 42.89 30.89 6.81
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Fig. 2  Interactive effect of biochar and N fertilizer on rice grain yield 
in the first and second year
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biochar and N-use efficient rice cultivar used in this study. 
Significant (P < 0.05) interactive effect of biochar and N fer-
tilizer was recorded on straw yield in both years (Table 2). 
Straw yield with biochar × N fertilizer increased by 161% 
and 269% in F30B3 compared to the control (F0B0) in the 
first and second year, respectively. The interaction effect on 
straw yield also indicates a statistically significant (P < 0.05) 
increase with combined treatments of biochar and N ferti-
lizer. Straw yield was significantly increased with N ferti-
lizer application (P < 0.05), while no significant difference 
was detected among treatments with biochar addition. The 
biochar treatment F0B12 and F0B3 had the lowest straw 
yield (1666 and 1197 kg/ha), while treatment F30B3 and 
F30B0 had the highest straw yield (6483 and 15,054 kg/ha) 
in the first and second year, respectively. Biochar doses sig-
nificantly decreased straw yield by 9.98%, 6.385, and 20.6% 
in treatments F0B3, F0B6 and F0B12 in the first year and 
36.37%, 37.78% and 44.4%, respectively, in the second year. 
Similar trend observed in grain yield was recorded in total 
straw yield when biochar was co-applied with N fertilizer. 
Our findings indicate that when rice husk biochar and N 
fertilizer were combined, an increase of over 215% in straw 
yield was obtained, which suggests a significant interaction 
between both components. This high percentage in our study 
was because of the low straw yield in the unamended control 
treatment due to the poor soil nutrient status of the control 
plot at the experimental site. The increase in straw yield after 
biochar × N fertilizer co-application has also been reported 

in some cereal crop such as wheat (Sarma et al. 2017) and 
maize (Faloye et al. 2017). Studies carried out by Peng et al. 
(2011) and Faloye et al. (2017) corroborated our findings 
with a reported 146% increase in maize stover yield when 
biochar and inorganic fertilizer were co-applied on an Ultisol 
and a significant increase in cob yield by 151% on an irri-
gated Alfisol, respectively. Biochar × N fertilizer combina-
tions increased harvest index in treatments F90B6, F30B12 
and F30B6 by 52.9%, 50% and 41% respectively when com-
pared to the control (F0B0) in the first year. In the second 
year, treatments F30B6 recorded the highest harvest index 
percentage (7.32%) when compared to the control. However, 
treatment F90B0 recorded the lowest harvest index when 
compared to other treatments. Harvest index was signifi-
cantly increased with N fertilizer application (P < 0.05) only 
in the first year, while significant (P < 0.05) differences were 
also observed with increasing doses of biochar in singly 
applied biochar treatments. In the second year, a general 
decreasing trend in harvest index of both N fertilizer and 
biochar treatments was recorded as the rates of N fertilizer 
(30, 60, 90  N  kg/ha) and biochar doses (3, 6, 12  t/ha) 
increased. Findings from our study also indicate that when 
rice husk biochar and N fertilizers were co-applied, the aver-
age increase in harvest index over 2 years was 24%, indicat-
ing a synergistic effect of biochar and N fertilizer. The trans-
location of assimilates or photosynthetic products by plants 
from source into sinks is described as harvest index. In a 
study conducted by Lawrence et al. (2008), they reported 

Table 3  Effects of biochar and 
N fertilizer on agronomic and 
nitrogen use efficiency

Means in a column followed by the same letter(s) are not significantly (P ≤ 0.05) different according to 
Tukey’s test, * significant, NS not significant

Factors 2016 2017

Grain nitrogen recov-
ery index (%)

Agronomic efficiency 
(kg/kg−1)

Grain nitrogen recov-
ery index (%)

Agronomic 
efficiency (kg/
kg−1)

Biochar rate (t/ha)
 0 45.84a 48.12a 103.66a 63.67a
 3 33.50a 26.09a 89.92a 51.83a
 6 69.40a 52.20a 64.75a 41.06a
 12 53.16a 42.15a 72.73a 36.73a

N fertilizer (kg/ha)
 0 0.00a 0.00a 0.00a 0.00a
 30 117.45c 102.46c 204.49c 129.04c
 60 45.93b 35.98b 85.12b 49.13b
 90 38.32b 30.13b 36.45b 15.13a

P (F test)
 Biochar NS NS NS NS
 N rates * * * *
 B × N * * * *
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that harvest index in cereals increased till the applied N fer-
tilizer reached a plateau. However, in our study, the values 
recorded for harvest index were inconsistent; it appears that 
increasing rates of N fertilizer beyond 60 kg/ha caused a 
decrease in harvest index, as well as doses of applied biochar 
beyond 6 t/ha, indicating higher biomass partitioning to 
grain production. This trend was, however, reversed when 
biochar was co-applied with N fertilizer, as we observed an 
increase in harvest index suggesting more grain than straw 
production. We conclude that effective partitioning of pho-
toassimilate to rice sinks rather than generation of whole 
plant biomass was responsible for the harvest index increase.
Biochar amendment has the potential to improving nutrient 
retention in the soil with consequent implication for efficient 
use of nutrients, particularly in nutrient-deficient soils (Gla-
ser et al. 2002; Hass et al. 2012; Alburquerque et al. 2013). 

Effects of biochar and N fertilizer on N‑use efficiency 
of rice

The agronomic efficiency (AE) and nitrogen recov-
ery index (NR) of upland rice responded significantly 
(P < 0.05) to the interactive effect of biochar and N fer-
tilizer in the first and second year (Table 3). Biochar × N 
fertilizer interaction increased agronomic efficiency 
(AE) in rice by 123% and grain nitrogen recovery (NR) 
by 166% in F30B6 and in treatment F30B3 by 157% and 
217% when compared to the control (F0B0) in the first 
and second years, respectively (Figs. 3, 4). On the other 
hand, singly applied N fertilizer treatment showed a sig-
nificant (P < 0.05) decreasing trend in AE and NR with 
increasing rates of N fertilizer in both years. A similar 
trend was also observed in biochar treatment in both years; 
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Table 4  Effects of biochar and N fertilizer on soil properties after rice harvest

Factors Soil depth (0–10 cm)

BD (g/cm3) WHC (%) Soil pH  (H2O) N (g/kg) P (mg/kg) K (cmol/kg) Corg (%) ECEC (cmol/kg) EA (cmol/kg)

Biochar rate (t/ha)
 0 1.56a 32.94a 5.27a 0.57a 148.54a 0.23a 0.36a 7.18b 1.85b
 3 1.56a 32.94a 6.54b 0.60a 148.27a 0.24a 0.23a 9.69a 1.10ab
 6 1.52a 34.87a 6.66b 1.85b 145.60a 0.30b 0.76b 9.91a 1.10ab
 12 1.48a 36.87b 6.73b 1.90b 130.19a 0.31b 0.78b 12.30a 0.61a

N fertilizer (kg/ha)
 0 1.56a 33.20a 6.46a 1.20a 120.17a 0.25a 0.59a 7.57b 1.00a
 30 1.56a 33.51ab 6.35a 1.33a 151.24b 0.28a 0.56a 10.21a 1.00a
 60 1.48a 35.84b 6.28a 1.17a 150.36b 0.29a 0.46a 10.12a 1.00a
 90 1.50a 35.08ab 6.10a 1.22a 150.82b 0.26a 0.52a 11.18a 1.66a

P (F test)
 B NS * * * NS * * NS *
 N NS * NS NS * NS NS NS NS
 B × N * * * * * * * * *
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however, no significant difference was recorded (Table 3). 
The agronomic efficiency and grain N-recovery index of 
upland rice responded significantly to co-application of 
biochar and N fertilizer. Combination of biochar and N 
fertilizer increased AE by 140% and NR by 191% when 
compared to the highest dose of N fertilizer and the una-
mended treatment over 2 years (Tables 4, 5). AE and NR 
were increased in both years of our study when biochar 
was combined with N fertilizer. Nevertheless, higher per-
centage in increase was recorded in the second year. This 
is due to the lesser yield obtained from grain, straw and 
N uptake in the unamended treatment in the second year. 
At the highest N fertilizer rate (90 kg N  ha−1), AE and 
NR efficiency in both years was significantly decreased. 
However, at intermediate rates of N application (30 and 
60 kg N  ha−1), there was a significant increase. Results 
from our study reveal a kind of dose-dependent interactive 
effects on AE and NR efficiency; both parameters depicted 
a decreasing trend with increase in doses of biochar × N 
fertilizer. This observed relationship could sometimes vary 
with respect to the crop variety used (Guarda et al. 2004), 
previous soil fertilization regime, moisture availability 
and soil type (Fageria and Baligar 2005). In our study, 
increase in AE and NR efficiency via the co-application of 
biochar and N fertilizer supports the importance of using 
a stable nutrient-retaining material such as biochar for 
nutrient retention and bioavailability. Application of bio-
char largely improved N fertilizer use efficiency through 
positive and additive effects. Findings from this study are 

consistent with previous reports (Raun et al. 2002; Zhang 
et al. 2010; Haefele et al. 2011; Zhu et al. 2014; Ruisi et al. 
2015; Sarma et al. 2017). Overall, the inclusion of biochar 
as soil conditioner in upland rice production system would 
improve fertilizer use efficiency and help ensure sustain-
able upland rice yield on a long-term basis.    

Component contribution of biochar and N fertilizer 
to grain and straw yield

The component contribution of (biochar, N fertilizer and 
biochar × N fertilizer) in percentage to grain and straw 
yield as derived using the mathematical equation postu-
lated by Zhu et al. (2014) is shown in Fig. 5. N fertilizer, 

Table 5  Effects of biochar (RHB), N fertilizer and interaction of bio-
char × N fertilizer on soil properties after rice harvest

Means in a column followed by the same letter(s) are not significantly 
(P ≤ 0.05) different according to Tukey’s test, * significant, NS not 
significant

Factors Soil depth (0–10 cm)

Ca (cmol/kg) Mg (cmol/kg) Base 
saturation 
(%)

Biochar rate (t/ha)
 0 2.74c 2.08b 90.98a
 3 4.19a 3.88a 90.77a
 6 4.23a 4.01a 90.25a
 12 6.11b 5.01a 92.49a

N fertilizer (kg/ha)
 0 2.44b 2.14b 91.45a
 30 4.50a 4.13a 90.03a
 60 4.34a 4.24a 89.77a
 90 4.69a 4.27a 93.25a
 B * NS NS
 N NS NS NS
 B × N * NS *
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biochar and biochar × N fertilizer contributed 78.6%, 
43.04% and over 54% to grain yield, respectively. Simi-
larly, N fertilizer alone contributed more to straw yield 
(79.9%), biochar contributed over 35% and a combination 
of biochar and fertilizer contributed about 49.24% to straw 
yield after 2 years of study. In our study, N fertilizer had 
more influence on grain and straw yield over 2 years in 
comparison to biochar and combined application of bio-
char and N fertilizer (Fig. 5). This suggests that rice husk 
biochar when singly applied cannot substitute for inor-
ganic N fertilizer. In addition, our results confirm that co-
application of biochar and N fertilizer best enhanced rice 
grain and straw yield, than when each input was applied 
singly. Similar findings were corroborated by Faloye et al. 
(2017), who reported that the NPK fertilizer also contrib-
uted more to maize grain and stover yield than biochar 
alone and biochar × NPK fertilizer on a drip-irrigated 
Alfisol in southwestern Nigeria.

Soil physicochemical properties

Two years after biochar amendment, significant (P < 0.05) 
interactive effect of biochar and nitrogen fertilizer on soil 
bulk density (BD) and water holding capacity (WHC) was 
recorded (Tables 4, 5). Treatment F60B12 significantly 
reduced BD as well as increased WHC (Figs. 6, 7). The 
treatment was observed to have recorded the lowest BD 
value (1.32 g/cm3) and the highest WHC (44.06%) when 
compared to the control F0B0. The combination of biochar 
and N fertilizer decreased bulk density; this was probably 
due to the less dense and highly porous nature of rice husk 
biochar. When applied as a soil conditioner, biochar supports 
proliferation of soil faunas under these treatments, which 

in turn helps in maintaining the soil structure with proper 
soil aeration and water movement contributing to lowering 
of soil bulk density (Burrell et al. 2016). Furthermore, the 
large surface area and macro- and micropores structure on 
the external and internal surface of rice husk biochar, as 
viewed under a scanning electron microscope (SEM), pos-
sibly helped to store water in the pore network, thereby 
increasing the soil WHC. Also, the less hydrophobicity and 
polarity of rice husk biochar due to its conditioning after 
pyrolysis in this study possibly helped improve soil aggre-
gation (Busscher et al. 2010), which could have potentially 
contributed to the enhanced WHC in our study. Findings 
from our study are corroborated by Burrell et al. (2016) and 
Randolph et al. (2017), who reported similar results with 
an increase in WHC and reduced BD upon wood residue 
biochar application. At a sampled soil depth of 0–10 cm, soil 
pH values increased as the doses of biochar were increased 
(Tables 4, 5). When biochar × N fertilizer was combined, 
treatment F0B12 and F30B12 significantly recorded the 
highest soil pH (6.95 and 6.82) level with a corresponding 
2.25 and 2.12 unit increase, respectively. On the other hand, 
a decrease in soil pH was observed with increasing rates of 
N fertilizer, while increasing the dose of biochar, increased 
soil pH. Co-application of biochar and N fertilizer caused a 
significant (P < 0.05) interactive increase of total N, avail-
able P, exchangeable K, Ca, Corg, ECEC and base satura-
tion, and also reduced exchangeable acidity (EA) at a soil 
depth of 0–10 cm. However, no significant interactive effect 
of biochar × N fertilizer was observed for Mg. Biochar and 
N fertilizer significantly (P < 0.05) increased soil N, P, K and 
Corg status. Also, soil CEC and base saturation were sig-
nificantly (P < 0.05) enhanced, whereas a reverse trend was 
recorded for EA. N fertilizer had no significant (P > 0.05) 
effect on soil total N, K, Corg, EA and base saturation. Bio-
char treatments, however, significantly (P < 0.05) increased 
total N, K, Corg, Ca, Mg and ECEC and reduced EA with 
increasing rates of application, while no significant differ-
ence was observed for available P and base saturation. Also, 
at soil depth of 10–20 cm, a significant (P < 0.05) interactive 
increase of total N, available P, exchangeable K, Ca, organic 
carbon, Ca, Mg, ECEC, base saturation and exchangeable 
acidity (EA) was observed with biochar and N fertilizer 
applications (Table 6). However, no significant interaction 
was recorded for soil pH and base saturation. Biochar treat-
ments exerted more stimulatory influence by significantly 
(P < 0.05) increasing pH, total N, available P, Ca, Mg, Corg 
and ECEC, while no significant difference was detected for 
K, EA and base saturation. The combination of biochar and 
N fertilizer increased soil pH in our study irrespective of soil 
depth measured. The presence of ash and cations in biochar 
(Vaccari et al. 2011) helped to increase the pH of our acidic 
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sandy clay loam soil, while offsetting the acidic reaction 
from applied N fertilizer (Sarma et al. 2017). This observa-
tion agrees with the findings of Revell et al. (2012), Hansen 
et al. (2016) and Yao et al. (2017), who all suggested that 
biochar can lime the soil and also mitigate the acidity effect 
from ammonium fertilizer application. However, when N 
fertilizer was applied singly, soil pH decreased with increas-
ing N rates, while biochar applied singly increased soil pH 
(Tables 4, 5). Similar findings were reported by Mete et al. 
(2015) and Christopher et al. (2012), as this change in pH 
unit will enhance bioavailability of precipitated nutrients 
on colloidal sites such as P,  K+,  Ca2+ and  Mg2+. Combined 
application of rice husk biochar and N fertilizer induced 
significant increase in total N, P and K with higher accumu-
lation at soil depth of 0–10 cm (Tables 4, 5). The accumula-
tion of these nutrients at this layer of the soil suggests easy 
access to nutrients for plants with shallow roots system such 
as rice. This is due to the sorption of nutrient elements on 
biochar surfaces near the plant rhizosphere which in turn 
leads to reduction in nutrient leaching and transportation to 
deeper layers of the soil thereby causing losses and ground 
water pollution. This indicates the positive role played by 
biochar in enhancing the bioavailability of these nutrients. 
The higher availability of P and K in biochar-amended 
treatments could be ascribed to the liming effect of bio-
char, which helped in desorption and solubilization of these 
nutrient ions from occluded and microbial pools of the soil 
(Randolph et al. 2017). Findings of increased available P 
by Novak et al. (2009) on a biochar-amended sandy soil 
agrees with the increased P levels observed in our study. The 
increase in soil CEC and ECEC after biochar amendment 
could be ascribed to steady, increased surface oxidation due 
to biochar aging that occurred in soil (Verheijen et al. 2010). 
This is caused by the reaction that occurs between carboxyl 
compounds on biochar surface with water,  O2 and other 
chemical compounds in the soil. Also, the soil base satura-
tion increased with an increase in the dose of added biochar 
and N fertilizer, while exchangeable acidity was decreased. 
This implied that a sizeable quantity of exchangeable bases 
was released directly from rice husk biochar and N ferti-
lizer combination to the exchange site. The increase in Corg 
when biochar was combined with N fertilizer in amended 
treatments could be ascribed to the high labile C content of 
rice husk biochar. There is also the possibility of stimula-
tory increase in root biomass production and exudate release 
under biochar-amended treatments which increased the Corg 
fraction of the soil. The recalcitrant carbon fraction of the 
applied biochar coupled with the added N fertilizer could 
have negatively primed and reduced microbial respiration of 
carbon, thus consequently increasing the stability of carbon 
in biochar conditioned soil (Nelissen et al. 2015).  

Conclusions

The combination of biochar produced from rice husk resi-
dues and nitrogen fertilizer showed clear increase in grain 
and biomass yield, fertilizer use efficiency and improvement 
of soil properties associated with rain-fed upland rice. The 
significant improvements observed in upland rice produc-
tivity in the study area could be ascribed to the improve-
ment in select soil quality indices, such as BD, WHC, pH, 
Corg and CEC, increase in nutrient availability, available 
water content and liming effect due to the high pH of rice 
husk biochar amendment. The application of biochar at low 
doses (3–6 t/ha) with low rate of nitrogen fertilizer (30 kg/
ha) notably improved N fertilizer use efficiency, grain and 
biomass yield of upland rice and soil physicochemical 
properties when compared to chemical fertilization with N 
fertilizer only. Our findings indicate that amending aerobic 
Alfisols with rice husk biochar could help increase upland 
rice yield, provided it is complemented with reduced amount 
of N fertilizer. Finally, our result shows that amending soils 
under upland rice cropping system with rice husk biochar 
will reduce N fertilization requirement, while sustainably 
realizing the yield potential of upland rice.
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