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Abstract: Low agricultural output and a decline in plant-available nutrient content in soil pose
significant challenges to developing countries. To test the hypothesis that poultry litter and its
biochar improve soil quality, nutrient status, and plant growth, a greenhouse pot experiment with
sandy-loam soil was conducted. Selected application rates of poultry litter (0, 15, 30, 60, and
120 g/kg) and its biochar pyrolyzed at 350 ◦C and 600 ◦C were used. With the addition of organic
amendments, Jatropha plant height, leaf number, and stem diameter improved significantly, as did
soil fertility indicators (pH, organic matter content, cation exchange capacity, and plant-available
nutrients). When compared to the control, increased application rates ranging from 60 g/kg to
120 g/kg significantly improved soil properties and plant growth. PL (Poultry litter)- and BC350
(Biochar produced at 350 ◦C)-treated soil outperformed other organic amendments in terms of soil
quality, nutrient status, and plant growth. Soil pH, CEC, and OM were found to be positively
correlated with available plant nutrients, with PL-treated soils having higher levels of plant available
nutrients. Because the properties of the feedstocks complement each other, combined organic
amendments improved studied parameters, particularly PLBC600 (Poultry litter mixed with biochar
produced at 600 ◦C) compared to BC600 (Biochar produced at 600 ◦C). Increased application rates of
pure and combined feedstock effectively increased soil fertility and Jatropha growth; however, lower
temperature biochar is recommended for use as a soil organic amendment.

Keywords: biochar; nutrient availability; poultry litter; Jatropha curcas L.; soil fertility

1. Introduction

The decline in plant-available nutrient content in soil is one of the most serious chal-
lenges confronting developing countries, particularly those in Sub-Saharan Africa [1]. Crop
yield declines due to poor fertile soils have been linked to low agricultural production [2].
Furthermore, the growth of marginalized communities leads to environmental overexploita-
tion through intensive agricultural activities. Human agricultural activities eventually place
more strain on agricultural lands [3,4] causing loss of soil nutrients. Continuous soil nutri-
ent loss limits the agricultural sector’s contribution to the country’s economy [2]. Botswana
is a semi-arid region that faces the same problem of lower crop yields due to Arenosols
occupying the majority of the land.

Arenosols (sandy soils) typical of arid deserts cover the majority of the country,
accounting for roughly two-thirds of arable land area. The soils are classified as arid
climate soils with low Cation Exchange Capacity (CEC) and inherent fertility, specifically
nitrogen (N) and phosphorus (P) [5]. The Botswana government implemented the Inte-
grated Support Programme for the Arable Agriculture Development (ISPAAD) program in
2008 to assist farmers with chemical fertilizers; however, the problem of declining crop
yields in Botswana persists. From 2008 to 2019, the area planted (227,000 ha to 88,000 ha)
and harvested (126,000 ha to 23,000 ha) decreased [6]. Despite having the highest per capita
gross national income in 2019, Botswana has been identified vulnerable to food insecurity
due to the declining agricultural sector’s contribution to the economy [7]. Despite the
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challenges of soil nutrient depletion, agriculture is a critical sector of the country’s economy
because 70 percent of rural households still rely on it for a significant portion of their
income, so sustainable agriculture measures are critical [8].

Organic waste, particularly poultry litter, has grown in popularity as an alternative
organic fertilizer source for improving soil quality and crop yields [9–11]. Subsistence
farmers—who make up the vast majority of farmers in the agricultural system—have used
poultry litter [12]. It has enormous socioeconomic benefits due to its high nutrient content,
which is required for improving soil nutrient concentrations [13,14]. Besides improving
soil nutrient content, the use of organic waste greatly aids waste management [15,16].

In contrast to the benefits brought about by the expansion of the poultry industry,
the rapid increase of poultry waste on the land has become a significant environmen-
tal challenge because waste management strategies are insufficient [17–19]. It has been
determined that the excessively increasing amounts of solid waste exceed the collection
and disposal capacities of local governments [20]. Local farmers in Botswana primarily
use accumulated poultry litter as alternative fertilizers at unrecommended rates, so best
application guidelines must be recommended. To effectively use organic waste feedstock,
the best techniques for improving feedstock quality are required; thus, the study converted
poultry litter into biochar to improve feedstock quality.

Biochar is a pyrogenous organic material that is created through the pyrolysis of
various biomass (plant/animal) wastes [21]. Biochar’s primary advantage is that it is a
stable carbon that improves soil fertility, nutrient retention, and crop growth [19,22–24].
Furthermore, the carbon in biochar is sequestered in the soil for a much longer period of
time than the original feedstock, which is easily degradable [25,26]. In Botswana, there
is still a lack of understanding about biochar, its production and its use. Therefore, the
aim of this study was to evaluate the effects of poultry litter and its biochar on selected
soil physicochemical properties and Jatropha curcas L. morphological growth. The study
investigates how different application rates of poultry litter and its biochar affect soil
physical properties, fertility indicators, and available soil nutrient content. The study’s
hypothesis is that increasing the application rates of poultry litter and its biochar will
improve soil parameters and enhance Jatropha growth.

2. Materials and Methods
2.1. Collection of Samples

Sub-soil soil samples were collected from 0–20 cm depth in randomly selected and
cleared fallow sampling spots at least 4 meters apart on a horticultural farm. The farm
is located 20 km north-west of Gaborone, along the Gaborone–Molepolole road in Kwe-
neng district, between latitude (24◦54′43.14′′ S) and longitude (25◦81′33.34′′ S). Tswana
Pride poultry farm in Notwane provided samples of least one-year-old poultry litter. For
two weeks, the poultry litter samples were air-dried to reduce moisture content and
pathogens. The collected poultry litter sample was divided into two portions, one for pure
organic soil amendment and the other portion for biochar production.

2.2. Experimental Design

A complete randomized greenhouse experiment was set up at Botswana University of
Agriculture and Natural Resources Crop Science and Production department. A 3 kg of
air-dried sieved sandy-loam soil in plastic pots measuring 25 cm in diameter and 20 cm in
height were homogeneously mixed with different application rates of organic amendments
before saturating the soil to field capacity. After two weeks of soil saturation, all pots
were arranged on raised benches and Jatropha seedlings were transplanted into the pots.
Poultry litter (PL), biochar pyrolyzed at 350 ◦C (BC350), and biochar pyrolyzed at 600 ◦C
(BC600), and their combinations, PLBC350 and PLBC600 were used in this study. T1, control
(0 g/kg), T2 (15 g/kg), T3 (30 g/kg), T4 (60 g/kg), and T5 (120 g/kg) were the application
rates for each organic amendment. At six weeks of age, Jatropha curcas L. seedlings were
transplanted into pots, and each treatment’s application rate was repeated three times. To
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keep the soil at the proper moisture content, Jatropha plants were watered every other
day. On the plants, no chemicals, fertilizers, or pesticides were used, and all weeding was
performed by hand picking.

2.3. Soil Analysis

Before and after the experiment, physicochemical properties of air-dried sieved soil
were determined. The soil textural class was identified using the Mastersizer 3000 (Malvern,
HydroEV; Malvern Instruments, Ltd., Malvern, UK; Software Version: 3.00), and the hy-
drometer method was used for further textural analysis [27]. Active soil acidity was
measured in a 1:2 soil to water suspension using a hand-held digital multi-parameter
PD 300, OakTon Eutech Instrument. Soil moisture content (%) was determined gravi-
metrically by drying samples in an oven at 105 ◦C until they reached a constant weight.
The droplet counting method developed by [28] was used for water holding capacity (%)
analysis. Walkley & Black [29] Wet oxidation method was used to determine organic matter.
Furthermore, exchangeable cations (mmolc/kg) were extracted using ammonium acetate
and quantified using Inductively Coupled Plasma (ICP) and their summation was used
to compute cation exchange capacity (CEC). The Mehlich 3 procedure described by [30]
was used to determine available plant nutrients, and Microwave Plasma Atomic Emission
Spectroscopy (MP-AES) was used to quantify available plant nutrients except for phospho-
rus (P). The intensity of the blue coloration method at a wavelength of 845 nm was used to
analyze phosphorus Mehlich 3 extractant (M3-P) using a UV-Visible spectrophotometer
(UV-1800 Series).

2.4. Jatropha curcas L. Growth Parameters

The growth rates of Jatropha were calculated using morphological properties collected
throughout the growing season. Plant height (cm) was measured weekly with a ruler from
the soil surface to the plant’s tip; stem diameter (cm) was measured monthly with a digital
Venier caliper (cm); and the number of leaves on each plant was counted weekly.

2.5. Biochar Production

A crucible muffle furnace (FO310, Yamoto) was used to produce biochar at pyrolysis
temperatures of 350 ◦C and 600 ◦C. Biochar samples are referred to as BC350 and BC600 in
this study for pyrolysis temperatures of 350 ◦C and 600 ◦C, respectively. Nitrogen gas was
passed through an inlet pipe inside the tightly closed crucible filled with poultry litter in the
closed muffle furnace for 30 s before charring the feedstock. Following that, a continuous
flow of nitrogen gas into the furnace was allowed to create an oxygen-limited condition
until the charring time had elapsed, and biochar was allowed to cool at room temperature
in the furnace. Before being stored in glass jars for analysis and incorporation into the soil,
biochar was ground and sieved.

2.6. Poultry Litter and Biochar Analysis

The moisture and dry matter content of the samples were determined by oven-drying
them at 105 ◦C until constant weight was reached [31]. The pH and electrical conductivity
(EC) of a (1:10 w/v litter–water extract) were potentiometrically determined using a cali-
brated multi-parameter digital handheld meter [31]. Organic matter (OM) contents were
determined using the loss on ignition method [32] and the biochar analysis procedures
were the same as those used for poultry litter, but the quantification reagents followed
ASTM D1752-84 guidelines [25].

2.7. Statistical Analysis

All data collected in the experiment were subjected to descriptive statistics and Analy-
sis of Variance (ANOVA) using the statistical package (SPSS version 22.0). The Tukey HSD
post hoc test was used to separate means when there were significant differences between
treatments at a 5% probability level.
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3. Results
3.1. Characteristics of Soil, Poultry Litter, and Its Biochar

Tables 1 and 2 show the analytical results for soil, poultry litter and its biochar,
respectively. The soil is sandy-loam, with a moisture content of 0.06% and a water holding
capacity of 13.1%. It is composed of 64% sand, 18% clay, and 18% silt. The soil sample has a
slightly acidic pH of 6.36, an electrical conductivity of 51.0 µS/cm and a significant organic
matter content of 2.81%.

Table 1. Initial soil elements concentrations.

Property Value

Available plant nutrients (mg/kg)
Phosphorus (P) 0.80
Potassium (K) 3.58
Calcium (Ca) 10.07

Magnesium (Mg) 3.69
Iron (Fe) 9.31

Manganese (Mn) 2.77
Copper 0.04

Zinc (Zn) 0.24
Exchangeable cations (cmol/kg)

K 4.13
Ca 22.0
Mg 4.13
Na 6.85

Table 2. Plant available nutrients concentrations in poultry litter and its biochar.

Plant Available
Nutrients (mg/kg) Poultry Litter Biochar 350 ◦C Biochar 600 ◦C

Phosphorus (P) 33.01 33.37 33.98
Potassium (K) 826.79 1714.08 855.20
Calcium (Ca) 813.48 724.32 748.65

Magnesium (Mg) 349.14 526.35 314.46
Sodium (Na) 137.34 354.75 162.26

Iron (Fe) 12.75 8.53 28.83
Zinc (Zn) 41.37 31.53 25.56

Manganese (Mn) 28.39 51.35 36.67
Copper (Cu) 0.73 1.22 25.56
EC (µS/cm) 13.90 365.33 278.67

PL and BC350 revealed the highest plant available nutrient content when compared to
BC600 (Table 2). The pH of PL was moderately alkaline (7.77) compared to the strongly
alkaline BC350 pH of 8.58 and 9.21 for BC600 biochars. Organic matter content increased
significantly in biochar samples, rising from 5.69% in poultry litter to 28.57% BC350 and
23.82% BC600. Nonetheless, when compared to BC600, biochar produced at a lower
pyrolysis temperature contained more organic matter.

3.2. Poultry Litter and Its Biochar Effects on Soil Fertility Indicators
Soil pH, Organic Matter Content and Cation Exchange Capacity

Figure 1 depicts the pH of the soil. A significant gradual increase of soil pH was
observed with the increasing application rates. Generally, PL-treated soils had the high-
est pH level ranging from 7.67 to 8.24, followed by BC350 treated soils (8.20) and then
BC600 (7.86) (Figure 1a). The control treatments increased soil pH from the initial 6.36 to
slightly alkaline pH range of 7.31 to 7.82 (Figure 1a). A combination of biochar and poultry
litter (PLBC350 and PLBC600) displayed an increased soil pH (Figure 1a).
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Figure 1. Effects of poultry litter and its biochar on soil pH (a), Cation exchange capacity (b), and
Organic matter content (c) at different application rates of 0, 15, 30, 60, and 120 g/kg. Bars represent
means and standard errors, n = 3.

Figure 1b shows that the increased application rates of soil organic amendments signifi-
cantly increased cation exchange capacity. In all treatments, the highest application rate of
120 g/kg has shown the highest CEC (Figure 1b). However, PLBC350 exhibited a higher CEC
of 6.70 mmolc/kg. In terms of soil organic matter content, increasing the application rates
of organic amendments effectively increased organic matter content when compared to the
control (Figure 1c). The organic matter content (OM) in PL- and BC350-treated soils increased
with application rates (Figure 1c) compared to BC600-treated soils.

3.3. Poultry Litter and Its Biochar on Soil Moisture Content, Bulk Density, and Water
Holding Capacity

Figure 2a shows the results for soil moisture content in treated soils. The incorpora-
tion of poultry litter and its biochar improved the moisture content of sandy-loam soils
significantly. However, except at an application rate of 120 g/kg, where PLBC350 had a
moisture content of 7.58%, BC600-treated soils have statistically higher moisture content
than other treatments (Figure 2a). Water-holding capacities (WHC) of the treated soils
followed the same pattern as moisture content, with the increased application rates signifi-
cantly improving WHC compared to the control soil (Figure 2b). Even though there was a
slight difference in organic amendment application rates, PLBC600 had a higher WHC of
19.09%. Figure 2c also shows that there is no significant difference in bulk density between
treatments (p > 0.05). However, at application rates of 15, 30, 60, and 120 g/kg, BC350- and
PLBC600-treated soils have shown a slight or no increase in bulk (Figure 2c).
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3.4. Poultry Litter and Its Biochar on Available Plant Nutrients Concentration in the Soil

Table 3 displays the macro and micro nutrients in the soil (P, K, Ca, Mg, Fe, Mn, Cu,
and Zn). Macronutrients were significantly more available at high concentrations than
micronutrients (Table 3) with Ca > Mg > K and P being the most abundant. The level
of macronutrient in the soil increased as the application rate increased. The decreasing
concentration order for micronutrients was Fe > Mn > Zn > Cu, with a significant statistical
difference (p < 0.05) observed at different application rates (Table 3). Iron (Fe) concentrations
increased even in alkaline soil pH when compared to other soil micronutrients. Further-
more, the combination of organic amendments resulted in a slight increase in nutrient
concentration when compared to pure organic amendments.

Table 3. Available plant nutrient concentrations in soils incorporated with different application rates
of poultry litter and its biochar at harvest.

Organic
Amendments

Application
Rates (g/kg)

P K Mg Ca Zn Cu Fe Mn

(mg/kg)

PL

0 1.14 ± 0.08 d 3.56 ± 0.05 c 4.28 ± 0.05 c 10.99 ± 0.58 c 0.03 ± 0.01 d 0.05 ± 0.01 b 8.46 ± 0.27 b 2.61 ± 0.06 a

15 3.58 ± 0.33 cd 4.91 ± 0.50 c 4.79 ± 0.34 c 11.49 ± 0.33 c 0.12 ± 0.01 cd 0.04 ± 0.01 b 8.89 ± 0.80 b 2.84 ± 0.26 a

30 6.02 ± 1.27 c 7.88 ± 1.83 bc 5.96 ± 0.36 bc 13.88 ± 0.94 bc 0.21 ± 0.04 c 0.06 ± 0.01 ab 9.34 ± 0.69 ab 3.13 ± 0.18 a

60 9.33 ± 0.10 b 11.29 ± 0.39 b 7.53 ± 0.41 b 18.01 ± 1.07 ab 0.32 ± 0.01 b 0.07 ± 0.01 ab 10.19 ± 0.41 ab 3.37 ± 0.10 a

120 16.15 ± 0.73 a 21.30 ± 0.99 a 11.13 ± 0.60 a 21.21 ± 2.40 a 1.02 ± 0.02 a 0.09 ± 0.01 a 11.86 ± 0.68 a 3.53 ± 0.53 a

BC
35

0

0 1.33 ± 0.05 e 4.34 ± 0.26 c 4.30 ± 0.06 d 11.44 ± 0.22 d 0.04 ± 0.01 d 0.05 ± 0.01 a 8.91 ± 0.38 c 2.59 ± 0.04 b

15 2.97 ± 0.37 d 4.88 ± 0.26 c 5.37 ± 0.18 c 12.68 ± 0.30 cd 0.10 ± 0.01 d 0.05 ± 0.01 a 10.51 ± 0.39 bc 2.96 ± 0.16 b

30 4.32 ± 0.33 c 7.15 ± 0.25 c 5.16 ± 0.16 c 14.11 ± 0.36 c 0.17 ± 0.01 c 0.05 ± 0.01 a 11.28 ± 0.38 ab 3.19 ± 0.12 ab

60 7.24 ± 0.02 b 12.98 ± 1.29 b 7.87 ± 0.08 b 19.46 ± 0.31 b 0.25 ± 0.02 b 0.09 ± 0.02 a 12.28 ± 0.74 ab 4.23 ± 0.53 a

120 12.51 ± 0.17 a 20.67 ± 0.76 a 10.20 ± 0.26 a 24.93 ± 0.58 a 0.26 ± 0.02 a 0.08 ± 0.01 a 13.41 ± 0.52 a 4.21 ± 0.18 a
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Table 3. Cont.

Organic
Amendments

Application
Rates (g/kg)

P K Mg Ca Zn Cu Fe Mn

(mg/kg)

BC
60

0

0 1.00 ± 0.09 d 3.51 ± 0.12 d 4.33 ± 0.04 c 11.43± 0.56 c 0.02 ± 0.01 d 0.05 ± 0.01 a 9.08 ± 0.44 b 2.62 ± 0.07 b

15 2.87 ± 0.07 c 5.17 ± 0.08 cd 4.96 ± 0.14 bc 13.54 ± 0.42 bc 0.17 ± 0.01 c 0.05 ± 0.01 a 10.76 ± 0.14 ab 2.74 ± 0.04 b

30 3.75 ± 0.04 c 6.43 ± 0.53 c 5.06 ± 0.51 bc 17.87 ± 1.54 bc 0.18 ± 0.01 c 0.05 ± 0.01 a 10.97 ± 1.15 ab 2.86 ± 0.07 b

60 6.86 ± 0.23 b 10.10 ± 1.09 b 6.76 ± 0.29 b 19.44 ± 0.55 b 0.53 ± 0.01 b 0.06 ± 0.01 a 15.15 ± 1.77 a 3.98 ± 0.08 a

120 10.23 ± 0.57 a 15.51 ± 0.30 a 10.33 ± 0.78 a 27.90 ± 3.15 a 0.63 ± 0.01 a 0.07 ± 0.01 a 14.72 ± 0.05 a 3.71 ± 0.12 a

PL
BC

35
0

0 0.88 ± 0.04 d 3.36 ± 0.21 c 4.36 ± 0.06 d 11.12 ± 0.24 d 0.23 ± 0.02 d 0.05 ± 0.01 b 7.56 ± 0.36 b 2.53 ± 0.13 b

15 2.17 ± 0.04 cd 4.47 ± 0.24 bc 5.44 ± 0.28 cd 13.64 ± 0.78 cd 0.18 ± 0.04 d 0.11 ± 0.01 ab 7.36 ± 0.16 b 2.34 ± 0.12 b

30 4.10 ± 0.13 c 6.38 ± 0.47 bc 6.56 ± 0.14 c 16.17 ± 0.27 bc 0.37 ± 0.04 c 0.17 ± 0.02 ab 7.72 ± 0.13 b 2.58 ± 0.02 b

60 7.33 ± 0.72 b 7.83 ± 0.12 b 8.20 ± 0.53 b 18.92 ± 1.00 b 0.67 ± 0.02 b 0.14 ± 0.06 ab 8.08 ± 0.43 b 2.91 ± 0.06 b

120 17.56 ± 0.77 a 25.41 ± 1.68 a 14.44 ± 0.48 a 35.02 ± 1.50 a 1.26 ± 0.02 a 0.19 ± 0.01 a 10.59 ± 0.34 a 4.00 ± 0.29 a

PL
BC

60
0

0 1.07 ± 0.21 d 3.02 ± 0.11 c 4.17 ± 0.23 c 10.81 ± 0.69 c 0.26 ± 0.01 e 0.05 ± 0.01 b 8.44 ± 0.20 c 2.54 ± 0.11 b

15 2.34 ± 0.04 cd 4.47 ± 0.27 c 5.03 ± 0.24 c 12.56 ± 0.51 bc 0.67 ± 0.03 d 0.04 ± 0.02 ab 9.26 ± 0.62 bc 2.76 ± 0.17 ab

30 3.60 ± 0.20 c 6.25 ± 0.30 c 6.69 ± 0.29 bc 15.74 ± 0.07 bc 0.80 ± 0.02 c 0.09 ± 0.02 ab 10.13 ± 0.14 abc 3.15 ± 0.15 ab

60 6.65 ± 1.00 b 9.56 ± 0.19 b 7.92 ± 0.87 b 17.74 ± 0.39 b 0.94 ± 0.02 b 0.12 ± 0.02 ab 10.64 ± 0.23 ab 3.18 ± 0.08 ab

120 11.88 ± 0.59 a 20.36 ± 1.51 a 11.10 ± 0.83 a 26.12 ± 2.94 a 1.17 ± 0.02 a 0.11 ± 0.01 a 11.93 ± 0.55 a 3.54 ± 0.28 a

According to the Tukey HSD test, values in the same row, followed by the same letter, are not significantly different
at p < 0.05. All data were reported as means ± standard error (n =3).

3.5. Correlation between Soil Properties and Available Plant Nutrients in the Soil

Table 4 shows the correlation results between soil properties and nutrient concen-
trations. A moderate to high positive correlation was found between nutrient content,
organic carbon, and CEC. Soil pH has a moderately positive correlation to lower positive
correlation with the nutrients, but no relationship was found between soil pH and available
Cu (Table 4). Cation exchange capacity (CEC) was statistically positively correlated to the
determined macronutrients (Table 4). Furthermore, bulk density has shown a negative
correlation with macronutrients and a markedly low and negligible correlation with the
micronutrients. Moisture content, on the other hand, has a high positive significant cor-
relation (p < 0.01) with macronutrients and a moderate-to-low positive correlation with
micronutrients. In terms of soil nutrients, phosphorus and potassium had a significantly
higher positive correlation (r = 0.96, p < 0.01) (Table 4).

Table 4. Correlation coefficients between soil properties and available plant nutrients concentration
in the soil.

Variables M SD 1 2 3 4 5 6 7 8 9 10 11 12

1 pH 7.8 0.2
2 CEC 3.7 1.1 0.487 **
3 BD 1.4 0.2 0.020 −0.060
4 MC 2.3 1.6 0.337 ** 0.763 ** −0.200
5 P 5.9 4.7 0.612 ** 0.864 ** −0.050 0.803 **
6 K 9.2 6.5 0.611 ** 0.831 ** −0.010 0.766 ** 0.960 **
7 Mg 6.9 2.7 0.620 ** 0.861 ** −0.050 0.810 ** 0.948 ** 0.935 **
8 Ca 17.0 6.3 0.455 ** 0.827 ** −0.060 0.817 ** 0.866 ** 0.892 ** 0.922 **
9 Zn 0.4 0.4 0.553 ** 0.726 ** 0.010 0.682 ** 0.783 ** 0.780 ** 0.838 ** 0.753 **
10 Fe 10.3 2.2 0.080 0.490 ** 0.090 0.388 ** 0.522 ** 0.584 ** 0.472 ** 0.538 ** 0.361 **
11 Mn 3.1 0.6 0.353 ** 0.567 ** 0.090 0.513 ** 0.712 ** 0.777 ** 0.683 ** 0.686 ** 0.508 ** 0.770 **
12 Cu 0.1 0.1 0.000 0.180 −0.120 0.265 * 0.180 0.190 0.190 0.220 0.220 0.336 ** 0.268 *

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05. Abbreviations: CEC,
Cation exchange capacity; M, mean; SD, standard deviation.

3.6. Poultry Litter and Its Biochar on Jatropha curcas L. Morphological Properties
3.6.1. Plant Height

Plant height (cm), stem diameter (mm), and leaf number were all measured in var-
ious treatments at different application rates. Figure 3 depicts the average plant height
from week 1 to week 6 at different application rates of poultry litter (PL) and its biochar
(BC350, BC600). From week 1 to week 6, all treatments showed an increase in plant height
with increasing application rate. Furthermore, the plant height in the control samples
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(0 g/kg) was lower in all weeks than the plants height in the treated soils (Figure 3). Plants
grown in BC600-treated soils grow at a slower rate than plants grown in other treatments,
despite increased plant height. There was no statistical difference (p > 0.05) between weeks
1 and 3; however, there was a significant difference (p < 0.05) in all treatments between
weeks 4 and 6 (week 4, p = 0.51, week 5, p = 0.69, and week 6, p = 0.30). Overall, the height
of the plants for PLBC600 at 120 g/kg was significantly (p = 0.26) higher (24.17 cm) than for
the other treatments (Figure 3).
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3.6.2. Stem Diameter

From 8 weeks after transplanting until the end of 48 weeks, the diameter of the
Jatropha stems increased for all plants (Table 5). The stem diameter increased in increas-
ing application rate from 6.47 ± 1.05 mm to 11.80 ± 0.20 mm (PL), 9.17 ± 1.10 mm to
10.80 ± 0.26 mm (BC350), and 7.93 ± 0.74 mm to 8.40 ± 1.01 mm (BC600). Plants grown
in PL-treated soil had the most prominent stem diameter readings (11.80 ± 0.20 mm) for
the first and last month (19.57 ± 0.45 mm) at a rate of 30 g/kg (Table 5). Plants grown in
soil treated with PL and BC350 grew faster than plants grown in soil treated with blended
organic amendments (PLBC350, PLBC600) and BC600.
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Table 5. Effects of poultry litter and its biochar on Jatropha stem diameter (mm) at different applica-
tion rates.

Application Rate (g/kg) PL BC350 BC600 PLBC350 PLBC600

8 Weeks
0 8.20 ± 0.81 b 9.17 ± 0.64 a 9.4 ± 0.36 a 8.87 ± 0.50 ab 9.13 ± 0.74 a

15 11.30 ± 0.62 ab 9.77 ± 0.37 a 9.00 ± 0.66 a 10.63 ± 0.92 a 10.43 ± 0.97 a

30 11.80 ± 0.12 a 9.90 ± 0.45 a 9.17 ± 0.99 a 10.60 ± 0.76 a 9.50 ± 0.72 a

60 10.37 ± 0.90 ab 10.77 ± 0.13 a 7.93 ± 0.43 a 9.80 ± 0.72 a 11.40 ± 0.65 a

120 6.47 ± 0.61 b 10.80 ± 0.15 a 8.40 ± 0.59 a 6.23 ± 0.41 ab 8.17 ± 1.24 a

p-value 0.01 0.07 0.51 0.01 0.18

48 Weeks
0 14.13 ± 0.70 a 15.17 ± 0.42 b 9.47 ± 0.42 a 13.00 ± 0.90 b 14.67 ± 1.16 a

15 18.03 ± 0.77 a 15.80 ± 0.51 b 9.07 ± 1.68 a 16.33 ± 0.38 b 17.17 ± 0.32 a

30 19.57 ± 0.26 a 17.67 ± 0.38 a 9.67 ± 1.45 a 16.90 ± 0.55 a 15.93 ± 0.71 a

60 19.57 ± 1.02 a 18.60 ± 0.42 a 8.10 ± 0.87 a 16.97 ± 0.97 a 18.57 ± 0.34 a

120 19.57 ± 3.07 a 19.13 ± 0.22 a 10.50 ± 0.72 a 10.97 ± 2.34 a 14.03 ± 1.76 a

p-value 0.04 0.01 0.67 0.02 0.06

Values are means ± standard error. Means in the same column with the same letter are not significantly different
(p < 0.05).

3.6.3. Number of Leaves

From week 1 to week 6, the statistical analysis results revealed that the average number
of leaves increased significantly with the application rate in both treatments (Figure 4). All
treatments produced significantly higher number of leaves than the control plants. Plants
grown in soil treated with PL, BC350, and PLBC600 showed a statistical difference (p < 0.05)
from week 2 to week 6; however, no statistical difference (p > 0.05) was observed for any
of the treatments during week 1. Plants grown in PLBC600 soil had the most leaves (18),
followed by PL (14), BC350 (13), and PLBC350 (12) (Figure 4).
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4. Discussion
4.1. Characteristics of Soil, Poultry Litter, and Its Biochar

When compared to BC600, PL and BC350 had the highest concentration of plant-
available-nutrient content (Table 2). The findings are consistent with [33], who demon-
strated that biochar produced at lower pyrolysis temperatures contains more nutrients
than biochar produced at higher temperatures. Soil organic amendments with a higher
nutrient content have the potential to be used as an effective organic fertilizer [34]. The
pH of biochar increased with the pyrolysis temperature, with biochar produced at 600 ◦C
(9.21) having the highest pH and biochar produced at 300 ◦C having the lowest (8.58).
Similarly, Novak et al. [35] showed the same biochar pH results. Furthermore, the findings
are consistent with those of [34], who discovered a 19.71% pH increase in biochar produced
at 300 ◦C when compared to poultry litter feedstock.

4.2. Soil pH, Organic Matter Content, and Cation Exchange Capacity

Soil pH measures hydronium ion (H3O+, or more commonly the H+) activity in the
soil solution [36] which influences nutrient solubility and availability in the soil [37]. The
ion exchange reaction may have contributed to the increase of soil pH in PL treated soils
when OH− of Al or Fe2+ hydroxyl oxides are replaced by organic anions [38]. The observed
increase in soil pH from acidic (6.36) to alkaline pH (8.24) indicates the potential liming
effect of poultry litter and its biochar as observed by [39]. The soil alkalinity of biochars
may have been attributed to ash content which elevates soil pH [33]. Basic cations are
released during microbial decarboxylation [40], and reduced cations leaching increased
soil pH. Increased base cations released in the soil may explain the increased soil pH in
PL and BC350 with the increasing application rates [41]. Furthermore, higher organic
matter content produces more alkali oxides, which hydrolyze and generate OH groups,
increasing pH values [42], as shown in Figure 1a. The deacidifying effect findings agree
with [43] which indicates a liming effect after applying 1% and 2% of biochars to the soil.
Revell et al. [44] also demonstrated an increase in soil pH following the incorporation of
organic amendments into the soil.

Cation exchange capacity (CEC) is a measurement of the number of negatively charged
sites on soil surfaces to retain positively charged ions (cations) Akça & Namli [45]. It is
directly affected by soil pH and indicates the soil’s ability to retain and supply nutrients
to a crop. The additions of organic material increased soil’s CEC over time [45] due to the
influence of soil pH (Figure 1a). Besides soil pH, an increase in organic matter content
may have contributed to an increase in CEC because more cations bind to organic matter
particles. Furthermore, the findings agree with those of [46], who discovered an increase
in CEC with the incorporation of poultry litter into soil. The Ross & Ketterings [47] study
found that rice-husk biochar increased soil pH and cation exchange capacity in tropical
Alfisols which agrees with this study. CEC values are low for clay-poor soils, i.e., control
soils and soils amended with low application rates had the lowest CEC.

The increased soil pH increases soil organic matter solubility by increasing the dis-
solution of acid functional groups [48]. The incorporation of organic amendments may
also improve soil drainage, which reduces aeration and, as a result, the decreased rate of
decomposition leads to increased organic matter content [33].

4.3. Soil Moisture Content, Bulk Density, and Water Holding Capacity

The findings of this study show that increasing the rate of organic amendments
application improved soil water retention. The increased organic matter content (Figure 1c)
may be contributed to improved soil moisture and water holding capacity. These findings
were consistent with the previous study of, which found that adding biochar to sandy-loam
soil increased water holding capacity linearly [49] also discovered an increase in water
retention with the addition of poultry litter, which may be attributed to the high carbon
content. Soil organic matter binds the individual clay particles together to form micro
aggregate, which then cluster into macro-aggregates, improving drainage and moisture
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retention. Moreover, the increased soil moisture content may be due to a combination of
more micropores that form pore spaces following the incorporation of poultry litter and its
biochar into the soil. Furthermore, biochar produced at high pyrolysis temperatures has a
high surface area, hence water retention was greatly improved in soils treated with BC600
and PLBC600. Higher bulk density reduces pore spaces, which means fewer spaces for
water retention and a more stable soil structure [40]; hence the control samples had lower
moisture content than treated soils. Ross & Ketterings [47] observed that using 0.5% and
1% biochar rice husk a reduced bulk density and increased in water retention.

4.4. Available Plant Nutrients Concentration in the Soil

As shown in Figure 1c, biochar incorporation into soil increased organic matter con-
centration, possibly water-extractable organic carbon, and stimulates soil microbial biomass
and activities [44], ultimately increasing nutrient availability [33]. Organic amendments
had higher concentrations of organic matter at first (Figure 1c), which may have contributed
to increased nutrient availability in the soil. This is demonstrated by a linear increase in
soil nutrient availability as application rate increases (Table 3). Furthermore, biochar’s
high aromatic composition is suitable for carbon sequestration due to more C=O and C-H
functional groups that serve as nutrient exchange sites after oxidation [33], which may
increase nutrient availability in the soil. The higher nutrient content in soil incorporated
with biochar produced at lower pyrolysis temperatures (BC350) compared to BC600 may
be attributed to surface charge [33,50,51] reducing reactivity surfaces in soils [40]. Further-
more, biochar made at lower temperatures has aliphatic and cellulose structures that are
suitable substrates for mineralization by bacteria and fungi during the nutrient turnover
process [33] that increases nutrient availability in the soil.

Soil pH has a significant effect on plant nutrient availability in the soil. According
to [37], K, Ca, and Mg are more available to plants within a pH range of 6.5 to 8, and
nutrients are available to plants in lesser amounts outside of these optimal ranges. As a
result, the initial soil samples with a slightly acidic pH of 6.36 showed lower concentrations
of macronutrients. Additionally, base cations (Ca, K, and Mg) are more weakly bound to
the soil and more prone to leaching at low pH, which may have contributed to lower base
cations concentration in control samples. Phosphorus (P) is most available between pH
range of 6 to 7 [37], hence its concentration levels were lower than those of K, Ca, and Mg
(Table 3). Additionally, as soil pH values approach strongly alkaline pH ranges, micronutrient
availability decreases due to cations being more strongly bound to the soil and not as easily
exchangeable. This was observed because micronutrient concentrations decreased as soil pH
increased (Table 3). Furthermore, blended organic amendments showed a slight increase in
soil nutrients, particularly for PLBC600. The significant interaction effect of biochar and PL
indicates the feedstock’s efficacy of the feedstock as organic soil amendments.

4.5. Jatropha curcas L. Plant Height, Stem Diameter, and Number of Leaves

The observed increase of Jatropha plant height with the increasing organic amend-
ments application rate could be attributed to improved soil physical properties and nutrient
availability; similar results were reported by [39]. Plant height was lower in BC600-treated
soils (Figure 3), as was stem diameter, indicating a possible linear correlation relationship
between the two parameters and the number of leaves (Figure 4). Furthermore, increased
soil nutrient content correlates with increased Jatropha growth parameters (Table 3), indi-
cating that increased nutrient availability promotes Jatropha growth rate. In terms of leaf
number, the Jatropha plant’s inherent mechanism of leaf shedding to reduce transpiration
rate may explain the variation in leaf number observed throughout the study period [52].
Furthermore, the increase in leaf number with organic amendments is consistent with
the [52] study’s findings. Ogura et al. [53] discovered that torrefied biomass-amended
aridisol improved initial plant growth and elemental uptake. The study’s findings are
consistent with those of [39], who discovered that higher nutrient concentrations promoted
plant growth. The study of [54] of compost and biochar on soil and plant growth on
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Ferralsol also observed increased soil fertility, which significantly improved plant growth,
both for sole biochar application and for combination of biochar and compost, and these
findings agree with the study results.

5. Conclusions

Biochar produced at lower temperature (350 ◦C) at an application rate of 30–120 g/kg
is recommended for use in low-nutrient soils, and poultry litter is recommended for use as
an organic soil amendment. The recommendations are based on the study findings, which
show an improvement in soil fertility indicators as well as improved Jatropha curcas L. growth
parameters. Poultry litter and its biochar are effective organic soil amendments that can
be used to regenerate depleted soil and improve plant growth. Additionally, the increased
application rates resulted in increased Jatropha growth, indicating that nutrient provision is
required for higher Jatropha yields. Furthermore, available land with sandy-loam soil can be
used for Jatropha plantation without competing with Botswana’s other stable crops. Organic
feedstock conversion into biochar may also aid in waste management. The limitation of this
study is that it was only a greenhouse study; therefore further research, particularly in field
areas, is recommended to determine whether interference from outside conditions will still
yield the same conclusion.
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