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Abstract: The efficiency of mineral fertilizer use in most soils in Sub-saharan Africa is low.
Prominent among the reasons for this is low soil carbon stock. In this study, we hypothesized that
in the short term, combined use of biochar and inorganic fertilizer in irrigated rice (Oryza sativa var
KRC Baika) cropping systems will increase soil organic carbon storage, N recovery and agronomic
efficiency of N use (above world average of 55% and 20 kg grain-kg"-N respectively) and improved
economic returns compared to the sole use of inorganic fertilizer. A two-year (4-cropping cycles)
field trial was, thus, conducted on a Vertisol. The experiments were designed as split-plot with two
(0 and 10 t-ha™) biochar and four (0, 45, 90, 120 kg-ha-N) nitrogen application rates. Additionally,
the effect of biochar on the chemical properties of the soil was investigated using standard protocols.
Biochar application improved the soil organic carbon storage in the topsoil. There were significant
interactions between the application of biochar and nitrogen fertilizer on yield parameters.
Introducing biochar significantly increased root volume and nutrient (N, P and K) uptake, resulting
in increased grain and straw yield. Grain yields under biochar amended plots were higher than sole
fertilizer amended plots in 14 out of 16 instances (cropping cycles x N rates). The increase in grain
yield was between 12 to 29% across N rates. Biochar amendment also enhanced agronomic N use
and apparent N recovery efficiencies in 3 out of the 4 cropping cycles. Gross margin indicated that
biochar application under irrigated rice cropping systems is economically feasible in all cropping
cycles and N rates. However, the value cost ratio of biochar application was higher than for sole
inorganic fertilizer in three out of the four cropping cycles (each cropping cycle has three N rates).
The soil organic carbon storage of biochar amended soil increased by 17% under unfertilized
condition and by 32% under fertilized condition. To enable the promotion and efficient use of the
biochar technology in enhancing productivity and profitability in irrigated rice, extension officers
and farmers will need to be trained on how to char the rice husk to reduce emissions prior to
upscaling the technology to farmers.

Keywords: Biochar; nutrient use efficiency; SOC stock; soil fertility; Sub-Saharan Africa

1. Introduction

Low soil organic carbon and water constraints are two major limitations to crop productivity in
the tropics. For irrigated rice systems, though the problem of water constraint is non-existent, farmers
still need to apply adequate quantities of fertilizers in order to obtain appreciable yields. However,
because the cost of fertilizers is high, [1,2] application rates are low. Data by [3] show that on the
average, fertilizer (NPK) application in Sub-Saharan Africa is about 10 kg-ha!, which is far below the
rate applied in many developed countries. The challenge of low application is aggravated by the low
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uptake of applied nutrients, culminating in low nutrient use efficiency [4]. This phenomenon is
attributed to low soil organic carbon storage [5]. Thus, the remedy for low soil productivity in the
tropics is through integrated soil fertility management [4,6,7]. The application of organic matter to
soils helps to improve overall soil fertility and, hence, productivity [8], via improved soil structure as
well as water and nutrient holding capacity [9], leading to increased crop yields.

Attempts at improving upon the physical properties of the soils by incorporating organic matter
have not been successful because of inadequate quantities of organic materials required.
Additionally, the prevailing high temperatures in the tropics promote fast decomposition and hence
the effect of organic matter addition is short lived. Any material that could be added to the soil to
improve the physical properties must be readily available in the locality and persist in the soil for a
long time [10]. Under flooded rice conditions, addition of easily decomposable organic materials may
pose environmental risk since the materials would decompose to release primarily the greenhouse
gas methane [11,12]. Therefore, the direct application of fresh organic residues to augment the
productivity of wetland rice systems may not be advisable.

Biochar is a porous carbonaceous solid produced by thermo-chemical conversion of organic
materials in an oxygen depleted environment [13,14]. Traditionally, biochar production involves the
use of wood, thus, resulting in the destruction of tree plantations and/or native forests [15]. Thus, its
production is expensive and comes at a cost to the environment and hence to the society [15]. Rice
husks abounds in rice growing areas of Ghana, but they are rarely used as organic matter because of
their high C:N ratio [16]. They are treated as waste materials and disposed of aerobically through
burning, causing environmental pollution. However, if these husks were anaerobically charred, they
could serve as a valuable soil conditioner to improve upon the productivity of the soils. In Asia and
some developed countries, rice husk and straw are pyrolyzed into biochar and added to the soil to
improve upon the physical and chemical properties [17,18].

Recent studies have shown that biochar has a high proportion of stable carbon [14] and some
nutrients such as Phosphorus [19]. The usefulness of biochar in enhancing soil productivity largely
for upland crops had been proved through research [14,20,21]. Research has proved that the addition
of biochar had a beneficial effect on highly weathered, infertile tropical soils because it improved the
cation exchange capacity, and improved soil organic carbon as well as plant nutrient supply [19,20].
This reduced soil acidity [22] and Al toxicity [23]. It also reduced nutrient leaching, which invariably
improved on fertilizer efficiency [24,25]. Studies in Ghana on acidic soils have shown that the addition
of 5 tha™ of rice straw biochar increased maize yields from 3.6 to 5.2 t-ha™ [22].

Other studies have reported on the potential of using biochar to manage greenhouse gas
emissions [26,27]. This notwithstanding, the results from studies conducted on the impact of rice husk
biochar on the productivity of paddy soils have varied. For instance, [14] reported both positive and
insignificant effects when rice husk biochar was applied in three different environments in Asia.
Others [28] in their study on the short-term effect of rice straw biochar indicated that no noticeable
effects were observed in grain and biomass yields. Differences in the impact of biochar have been
attributed to differences in biochar feedstock type and the environment [29], among others. In Sub-
Saharan Africa, studies on the use of biochar are very limited. Even on the global level, most biochar
studies have been restricted to acid soils [20]. Its use on neutral to alkaline soils remains very limited
[30]. Additionally, most biochar studies are conducted on upland crops with the few on rice [28],
conducted either under controlled environment [30] or acidic soils on upland condition [14,28]. In
this study, we use rice husk which is an agricultural waste, to produce biochar with a view of
sequestering carbon and sustainably recycling waste [31]. To our knowledge, this study is the first of
its kind, where biochar and N fertilizer are applied in lowland or irrigated rice cropping systems on
an alkaline soil in sub-Sahara Africa. To date, very limited studies in Sub-Saharan Africa have
examined the interactive effects of biochar and mineral fertilizers in improving soil organic carbon
storage, the productivity and profitability of irrigated rice. Additionally, to our knowledge, literature
on the economic feasibility of biochar use under rice production systems within the sub region are
scanty. Thus, our study hypothesized that: in the short term, combined use of biochar and inorganic
fertilizer in irrigated rice (Oryza sativa var KRC Baika) cropping systems will increase soil organic
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carbon storage, N recovery and agronomic efficiency of N use (above world average of 55% and 20
kg/kg) leading to improved economic returns compared to the sole use of inorganic fertilizer.

2. Materials and Methods

2.1. Experimental Site

The study was conducted at the University of Ghana, Soil and Irrigation Research Centre
(SIREC), Kpong in the Eastern Region of Ghana from 2012-2014. The site, which lies in the coastal
savannah agro-ecological zone of Ghana, (latitude 6°09' N and longitude 00°04’ E) at an altitude of 22
m above mean sea level has bi-modal rainfall pattern with mean annual rainfall of 1200 mm. There
are two sowing times: the sowing I from April to July and the sowing II from August to November.
The mean annual temperature is 27.2 °C. The minimum and maximum annual temperatures are 22.1
°C and 33.3 °C respectively. The land is gentle sloping with a gradient between 1% and 5%. The
vegetation is savanna grassland with scattered coppice shrubs and trees. The soil is clayey and is
classified as a Typic Calcicustert [32], a Vertisol, deriving from garnetic—Ferrous hornblende gneiss
parent material.

2.2. Biochar Production and Characterization

Rice husk is a major waste product from the rice production activity at SIREC. At the end of each
cropping cycle, about 40 tons of rice husk is disposed of by burning at SIREC. For the current study,
we used rice husk as a feedstock to produce biochar with a Japanese retort kiln [33] at a pyrolysis
temperature range of between 336 and 394 °C (average 360 °C). An infrared thermometer with laser
marker (Digi-Sense Infrared thermometer, Model 20250-05, Melrose, MA, USA) was used to measure
the temperature at 10 min intervals from 5 different directions during the pyrolysis (65 min). A small
fire was lit inside a perforated conical barrel with a chimney and allowed to burn for about 15 min
and about 130 kg rice husk was heaped around the perforated barrel. This allows the use of the
thermal energy from combustion gases to sustain the pyrolysis process. The pyrolysis advanced from
the barrel to the heap. The husk is turned every 10 min until all husks are evenly charred. The charring
resulted in 61% weight loss (biochar yield of 39%). The charred husk (biochar) was spread out and
water sprayed and allowed to be sun dried. Further details on the kiln can be found in [14]. The
biochar was ground and sieved with a 0.5 mm size sieve and was characterized. The pH of the biochar
in water was measured in 1:10 w/v biochar—water extracts. Its organic carbon content was determined
according to the wet combustion method according to the procedure of [34] after carbonates were
destroyed through addition of HCl. Total carbon and nitrogen content were determined by dry
combustion method using a NC analyzer (Model Sumigraph NC—22 Analyzer, Tokyo, Japan).
Available phosphorus content of the biochar was determined according to the procedure of [35]. The
cation exchange capacity (CEC) and exchangeable bases (Ca, Mg, K and Na) were determined by
extraction with 1 M ammonium acetate (NH4OAc, pH 7). The Perkin Elmer Analyst 800 Atomic
Absorption Spectrometer was used to determine Ca and Mg from the extract while flame photometer
(Jenway Model PFP7; Essex, England, UK) was used to determine Na and K. The rice husk was also
ground (Fritsch mill Pulverisette 15, Idar-Oberstein, Germany) and analyzed for the same parameters
stated above. To determine bulk density, an amount of the air-dried biochar sample was carefully
packed amidst intermittent tapping on the laboratory bench (to ensure good packing) into a
measuring cylinder to a predetermined volume. The quantity of sample packed was then transferred
into a moisture can and put in an oven to dry at 105 °C for 48 h after which its mass was recorded.
The bulk density of the biochar was then calculated by dividing the dry weight by volume.

2.3. Experimental Design and Treatments

The field studies were conducted over a two—year period from (2012-2014). The first cropping
cycle was from July to November 2012, the second cropping cycle span from December 2012 to
March/April 2013, the third cropping cycle from July to November 2013, and the fourth cropping
cycle was from December 2013-March/April 2014. Thus, there were 4 cropping cycles in all. A split
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plot design was used in each cropping cycle with biochar rates (0 and 10 t-ha™ applied only at the
beginning of the first cropping) as main plot treatments. Different levels of nitrogen (0, 45, 90 and 120
kg-N-ha™') were applied in each cropping cycle as subplot treatments. The rate of biochar used was
based on an earlier preliminary study to determine the appropriate quantity to apply (Figure S1).

Biochar rate at 10 t-ha™ produced yields significantly higher than the yields at 0 and 5 t-ha™ rate
but similar to those obtained under 15 and 20 t-ha (Figure S1). The biochar was spread and
incorporated into a depth of 10 cm of the topsoil. The subplots were replicated three times and
completely randomized in each main plot. Each subplot measured 3.5 m x 4.5 m (15.75 m?) with 1 m
border space between plots. Each of the plots was banded to limit movement of water and nutrients
between plots. After the biochar application, the plots were allowed to stabilize for a week after which
they were flooded a day prior to rice transplanting. Rice (cv KRC Baika) was transplanted at a spacing
of 20 cm x 20 cm with four seedlings and later thinned to two per stand at 10 days after transplanting.
Two weeks after transplanting, half of the N rate were applied as N P K with P and K being their
oxide forms (P:05 and KO, respectively) to each of the N treatments. The remaining of the
aforementioned N rates were applied as urea top up at 5 weeks after transplanting on the respective
plots. Data was collected on daily temperature (minimum and maximum) from the SIREC automatic
recording weather station located about 800 m from the experiments over the four cropping cycles.
During the 3rd and 4th cropping cycles, we gathered data on the number of days 50% of the crops
under each treatment took from emergence to flowering and to attain physiological maturity.

2.4. Plant and Soil Sampling and Analysis

Data on plant development (duration from transplanting to flowering and maturity), root
volume, final grain yield and biomass were collected during 1st and 2nd cropping cycles. At
flowering, plants were sampled on an area of 0.56 m2. The plants were separated into shoots and
roots, for the determination of root volume. The root volume was determined by using the water
displacement method after carefully washing away the soil. At maturity, an area of 1.6 m x 1.6 m in
the middle of each plot was harvested and the above ground biomass was separated into the grains
and straw. Plant material (straw and grain) were dried at = 70 °C to a constant weight and milled
(Fritsch mill Pulverisette 15). Tissue N, P and K concentrations in the rice straw and grain were
determined. Plant samples were digested in H2SOs and subsequently steam-distilled into boric acid
to determine N concentration according to a Kjeldahl-method [36] using a distillation unit (VELP
Scientifica, Inc, UDK 129, New York, USA). Murphy and Riley [37] method was used to determine P
from the extracts and K determined using Flame photometer (Jenway Model: PFP7). The nutrient
uptake was calculated by multiplying the nutrient concentration with dry matter weight.

Soil samples were collected at three depths (0-15, 15-30, 3045 cm) prior to the first cropping
cycle and at the topsoil (0-15 cm) from each plot at the end of the 4th cropping cycle. The soils were
air dried, ground and sieved (2 mm mesh size) for analysis. The pH, soil organic carbon (SOC), total
N, available P, total P, CEC and exchangeable bases (Na, Ca, Mg and K) were determined as described
in Section 2.2. Particle size distribution was determined using Bouyoucos Hydrometer method as
modified by Day [38]. For the bulk density, undisturbed soils were collected using a core sampler
with known volume. The soils were then oven dried at 105 °C for 48 h. The bulk density was then
determined by dividing the mass of soil by the volume.

The soil carbon stocks (SOCs; kg-ha™') were estimated for the top 15 cm for initial soil and the
soil at the end of the 4th cropping cycle using the equation:

SOCst= A x BD xZ x SOC (1)
where A is the land area (1 ha =10* m?), Z is the soil depth (m), and BD is the soil bulk density (Mg/m?).

2.5. Nitrogen Use Efficiency

Agronomic Efficiency of N (AEN) was estimated as:

GYN— GYy

AEN (kg grain kg' N) = . 2)
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where Fv is fertilizer rate, while GYn and GYoare grain yield under fertilized condition and grain
yield under control plots. The Apparent Recovery Efficiency of Nitrogen (ARE) was estimated as:

Nyg—No

ARE (%) = (<=%) x 100 3)

Fn

Nris total N uptake in above ground biomass under fertilized condition, Nois N uptake under
controlled condition and Fx is quantity of N applied.

2.6. Economic Analysis

The economic analysis of the different treatments was assessed, based on gross margin (GM)
and value cost ratio (VCR). Gross margin was defined as GM (US$ ha') = (Grain yield X Selling price)
- Variable cost. Gross returns were defined as GR (US$ ha') = (Grain yield x Selling price) — (Variable
+ Fixed cost). The variable costs constitute cost items that result in variable yield output while the
remaining cost items were treated as fixed cost (over the short term). The selling price of rice over the
period were obtained from the records of Ministry of Food and Agriculture (MoFA) [39] while the
variable cost (fertilizers, biochar cost and labor cost in applying fertilizer and biochar) and the fixed
costs items; labor (for transplanting, herbicide, irrigation, scaring and drying) cost of renting land,
ploughing, harvesting, seed, herbicides were obtained from the study site by the authors (Table 1).
The value cost ratio (VCR) was calculated as:

_ (Grainyieldcontroi—Grain yieldtreatment) X PTice of grain
VCR = Cost of applied treatment (4)
Given that there is currently no market for biochar, the total cost of labor in conveying the
feedstock and preparing it and cost of renting the retort kiln used in preparing the biochar were used
as biochar cost.

Table 1. Production costs for irrigated rice using rice-husk biochar and fertilizer (2012-2014) in
Kpong, Ghana.

Items Per Cycle (US$)
Labor cost
Biochar preparation (tonne™) 17
Herbicide application (ha™) 42
Transplanting (ha™) 83
Irrigation (ha) 83
Fertilizer application (ha™) 21
Biochar application (ha™) 21
Scaring birds (ha™) 83
Drying & bagging (ha™) 42
Input cost
Cost of water for irrigation (ha™) 83
Cost of herbicides
2 L of 2-4-D (ha™) 8
4 litters of Bounty (ha™) 42
Fertilizer Cost
NPK 15:15:15 (kg™) 0.37
Urea (kg™) 0.31
Rice seed (ha™) 37
Other cost
Ploughing (ha™) 125
Cost of mechanized harvesting
117
(ha)
Land rental (ha™) 62
Selling price of rice (US$ tonne) 430

Average exchange rate during the study period was 1US$ = GHS 2.402 [40].
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2.7. Statistical Analysis

Data was checked for normal distribution and homogeneity of variance, using Anderson-
Darling and Levene’s tests respectively. AEN and ARE were log transformed to conform to normal
distribution prior to further statistical analysis. Analysis of variance was carried out on the entire
data set (straw yield, grain yield, percentage grain filled, nutrient uptake, AEN, ARE, GM and VCR)
over the 4 cropping cycles using mixed model repeated measures analysis of variance. Data on root
volume at flowering stage was for 2 cropping cycles. The fixed effects used were cropping cycle (as
a repeated variable), biochar and nitrogen fertilizer and cropping cycle by treatments interactions
while replicates were included as a random effect. Subsequently, due to the significant effect of the
cropping cycle and its interaction with the treatments, an ANOVA was conducted for each cropping
cycle to enable ease of interpretation. Tukey’s test was used for mean separation at p < 0.05. To
determine the effect of the biochar amendment on soil properties, a two-way ANOVA was conducted
on the soil data (initial and final soil parameters). To determine the relationship between AEN or
ARE and SOC and grain N uptake, a simple linear regression analysis was conducted. Analysis was
conducted using Genstat 12.1 edition Statistical Software, VSN International, England, UK.

3. Results

3.1. Temperatures during Cropping Cycles

The weather patterns varied with sowing time. In particular, the temperatures were lower
during the 1st and 3rd cropping cycles than the 2nd and 4th cropping cycles (Figure 1). For example,
the minimum temperatures over the first cropping cycle ranged from 21.8 °C in August to 24.3 °C in
November while maximum temperatures ranged from 29.9 °C to 33.4 °C. During the 2nd cropping
cycle, the minimum temperature was between 24 °C in January and 25 °C in March whereas
maximum temperatures ranged from 33.3 °C in December to 35.9 °C in March. The trend of minimum
and maximum temperatures in the 2nd and 4th cropping cycles were similar to those of the 1st and
3rd cropping cycles respectively. Thus, temperatures were generally higher in the 2nd and 4th
cropping cycles than those in the 1st and 3rd cropping cycles.
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Figure 1. Dynamics of minimum and maximum temperatures over the cropping period (2012-2014)
at Kpong, Ghana. The 1st and 3rd cropping cycles were from July to November while the 2nd and 4th
cropping cycles spanned the period December to April.
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3.2. Biochar and Soil Properties

3.2.1. Biochar Properties

The chemical and physical properties of the raw rice husk and biochar used for the experiment
are as shown in Table 2. The rice husk biochar had a bulk density almost twice as much as the raw
feedstock. The organic carbon and nitrogen contents of the biochar were low. The exchangeable bases
content, however, generally increased upon charring the rice husk feedstock.

Table 2. Physico-Chemical Properties of the rice husk biochar.

Parameter Rice Husk Rice Husk Biochar
Bulk density (g-cm™) 0.13 0.22
pH (H20) 5.90 6.60
Total C (g'kg™) 340 384
Total N (g-kg™) 7.1 0.80
K (cmolekg™) 0.38 0.53
Na (cmolc-kg™) 0.90 1.17
Available P (mg-kg™) np 1620
Exchangeable Ca (cmolckg™) 0.32 0.61
Exchangeable Mg (cmolckg™) 0.22 0.36
CEC (cmolekg™) np 20.30

CEC = Cation exchange capacity; Total C = Total carbon; np = not present.

3.2.2. Soil Properties

The chemical and physical properties of the soil used for the experiment are as shown in Table
3. The soil had a high clay content of 580 g-kg™ within the top 15 cm depth which increased by 7% at
a depth of 45 cm. The sand content decreased from 298 g-kg! at the 15 cm depth by 17% at a depth
of 45 cm. The bulk density of the soil at 45 cm depth was 20% higher than that in the plough layer (15
cm). The soil was generally near neutral in reaction with pH in H2O being close to 7.0 at both soil
depths.

The organic carbon content of the soil was characteristically low and decreased in depth with
the value at 45 cm depth being about 33% lower than that in the plough layer at 15 cm. Total P and
available P contents were also low. The total N and P concentrations averaged 0.5 g-kg™ and 230
mg-kg1, respectively within 45 cm depth with average available P levels of approximately 4.1 mg-kg-
1. The exchangeable calcium and magnesium contents of the soils were very high, which is
characteristic of most Vertisols. The Ca and Mg contents within the 45 cm depth, accounted for
between 46% and 56% and between 27 and 32%, respectively of the soil’s CEC. The cation exchange
capacity of the soil was very high, and values increased with depth.

Table 3. Physico-chemical Properties of the soil used for the experiment.

Soil . Particle Size Distribution
Depth Bulk Density Sand Silt Clay pH oc ™
(cm) (g-cm3) (g'kg™) (H20) (g-kg™

0-15 1.37 (0.03) 298 (27) 122 (37) 580 (36) 6.90 (0.30) 6.7 (0.7) 0.6 (0.1)
15-30 1.45 (0.04) 284 (33) 96 (38) 621 (54) 7.10 (0.20) 5.3 (0.4) 0.5 (0.1)
30-45 1.64 (0.03) 251 (27) 129 (31) 620 (33) 7.10 (0.20) 4.5 (0.4) 0.5(0.1)

Exchangeable bases
TP Av.P K Na Ca Mg CEC
(mg-kg) (cmol-kg™)

0-15 241.0 (18) 543 (0.56) 0.51(0.14) 0.90(0.19)  21.06 (2.92) 10.13 (1.80) 37.22 (4.74)
15-30 241.0 (14) 4.25(0.30) 0.59(0.18) 0.94(0.24) 17.70 (2.35) 12.27 (2.86) 36.81 (4.43)
30- 45 207 (11) 3.48 (0.34) 0.30(0.12) 0.73(0.14)  17.20 (3.54) 10.67 (2.83) 31.68 (3.74)

OC = organic carbon; TN = total nitrogen; TP = total phosphorus; Av P = available phosphorus; CEC
= Cation Exchange Capacity; figures in brackets are standard deviations of the means.
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3.3. Crop Growth

3.3.1. Crop Development

Treatments that received no fertilizer nor biochar application delayed flowering by three days
compared to the fertilized plots (Figure 2). Also, the non—fertilized treatments matured on the average
five days earlier than the fertilized plots. Biochar application did not affect the phenology of irrigated
rice hence, only data on N effect is presented in Figure 2. Rice plants flowered at 77 days after
transplanting (DAT) and matured on the 117 DAT in the 3rd cropping cycle (July to November),
while in 4th cropping cycle (December to March), the average number of days to flowering and to
maturity were 74 and 110 DAT, respectively.

140

Flowering Maturity

mmmm Cropping cycle 3

- —— —

100 4 &= Cropping cycle 4 4
80 1

60 1 1

20 A 1

Days After Transplanting (DAT)

0 - . . . . . . . .
0 45 90 120 0 45 90 120

N rate (kg N ha™)

Figure 2. Effects of N fertilizer and sowing time on the number of days rice plants took to flower and
mature in the 2013-2014 cropping cycle at Kpong, Ghana. DAT: Days after Transplanting. The 3rd
cropping cycle was from July to November while the 4th cropping cycles spanned the period
December to April.

3.3.2. Root Volume

Root growth of rice at flowering was significantly (p < 0.05) influenced by interaction among
cropping cycle x biochar x nitrogen (Table 4). At the level of cropping cycle, biochar and Nitrogen
fertilizer interaction positively (p < 0.05) influenced root growth. In general, the root volumes from
the biochar amended plots in the 2nd cropping cycle were higher than those obtained during the 1st
cropping cycle (Table 5).
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Table 4. Summary of the mixed-model repeated measures analysis of variance on all variables (yield,
nutrient uptake, nutrient use and economic indicators) over the four cropping cycles.

Sources of Variation (p Values)

Variables Cropping Cycle Biochar Nitrogen (N) Cx B CxN BxN CxBxN
() (B)

Root volume (cm?) <0.001 <0.001 <0.001 <0.001 0.006 <0.001 <0.001
Grain yield (tha™) <0.001 <0.001 <0.001 0.029 <0.001 0.004 0.401
Straw yield (t-ha™) <0.001 <0.001 <0.001 <0.001  <0.001 0.003 <0.001
Grain filling (%) <0.001 0.988 <0.001 0.021 <0.001 0.034 0.343
Grain N (kg-ha™) <0.001 <0.001 <0.001 <0.001 0.004 <0.001 0.001
Grain P (kg-ha™) <0.001 <0.001 <0.001 0.001 <0.001 <0.001 0.484
Grain K (kg-ha™) <0.001 <0.001 <0.001 0.099 0.012 <0.001 0.724
Straw N (kg-ha™) <0.001 <0.001 <0.001 0.037 0.005 0.030 0.010
Straw P (kg-ha™) <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Straw K (kg-ha™) <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001
AEN (kg-grainkg1-N) 0.001 0.022 <0.001 0.307 0.939 0.828 0.996
ARE (kg-grain-kg'-N) 0.002 <0.001 <0.001 0.181 1.000 0.933 0.977
GM (USD-ha) <0.001 <0.001 <0.001 0.040 0.001 0.011 0.644
GR (USD-ha) <0.001 <0.001 <0.001 0.040 0.001 0.011 0.644
VCR <0.001 <0.001 <0.001 <0.001 0.003 0.032 <0.001

Table 5. Effect of soil amendment on root volume (cm?) at flowering stages of rice in the 1st and 2nd

cropping cycles.
Biochar (tha') N Rate (kg-ha') Cycle1 (Vol (cm?) Cycle 2 (Vol (cm?3))
0 23.00e 20.87d
45 31.67d 37.67¢
0 90 35.33c 39.33c
120 38.67b 50.00b
0 22.67e 36.00c
10 45 32.30cd 37.67¢
90 41.33b 51.67b
120 48.00a 60.33a
p value (5%)
Biochar (B) <0.001 <0.001
N rates (N) <0.001 <0.001
B xN <0.001 0.002

Means having letter in common under each year are not significantly different (p < 0.05). Vol is root volume.

3.4. Straw and Grain Yield

The results indicate significant interactive effect among cropping cycle x biochar x nitrogen on
the yield of rice straw (Table 4). At the level of cropping cycle, Biochar x nitrogen interactions
influenced (p < 0.05) straw yields in the 1st to 3rd copping cycles (Table 6). In the 4th cropping cycle,
straw yield was influenced by nitrogen fertilizer only. Generally, changes in straw yield due to the
interaction between biochar and N ranged between -9 to 38%. The average straw yield increased
across the nitrogen rates ranging between 4 and 13% with 2nd and 4th cropping cycles recording
lower yield increases compared to those obtained in the 1st and 3rd cycles.

Grain yield was significantly influenced by the interactions between cropping cycle x biochar,
cropping cycle x nitrogen and biochar x nitrogen (Table 4). As with straw yields, grain yields
generally varied among cropping cycles with the 2nd and 4th cropping cycles being lower than those
obtained in the 1st and 3rd cropping cycles. The average yield gains across treatments in response to
nitrogen and biochar amendments compared to their respective controls were 102, 70, 104 and 67%,
respectively higher for the 1st, 2nd, 3rd and 4th cropping cycles. Grain yield was also significantly
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influenced by nitrogen and biochar applications (Table 6) across cropping cycles. In the 1st cropping
cycle, under sole nitrogen fertilization, grain yield increased between 43 and 81% compared to the
control (when no fertilizer was used). When biochar was used, grain yields increased between 71 and
134% compared to the control in the 1st cropping cycle (Table 6). Applying biochar resulted in yield
increases of between 16 and 29% (average 20%) across the various N rates. Similar trends in yield
increases in biochar treated plots were observed in the other 3 cropping cycles with average yield
increases (across N rates) ranging between 14 and 17%. Interaction between nitrogen fertilizer and
biochar was only significant in the first cropping cycle.

3.5. Proportion of Grain Filled

The proportion of filled grains was influenced (p < 0.05) by the interaction between cropping
cycle x biochar, cropping cycle x nitrogen and biochar x nitrogen fertilizer. Considering the data at
the level of cropping cycle, the proportion of filled grains varied among the cycles with average filled
grains being 86, 78, 85 and 76% for the 1st to 4th cropping cycles, respectively. Nitrogen fertilizer
significantly influenced the proportion of filled grains in the 1st, 2nd and 4th cropping cycles. The
proportion of filled grains declined with increased fertilizer application in each cropping cycle (Table
6). The interaction between biochar and N fertilizer on filled grains was only significant in the 3rd
cropping cycle. The proportion of filled grains were lower in the 2nd and 4th cropping cycles by an
average of 10% compared to those obtained in the 1st and 3rd cropping cycles.

3.6. Nutrient Uptake in Straw and Grain

The interactions among cropping cycle x biochar x N fertilizer influenced (p < 0.05) uptake of all
nutrients in straw except for the case of K (Table 4). At the level of the cropping cycle, except for the
2nd cropping cycle, the interaction between biochar x nitrogen influenced the uptake of all three
nutrients. In all, rice straws under biochar-amended plots recorded higher (p < 0.05) nutrient uptake
than those in the un-amended soils (Figure 3) in each of the cropping cycles. Nitrogen uptake in the
straw was 38% more under biochar-amended plots compared to the sole fertilizer plots over the four
cropping cycles. Similar trends were observed for P and K with average increases in uptake of 23 and
17% respectively. However, the magnitude of increases in P and K uptake in the straw was lower
than that obtained for N. Additionally, uptake of nutrients during 1st and 3rd cropping cycles were
generally higher than those in the 2nd and 4th cropping cycles.

The uptake of N in grain was influenced by the interactions among cropping cycle x biochar x
nitrogen fertilizer. The interactions between cropping cycles x nitrogen fertilizer and biochar x
nitrogen fertilizer influenced (p < 0.05) the uptake of N, P and K in grain. Additionally, the interaction
between cropping cycle x biochar influenced (p < 0.05) the uptake of N and P. At the cropping cycle
level, the interaction between biochar x N fertilizer influenced (p < 0.05) nutrient uptake in all
cropping cycles except for the uptake of K and N in the 4th cropping cycle. Figure 4 illustrates the
nutrient uptake in response to biochar and nitrogen fertilization per each cropping cycle. The average
uptake of N, P and K in grains were higher under the biochar amendment by 39, 52 and 19%,
respectively compared to those obtained under sole fertilizer application. The trend in nutrients
uptake in grain were generally similar to those observed with nutrients uptake in straw. Except for
K, uptake of nutrients was higher in the grains than in the straw. The uptake of nutrients in grain
generally increased with increasing rates of N fertilizer.

3.7. Agronomic Efficiency of Nitrogen and Apparent Recovery Efficiency of Nitrogen Applied

The efficiency of fertilizer applied was assessed by the agronomic efficiency of nitrogen (AEN)
fertilizer and the apparent recovery efficiency (ARE) of nitrogen fertilizer used. The AEN was
influenced (p < 0.05) by the single effects of cropping cycle, nitrogen fertilizer, and biochar (Table 4).
At the level of individual cropping cycle, biochar and nitrogen influenced AEN positively (Table 7).
There was a general trend of AENs decreasing with increasing N fertilizer applied except for the 4th
cropping cycle. Increasing nitrogen use from 45 to 90 kg-N-ha™ resulted in AEA decline of between
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17 and 29% under sole nitrogen fertilizer and between 28 and 42% under biochar amendment across
cropping cycles. AENs on biochar amended plots were between 37 to 60% higher than those obtained
under sole fertilizer application. The magnitude of AENs were generally higher in the 1st and 4th
cropping cycles. Except for the 4th cropping cycle, the highest (p < 0.05) AEN in each cropping cycle
was obtained under biochar amendment that received 45 kg-N-ha'. AEN was influenced by SOC
content of the soil and grain N uptake (Table S1).
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Figure 3. Effect of biochar (10 tha™) and nitrogen fertilizer (kg-ha™) on the nutrient uptake in rice
straw under irrigated conditions over 4 cropping cycles at Kpong Ghana. Error bars are standard
deviations of the means. The 1st and 3rd cropping cycles were from July to November while the 2nd
and 4th cropping cycles spanned the period December to April.
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Figure 4. Effect of biochar (10 t-ha™) and nitrogen fertilizer (kg-ha™) on the nutrient uptake in rice
grain under irrigated conditions over 4 cropping cycles, at Kpong, Ghana. Error bars are standard
deviations of the means. The 1st and 3rd cropping cycles were from July to November while the 2nd
and 4th cropping cycles spanned the period December to April.
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Table 6. Effect of soil amendment on grain and straw yield and proportion of grain filled of rice.
Biochar (tha") N Rate (kg-ha-) Grain Yield (t-ha™?) Straw Yield (t-ha™) Grain Filling (%)
Cyclel Cycle2 Cycle3 Cycle4 Cyclel Cycle2 Cycle3 Cycle4 Cyclel Cycle2 Cycle3 Cycle4
0 2.58f 2.33g 2.83f 2.42¢g 3.81f 3.40d 3.92d 3.91d 88.60a 79.17ab  86.93ab 77.43ab
0 45 3.68d 3.33e 3.93d 3.22¢f 4.78e 3.68d 4.65¢ 4.92¢ 87.80ab  78.23bc  87.13a 76.90abc
90 4.49c 3.89d 4.83bc 3.84cd 6.44c 5.74b 5.25b 5.68ab  85.10cd  78.23bc  84.80d 75.33cd
120 4.67c 4.23bc 5.05b 4.26bc 7.42b 6.60a 6.24a 5.94a 84.20d 75.67d 83.68e 75.67cd
0 2.99e 2.84f 3.29 2.72fg 3.70f 3.72d 4.20d 4.31d 89.27a 79.77a  86.17bc 78.37a
10 45 4.40c 3.94cd 4.51c 3.67de 5.43d 5.07¢ 5.46b 524bc  86.80bc  78.47ab  85.63cd  76.47bcd
90 5.24b 4.37b 5.47a 4.40ab 7.77b 5.23bc 6.37a 5.48b 85.87cd  78.13bc  85.00d  76.47bcd
120 6.03a 4.85a 5.82a 4.85a 8.60a 6.56a 6.51a 6.07a 84.13d 76.97c 82.47f 74.87d
p value (5%)
Biochar (B) <0.001 <0.001 <0.001 0.002 <0.001 0.062 <0.001 0.136 0.811 0.106 0.001 0.560
N rates (N) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
BxN 0.001 0.814 0.705 <0.827 <0.001 0.002 0.009 0.220 0.384 0.409 0.052 0.172

Means having letter in common under each year are not significantly different (p < 0.05).
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The sole effects of cropping cycle, biochar and nitrogen influenced apparent recovery efficiency
of nitrogen (ARE) (Table 4). At the level of the individual cropping cycle, the sole effects of biochar
influenced (p < 0.05) ARE except for the 4th cropping cycle. Biochar amendment resulted in increased
average ARE per cycle ranging between 19 and 31% compared to the use of sole nitrogen fertilizer.
Generally, ARE decreased with increasing N rates irrespective of biochar amendment (Table 7). ARE
were lower in the 2nd and 4th cropping cycles compared with those from the 1st and 3rd cropping
cycles. ARE also declined across cropping cycles as the N rate increased from 45 kg-ha' to 120 kg-ha™
by between 15 to 24% while those obtained under biochar amendment were between 3 to 21%. The
ARE was significantly influenced by N uptake in the grain (Table S1).

Table 7. Effect of biochar amendment and Nitrogen fertilization on agronomic efficiency (AEN) and
Apparent Recovery Efficiency of Nitrogen (ARE) of rice for 4 consecutive cropping cycles.

Biochar N Rate AEN (kg grain kg:N) ARE (%)
(tha) (kg-ha?) Cyclel Cycle2 Cycle3 Cyce4 Cyclel Cycle2 Cycle3  Cycle4
45 24c¢ 22b 25¢ 18b 54ab 48b 57be 53ab
0 90 21d 17¢ 22cd 16b 47bc 43bc 51cd 50b
120 17e 16¢ 19d 15b 41c 38¢ 47d 45b
45 40a 36a 37a 33a 64a 57a 70a 58a
10 90 30b 23b 29b 19b 62a 50ab 62ab 48b
120 29b 21b 25¢ 20b 58ab 46bc 60bc 46b
p value
(5%)
Bl‘zg)‘ar <0.001 <0.001 <0.001 <0.001  <0.001 0.004 <0.001 0.405
N(r;;es <0.001 <0.001 <0.001 <0.001 0.05 0.008 0.018 0.009
BxN 0.002 0.003 0.041 0.01 0.649 0.934 0.954 0.461

Means having letter in common under each year are not significantly different (p < 0.05).

3.8. Soil-Biochar Interactions

Table 8 shows the residual soil chemical analysis (topsoil) after four rice cropping cycles. The
soil chemical properties increased significantly by 22, 42 and 11% for soil organic carbon, available P
and CEC, respectively (Table 8). The afore-mentioned indices of fertility were even more enhanced
upon N fertilization at 120 kg-N-ha-1. The impact of biochar amendment on bulk density and SOC
stock are shown in Figure S2. Application of biochar resulted in the reduction of bulk density of
topsoil (0-15 cm) from 1.37 g-cm™ to 1.33 g-cm™ in the topsoil. Application of biochar also resulted in
a 17% increase in SOC stock from 13,864 to 16,183 kg-ha™ under no nitrogen fertilization. Under 120
kg-N-ha fertilization under biochar amendment, SOC stock increased to 18,278 kg-ha™ representing
an increase of 32% compared to the initial value.

3.9. Economic Performance Indicators

The gross margin (GM) was influenced (p < 0.05) by the interaction between cropping cycle x
biochar, cropping cycle x nitrogen and cropping cycle x biochar x nitrogen (Table 4). At the level of
the individual cropping cycle, interaction between biochar x nitrogen influenced GM only in the 1st
cropping cycle. The sole effects of biochar and nitrogen influenced (p < 0.05) GM in the remaining
cropping cycles. Average increase in GM due to biochar amendments over the cropping cycles range
between 132 and 351 US$ha across N rates. Nitrogen fertilization also significantly increased GM
under both conventional and biochar amended plots with GM being generally higher under biochar
amended plots (Figure 5). Increase in GM under biochar amendment over the control ranged between
516 and 1036 US$ha™ compared to those obtained under sole fertilizer application which ranged
between 324 and 718 US$ha across the four cropping cycles. As with grain yield, GM in the 2nd and
4th cropping cycles were generally lower than those in the 1st and 3rd cropping cycles. Similarly,
biochar amended plots generally obtained higher gross returns (GR) than those under sole fertilizer
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amendment (Table S2). The trends in GM due to biochar and nitrogen fertilizer application were
similar for GR across cropping cycles.

Unlike GM and GR, VCR generally decreased with increasing N application (Figure 6). The
value cost ratio (VCR) was influenced by the interaction among cropping cycle x biochar x nitrogen
fertilizer as per the mixed-model repeated measures. At the level of cropping cycle, biochar x nitrogen
interaction influenced VCR in the 1st cropping cycle.

Cropping cycle 1, 2012 Cropping cycle 2, 2013
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Figure 5. Gross margins (GM) of biochar (10 t-ha™') and nitrogen fertilizer (kg-ha™) used in irrigated
rice over 4 cropping cycles (2012-2014) at Kpong, Ghana. Error bars are standard deviations of the
means. The 1st and 3rd cropping cycles were from July to November while the 2nd and 4th cropping
cycles spanned the period December to April.

The trend in VCR varied across the cropping cycles. In the 1st cropping cycle, VCRs were lower
under biochar amended plots compared to plots where no biochar was applied. Except for when
biochar was applied in the 1st cropping cycle, VCR were generally higher in the 1st and 3rd cropping
cycles compared to those in the 2nd and 4th cropping cycles. The VCRs from biochar amended plots
in the 1st cropping cycle were between 19 to 43% less than those from the un-amended plots.
However, with the remaining cropping cycles, the VCR of biochar amended plots were between 6 to
83% higher than those obtained on un-amended plots.
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Table 8. Effect of rice husk biochar and inorganic fertilizer on soil (0-15 cm) chemical properties.

15 of 23

Biochar N Rate Avail. P (mg-kg™) CEC (cmol-kg™) SOC (g'kg™) TN (g-kg™) TP (mg-kg?) pH
(tha™) (kg-ha) Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
0 0 5.6b 37c 6.7b 0.51b 256¢ 6.6a
120 6.3b 38bc 7.1b 0.57ab 278¢ 6.6a
10 0 543 7.7a 37 41ab 67 8.2a 06 0.64a 241 300b 66 6.8a
120 8.1a 44a 9.3a 0.68a 339a 6.8a

p value (5%)

Biochar (B) <0.001 <0.001 <0.001 0.004 0.002 0.010
N rates (N) 0.163 0.049 <0.001 0.086 <0.001 0.551
BxN 0.958 0.144 0.201 0.679 0.185 0.631

Means having letters in common under each column are not significantly different (p <0.05). TP, Avail. P are total P and available P respectively.



Agronomy 2020, 10, 904 16 of 23

Cropping cycle 1, 2012 Cropping cycle 2, 2013
8 1 =2 45kgN ha ]
=390 kgN ha’
- =z 120 kgN ha
> 4 ]
0 T T
Cropping cycle 3, 2013 Croppmg cycle 4, 2014
8 | ]
—L
i L
> 4 ]
0
Conventional Biochar Conventional Biochar

Figure 6. Value Cost Ratio (VCR) of biochar (10 t-ha™) and nitrogen fertilizer (kg-ha™) used in irrigated
rice over 4 cropping cycles (2012-2014) at Kpong, Ghana. Error bars are standard deviations of the
means. The 1st and 3rd cropping cycles were from July to November while the 2nd and 4th cropping
cycles spanned the period December to April.

4. Discussion

4.1. Soil-Biochar Interactions

The interaction between biochar and the soil in several ways may have influenced the
subsequent growth and yield of the paddy rice. Increase in the organic carbon, coupled with the rise
in available P and an increase in CEC under biochar application improved the general soil
productivity. The CEC of the soil increased upon biochar amendment irrespective of N application
and this could be attributed to the relatively higher inherent CEC of the biochar. There was no change
in pH due to the fact that the inherent pH of the biochar was similar to that of the initial soil. The
increase in organic content due to the application of biochar probably contributed to an increase in
CEC, reported in this study. The total carbon content of the biochar and the corresponding high
available P and CEC may have, in part, played a role in increasing the fertility status of the biochar-
amended soil as has been explained elsewhere by [25] and [41]. Soil organic carbon storage is an
important function that determines the ability of a soil to retain nutrients and water resulting in
enhanced productivity [42]. In essence, soil management practices such as the use of biochar in
combination with fertilizer that lead to increased SOC storage as observed in this study has the
potential to contribute to crop yield increase and also climate regulation.

4.2. Biochar Crop Development and Root Volume

Generally, stress factors are known to affect the phenology of crops. In the current study,
flowering delayed while maturity was hastened under low N. In a study evaluating the performance
of drought tolerant rice varieties in low fertility environments in Thailand, [43] reported that the time
to flowering was reduced in most cultivars when manure was applied. In essence, adequate N
hastened flowering while N deficit delayed flowering. Phenology is also sensitive to differences in
ambient temperatures. Thus, higher temperatures in the 2nd and 4th cropping cycles resulted in a 5-
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day reduction in the phenology of rice plants by accelerating physiological processes to complete the
crop life cycle. A study by [44] reported shortening in the duration of grain filling in Basmati rice by
6 days, as a result of temperature rise above 32 °C. Shortening life cycle reduces the uptake of
resources such as nutrients, solar radiation and water thereby culminating in the plants not
performing at their genetic potential [45,46].

The increase in root volume of rice observed in this study is consistent with other studies such
as [47] who attributed prolific root growth of wheat on a Vertisol to biochar addition. The increased
root volume observed in this study can also be explained by the increased P availability associated
with biochar amendments. Enhanced P availability would lead to enhanced root proliferation and
thus higher root volume which will lead to better exploitation for nutrients in the soil. Reduced soil
bulk density associated with biochar [48] also probably contributed to increased root growth on the
soils amended with biochar. Thus, improving bulk density promoted root growth resulting in higher
root volumes under biochar amended plots thereby allowing for more nutrient uptake as evident in
nutrient uptake of the rice plants grown on soil amended with both biochar and the inorganic
fertilizer.

4.3. Straw and Grain Yield

The use of biochar resulted in increased straw (4 and 13%) yields across cropping cycles which
agrees with the report by [49] where a 14% increase in rice straw was observed on an Andosol in
Japan when 20 t-ha rice husk biochar was applied. The consistently higher response to nitrogen
when biochar was applied, suggests that the material is an effective soil amendment. The significant
interactions between biochar and N fertilizer implied synergistic effects between the two
amendments in influencing straw yield.

Although biochar contributed significantly to increased grain yield, its sole influence lags well
behind that for N fertilizer. This trend was reported by [21] when maize cob biochar was used on
maize cropping systems on an Alfisol in Nigeria. Biochar can therefore not substitute for N fertilizer
in the quest to improve crop yields as the nutrient in the amendment is low because it volatilizes
during charring. Nonetheless, it can be used to increase the efficiency of applied N fertilizer and
improve soil physicochemical properties as well as SOC storage. The magnitude of the impact of
biochar use on grain yield observed in the current study is corroborated by reports of other studies.
A study by [29] attributed grain yield increases of between 9 to 11% to the use of rice straw biochar
in cold waterlogged paddy in China. Another study by [50] also reported rice grain increase of
between 10 and 29% in a two—cycle cropping. This study also explained that the mechanism of grain
yield increase in rice on a calcareous clayey soil is due to the improved soil physicochemical
properties that resulted from influence of biochar application, increased SOC storage, increased root
volume for enhanced nutrient exploitation, better nutrient uptake and consequently increased
productivity as well as enhanced profitability.

Both straw and grain yields were lower for the second and fourth cropping cycle experiments
due to higher temperatures (particularly during the reproductive stage). The high temperature
(above 34 °C) during the flowering stage could have increased spikelet sterility with a consequential
decrease in yield [51]. Another study [52] also reported reduced rice grain weight due to temperature
stress. Thus, the higher temperatures observed in the 2nd and 4th cropping cycle experiments
probably contributed to the lower yields recorded during those cropping cycles. An earlier study in
Asia [53] had reported air temperature range of 33-35 °C as threshold beyond which most rice grain
filling period is shortened, resulting in loosely packed starch granules. Addressing grain yield losses
due to increased temperature, will require adjusting planting dates to ensure that the reproductive
stages do not coincide with the periods of high temperatures.

4.5. Nutrient Uptake and Use Efficiency

The general increase in the uptake of nutrients (N, P and K) observed on plots amended with
both biochar and the inorganic fertilizer in this study can be explained in part by the increased root
volume associated with biochar amendment, which allowed for more nutrient exploration and
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uptake. The higher N uptake on plots amended with biochar compared with their counterparts from
the sole fertilizer plots was similar to the trend in N uptake reported by [54]. Increased uptake in P
can in part be attributed to high available P content of biochar and its influence on increased root
growth. The higher uptake of P and K in the biochar amended soils could also be as a result of the
biochar serving as an additional source of the two macro nutrients as evident in the chemical
composition of the material.

The higher AEN under biochar amended plots observed in this study can be attributed to higher
SOC content of the soil and grain N uptake. This is consistent with a study by [55] who attributed
higher values to higher SOC content. In a review on improving N use efficiency for rice production
systems in Sub-Saharan Africa, [56] reported on AEN values ranging between 10 and 27 kg grains
per kilogram N for irrigated rice production systems in West Africa under good agronomic practices.
In essence, the AENs under the conventional practice (sole inorganic fertilizer) as observed in this
study falls within the values obtained in irrigated rice cropping systems in West Africa. The
combined use of biochar and inorganic fertilizer resulted in average AEN values above the world
average of 20 kg-grainkg? N [57]. A high AEN closely reflects better economic returns,
environmental efficiency and an effective agro-ecosystem management practice [58]. Thus, the use of
biochar in irrigated rice cropping systems as in ours can be described as an effective agro-ecosystem
management practice. The ARE values reported under the conventional practices compare well with
those reported for rice by [59,60] in their review of nutrient capture and recovery efficiencies in rice
cropping systems in SSA. The ARE values obtained under biochar use were well above world average
value [57]. As with AEN, ARE in this study was influenced by higher grain N uptake from biochar
amended plots. Increased recovery of nitrogen implies decreased loss which is desirable to maintain
environmental quality. Additionally, farmers will have an increase in economic returns which is a
prerequisite for adoption. The results of biochar impact studies are usually difficult to compare, as
response to yield varies depending on the type of crop, soil, the characteristics of feedstock used and
the charring temperature among others [14,29,49]. The result of the present study is the first of its
kind in Sub-Saharan Africa with irrigated or flooded rice systems on a calcareous soil.

Farmers are rational in their approach to adopting new technologies; thus, we assess the
economic benefit of the biochar to determine its economic feasibility in irrigated rice cropping
systems. We used the gross margin (GM), gross returns (GR) and value cost ratio (VCR) as economic
indicators in this study. Generally, soils amended with biochar gave higher GMs and GRs compared
to those from the conventional plots. Thus, the use of biochar in irrigated rice systems has the
potential to increase monetary returns on investment of farmers on inorganic fertilizer input across
the four cropping cycles. Given that rice husk is bountiful in rice growing areas and is usually burned
as a way of disposal, the results from this study provides reasons for processing the husk into biochar
for use to enhance inorganic fertilizer use efficiency and increase returns on fertilizer use in irrigated
rice systems. In spite of the higher production cost associated with applying biochar in the 1st
cropping cycle, the GM were still superior to those from the conventional practice.

Value cost ratio denotes the extra amount of yields gain per unit investment in biochar and/or
fertilizer [57]. Except for the 1st cropping cycle, the VCR for yields from biochar amended plots were
higher than those under conventional practice, an indication that the additional value brought on by
amending the soils with biochar will inure to the benefit of farmers. Even in the 1st cropping cycle
where the conventional practices performed better in terms of VCR, the values under biochar
amendment were well above the threshold of 2 required to ensure adoption of a technology [61,62].
The lower VCR of the biochar amended plots in the first season which increased in the subsequent
seasons attests to the fact that biochar as a soil amendment gets better with age [63]. It is also worth
noting that VCR is very sensitive to price fluctuations [61]. Thus, fluctuation in the selling price of
rice and input will affect the VCR. Even though VCR decreased with increased fertilizer use, the GM
and GR increased with increasing N input. As with other integrated soil fertility management
technologies, a factor that could limit farmers from adopting the biochar technology will be issues of
security of land tenure. Farmers are usually reluctant to invest in the fertility of farm lands with
unsecured tenure [64]. The 3 economic indicators used in the current study show that the use of
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biochar is economically feasible and hence can be extended to farmers for adoption. The promising
economic feasibility could also be attributed partly to the proximity of the feedstock to the study
location as haulage of the feedstock to prepare biochar has been cited as a major cost and in many
instances make the biochar expensive and hence uneconomical.

5. Conclusions

This study assessed the impact of combining rice husk biochar and inorganic fertilizer to
enhance SOC storage, nitrogen recovery and agronomic use efficiency and enhanced economic
returns in irrigated rice cropping systems in Ghana. In the short term, combining biochar and
inorganic fertilizer resulted in an increase in SOC storage, increased productivity, increased average
AEN and ARE above the world averages of 20 kg-grain-kg™! N and 55% respectively. Additionally,
economic returns (gross margin, gross returns and value cost ratio) were improved when biochar
was combined with inorganic fertilizer. High temperatures, however, reduced the productivity and
profitability of both sole fertilizer use and combined use of fertilizer and biochar. In essence, the
choice of planting time is critical to avoid the reproductive stage of the rice plant coinciding with
temperatures above 34 °C to ensure increased productivity. The use of biochar in irrigated rice has
the potential to be used as an adaptation and mitigation measures for climate change. The fact that
positive impacts of biochar application persisted after four cropping cycles following an initial one-
time application suggests that biochar indeed has a role to play in improving the efficiency of
fertilizers in wet tropical agricultural systems. A long-term study is required to ascertain how long
the biochar would persist in the soil and impact on the environment (polycyclic aromatic
hydrocarbons in soils and Greenhouse gas emission). To ensure efficient production and use of the
biochar technology to enhance productivity and profitability in irrigated rice, adequate training of
extension officers will be required prior to disseminating the technology to farmers.
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at Kpong, Ghana, Table S2: Production cost and gross return for the use of rice-husks biochar and fertilizer for
rice production in Kpong, Ghana.
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