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Abstract: This study evaluated the long-term effects of a single application of different biochar types 

and quantities in combination with cow manure and annual inorganic fertilizer on soil properties 

and grain yield under millet monocropping and millet–peanut rotation in sandy soils of the peanut 

basin of Senegal. Results of over six years showed that a single application of 5–10 t ha−1 biochar 

(rice husk or Typha australis) and/or manure significantly increased soil pH (from 5.5 to 6.3) and 

total C (from 1.84% to an average of 2.69%). Soil available P increased due to all treatments. These 

improved soil properties were maintained for at least eight years following a single application of 

5–10 t ha−1 biochar and/or manure. There was limited or slightly negative effects of biochar applica-

tion on soil N and total soil microbial activity. Applications of either one-third or half of national 

recommended NPK rate, in combination with a single application of biochar or cow manure, in-

creased millet grain yield up to four to five times (i.e., 100 to 450 kg ha−1), which was equivalent to 

the yield of treatments receiving the full national recommended fertilizer rate. Limited improve-

ment was observed on peanut yield. This research clearly shows the synergistic benefits of applying 

single low rates of organic materials in combination with annual low levels of inorganic fertilizer. 

Treatments receiving the national recommended inorganic fertilizer rates (150 kg ha−1 NPK 15-15-

15 and 100 kg ha−1 of urea four weeks after planting) did not produce more than 400 kg ha−1. Biochar 

application alone did not increase millet yields. With a recommended biochar application rate of 5 

t ha−1, we calculate that Senegal has enough biomass available for biochar to cover all of its cropland 

every 4.4 to 5.5 years. Of particular importance, the 0.85% increase in stable total C has the potential 

to sequester 27.2 tons C ha−1 and if scaled across Senegal’s 1.6–2.0 million ha of peanut and millet 

cropland, this practice could sequester 43.52 to 54.4 million tons of C having mutual benefits on 

crop productivity and climate change mitigation. 
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1. Introduction 

The biophysical context of the Senegalese Peanut Basin (SPB) is characterized by high 

rates of soil degradation with low levels of soil organic matter (SOM) and mineralizable 

nutrients. This is primarily due to high erosion rates, low fertilizer or nutrient inputs, near 

to complete removal of crop residues, soil acidification which directly impact soil biodi-

versity [1], and use of continuous mono-cropping systems [2]. Most crop production in 

the SPB is rain-fed [3–5] with recurrent drought stress [6,7] exacerbated by limited soil 

water holding capacity as a consequence of low SOM [8,9], resulting in lower crop produc-

tivity, ultimately leading to food insecurity and lack of resilience [10]. As food demand 

has increased due to increasing population, traditional fallow periods have been reduced 

and the rate of crop residue removal has increased for use as animal feed, fuel, and con-

struction, without adequate biomass restitution to croplands. Consequently, the produc-

tivity of major food grain crop is low and has stagnated over many years due to poor soil 

fertility [5,11]. Though food production demand has increased, this has not kept pace with 

population growth of 2.7% yr−1 [12]; thus, per capita food demand and food insecurity is 

increasing [13]. Regenerative agricultural practices and technologies are urgently needed 

to lift smallholder farmers out of this poverty [14]. 

Pearl millet (Pennisetum glaucum L. R. Br.; referred to as millet here after) and peanut 

or groundnut (Arachis hypogaea L.) are two of the major cereal and legume crops for food 

security in Senegal, particularly in the SPB. Millet production in the SPB has stagnated at 

around 0.8 t ha−1 [15,16]. Millet production near the household tends to be significantly 

more productive as a result of the application of household organic waste, manure, and 

the cattle parking system (from 4 to 20 t ha yr−1) [17]. In addition, cropping system diver-

sity has reduced to primarily consisting of millet monocropping or millet–peanut rotation 

[18]. Continuous crop cultivation without sufficient organic restitution has led to soil deg-

radation, often to levels that soils are “non-responsive” to inorganic fertilizers with low 

use efficiency of the applied nutrients and thus low economic return to its use [14,19,20]. 

The combinations of organic materials with inorganic fertilizers have been shown to have 

a synergistic effect on marginal cropland [21]. Similarly, combinations of inorganic ferti-

lizers and organic inputs have been shown to replenish soil nitrogen (N) and phosphorus 

(P) nutrient stocks in Africa and restore soil properties to near original levels [22,23]. Gen-

erally, rotation of a cereal with a nitrogen-fixing legume is thought to contribute to the 

soil N pool [24]; however, with significant removal of these leguminous residues, the over-

all N contribution is likely minimal. In addition to the biophysical constraints, inorganic 

fertilizers are rarely applied to millet due to socioeconomic constraints such as limited 

economic return, high prices, limited availability, low quality control, and low market 

price for millet grain [25,26]. Practices that minimize tradeoffs and maximize synergies 

across productivity, economic, environmental, human, and social domains are urgently 

needed [25,27,28]. 

Though there is significant evidence of the importance of SOM amendments in this 

cropping system, the crop residues are not retained or returned to the soil due to other 

uses and demand (e.g., livestock feed; fuel source, fencing, and housing). Thus, there is 

need to find alternative sources of organic materials or carbon amendments or increase 

the efficiency of applied nutrients. Some biochar’s have shown evidence of having these 

advantageous traits [29,30]. Biochar is a carbonaceous residue produced through the ther-

mal, anaerobic breakdown of organic materials [31]. Biochar applications in agricultural 

soils have received increasing attention as a possible means of improving productivity 

and sustainability of farming systems [31]. Past studies have shown that soils amended 

with biochar improve soil proprieties and increase plant nutrient availability and yield 

performance [32–40]. Biochar use is reported to be effective in tropical zones [29,41]. Cor-

nelissen et al. [42] showed that 4 tons ha−1 biochar in combination with conservation farm-

ing can strongly increases maize yield and improve physical and chemical soil character-

istics in sandy, acidic soils in Zambia. Asirifi et al. [43] observed that 20 t ha−1 rice husk 

biochar amendment with wastewater irrigation reduced microbial stress and facilitated 
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more efficient use of carbon in the highly weathered savanna soil in Ghana. In Southern 

Africa, Nyambo et al. [44] reported that adding maize residue biochar significantly im-

proved the soil physiochemical properties and microbial activities of an acidic Hutton soil 

where changes in bulk density, soil organic carbon, pH, microbial biomass carbon and 

mean weight diameter of soil aggregates were directly proportional to the increase in bi-

ochar application rate. Despite its potential advantages, its effects have been highly vari-

able and dependent on soil properties and the raw material type [45–49]. 

So far, few studies have assessed the performance of Biochar in Senegal [39,50]. In 

Senegal, a Ministry of Energy and Biofuel study calculated Senegal’s annual production 

capacity of carbon sources [51]. This study projected the annual availability of over 8000 

tons of rice hulls, 27,000 tons of peanut shells, 1,600,000 tons of cotton (Gossypium hirsu-

tum), corn or maize (Zea mays), sorghum (Sorghum bicolor L. Moench) or millet stems, and 

over 65,000 tons from Typha australis, an aquatic plant widely present in fresh waters like 

in the Senegalese River [51]. These underutilized carbon sources have significant potential 

for incorporation into SPB production systems as biochar. Thus, an experiment was initi-

ated in 2012 at the National Center for Agronomic Research (CNRA) of the Senegalese 

Agricultural Research Institute (ISRA) of Bambey. The primary objective of the study was 

to evaluate the long-term effects of a single application of biochar and/or manure and 

combinations with annual inorganic fertilizer on soil properties and grain yield under 

millet monocropping and millet–peanut rotation in sandy soils of Senegal. Our hypothesis 

was that biochar combined with minimal mineral fertilizer or organic manure will posi-

tively improve soil physical and chemical properties and consequently improve crop yield 

in both monocropping and crop rotation systems in sandy soils with low SOM. 

2. Materials and Methods 

2.1. Experimental Site Description and Treatments 

The study was conducted at the National Agronomic Research Center of the Senega-

lese Agricultural Research Institute (CNRA–ISRA) of Bambey in Senegal (16°28′ W; 14°42′ 

N) located in the Senegal Peanut Basin (SPB), which is one of the six agro-ecological zones 

of Senegal (Figure 1). The location has a bimodal, tropical climate with an average annual 

temperature around 28 °C and a dry season from November to June followed by a rainy 

season from July to October. The study site was on degraded soil following intensive pea-

nut monocropping. A baseline soil fertility reference was collected along the diagonal of 

the field at a depth of 0–20 cm and analyzed at CNRA–ISRA Soil-Plant and Water Testing 

Laboratory at Bambey. The soil has 93% sand; pH of 5.5; total N of 0.21%; total carbon of 

1.84%; and available P of 33.3 ppm. The trial site was divided into four main blocks each 

27 m long and 7.2 m wide (194.4 m2) and separated from each other by 2 m alleys. Prior to 

initiating the trial in 2012, land preparation was carried out with surface plowing using a 

tractor before dividing each of the four main blocks into 10 sub-plots of 2.7 m × 7.2 m 

(19.44 m2) each representing the tested 10 treatments (T1 to T10; Table 1). T1 was absolute 

control with no amendments and no fertilizer applications and T2 was positive control 

(with full recommended fertilizer). The treatments T3 through T10 had different levels of 

biochar, manure, and fertilizers as shown in Table 1. The treatments were randomly as-

signed in each sub-plot. Treatments were applied manually and covered with rakes. In 

2012 all plots were planted with millet. In 2013, each main block was split lengthwise into 

two sub-blocks and planted with peanut for the millet–peanut rotation. Thus, the sub-plot 

for treatments were halved to 2.7 m by 3.6 m (9.72 m2). The experimental design was a 

split plot with four replications. The main block was the cropping system and the sub-plot 

the treatments. Annual rainfall totals for the study site from 2011 to 2019 indicate high 

inter-annual variability. The annual rainfall ranged from 370 mm (2016) to 692 mm (2015). 

The years 2013 (683 mm) and 2015 were rainiest (Figure 2a) and in all years the highest 

rainfall amounts were recorded in August and September (Figure 2b). 
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Figure 1. Agro-ecological zones of Senegal and location of ISRA–CNRA Bambey research station. 

Table 1. Details of various treatments tested in this field research conducted at Bambey research 

station in Senegal. 

Treatments Composition 
kg N ha−1 Ap-

plied 

T1 Absolute control (no amendment, no fertilizer) 0 

T2 Positive control (Recommended 150 kg ha−1 NPK + 100 kg ha−1 Urea) 68.5 

T3 5 t ha−1 of rice husk biochar alone 10 

T4 10 t ha−1 rice husk biochar alone 20 

T5 5 t ha−1 of Typha australis biochar + 5 t ha−1 cattle manure 75 

T6 10 t ha−1 of Typha australis biochar + 5 t ha−1 cattle manure 85 

T7 75 kg ha−1 NPK + 50 kg ha−1 Urea + 5 t ha−1 of rice husk biochar 44.25 

T8 
50 kg ha−1 NPK + 33 kg ha−1 Urea + 5 t ha−1 rice husk biochar + 5 t ha−1 

cattle manure 
97.68 

T9 50 kg ha−1 NPK + 33 kg ha−1 Urea + 5 t ha−1 rice husk biochar 32.68 

T10 
50 kg ha−1 NPK + 33 kg ha−1 Urea + 5 t ha−1 of Typha australis Biochar 

+ 5 t ha−1 cattle manure 
97.68 
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(a) 

 

(b) 

Figure 2. (a) Annual rainfall from 2011 to 2019 at Bambey research station in Senegal. (b) Monthly rainfall during 2013, 

2015, 2017, and 2019 at Bambey research station in Senegal. 

2.2. Plant Materials and Agronomy 

The plant materials used in this study were millet variety Souna 3 and peanut variety 

55-435. Both varieties were developed by ISRA. Souna 3 millet and 55-435 peanut varieties 

have a short duration cycle (90 days) and are suitable for the SPB conditions with annual 

rainfall between 350 and 600 mm. In the millet monocropping system as well as in the 

millet–peanut rotation system, millet was sown at standard spacing of 90 cm on the row 

and 90 cm between the rows (with a sowing density of 12 seed hills per plot). Peanut in 

rotation with millet was sown at 50 cm between rows and 15 cm in rows (i.e., 115 pockets 

per plot) at the rate of two seeds per pocket. At seven days after planting (DAP), millet 

was thinned to three plants per seed hill and peanut at one plant per seed hill. For the 

positive control of millet crop, mineral fertilizer (NPK) application was made yearly ac-

cording to the national millet recommended rate of 150 kg ha−1 of NPK (15-15-15) at thin-

ning (i.e., seven DAP) and 100 kg ha−1 of Urea (46% N) at four weeks after planting. For 

peanut following millet, the NPK used was the national legume recommended rate of 150 

kg ha−1 of NPK (6-20-10). For treatments receiving combinations of inorganic and organic 

amendments (i.e., T7-10; Table 1), the reduced inorganic fertilizer rates were also applied 
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annually (Table 1). Treatments receiving 75 kg ha−1 and 50 kg ha−1 received proportional 

decreases in the Urea application at 50 kg ha−1 and 33 kg ha−1, respectively. Biochar and 

manure applications were only applied once in the initial cropping year in 2012 and were 

incorporated with rakes. Weeding was done annually by hand to avoid contamination 

between treatments; and plots were maintained and weed free. 

2.3. Soil Analyses 

From 2013 to 2017, soil samples were collected from each plot before the start of the 

rainy season for characterization of pH, total C, total N, and available P in all treatments. 

Analyses were conducted at the Soil-Plant and Water Testing Laboratory of CNRA–ISRA 

at Bambey. In 2019, soil biochemical proprieties were characterized including soil micro-

bial community analyses. Soil pH was determined using the Mathieu and Pieltain [52] 

protocol by mixing in a 50 mL beaker, 10 g of ground and sieved soil (0.2 mm mesh) and 

25 mL of demineralized water and stirring the solution (soil-water) using agitator for 30 

min. The soil pH was measured using a pH meter (Inolab 720). Soil total C, total N, and 

available P were determined by Walkley and Black [53], Olsen [54], and Kjeldahl [55] mod-

ified methods, respectively. The soil organic matter (SOM) was calculated using the for-

mula SOM = carbon content × 1.72 (with 1.72 being the stable coefficient of cultivated soils) 

[56]. C sequestration was calculated using the formula: Tons soil C ha−1 = 10,000 m2 × 0.2 

m soil depth × 1.6 g/cm3 bulk density x change in % total C. Bulk density was determined 

for the study location by Chopart [57]. Soil total microbial activity was assessed using the 

Fluorescein Diacetate (FDA) hydrolysis protocol [58] at the Common Laboratory of Mi-

crobiology IRD-ISRA-UCAD in Dakar, Senegal. Two g soil was placed in a conical flask 

with 15 mL of 60 mM potassium phosphate buffer pH 7.6. Stock solution (0.2 mL 1000 mg 

FDA mL−1) was added to start the reaction. Controls were prepared without the addition 

of the FDA substrate along with a suitable number of sample replicates. The fluorescein 

released during the assay was extracted with chloroform/methanol (2:1 v/v) and measured 

at 490 nm using a spectrophotometer (Spectronic 401, Spectronic Instruments, France). 

2.4. Biochar Types and Characterization Methods 

Two biochar types were obtained from the private company Pronatura formerly lo-

cated in Ross Bethio town in the Saint Louis region of Senegal. One of the biochar types 

was from rice husk and the second one was from Typha australis, an invasive aquatic plant 

naturally growing in freshwater that is common in the Senegalese river. The temperature 

of the pyrolysis was approximately 500 °C for the Typha australis material and 600 °C for 

the rice husk. Biochar types (Table 2) and cattle manure (Table 3) characterization was 

done at the Center for Biochar Research at the University of Edinburgh, U.K., in 2012. 

Table 2. Chemical properties of the two biochar sources used in this field research conducted at 

Bambey research station in Senegal. 

Parameters Rice husk Typha australis 

pH 8.9 10.9 

Organic C (%) 0.1 0.9 

Total N (%) 0.2 0.2 

Organic Matter (%) 2 3 

Ca (cmol kg−1)  19.8 22.9 

Mg (cmol kg−1)  6.8 7.4 

K (cmol kg−1)  2.6 3.1 

Na (cmol kg−1)  1.8 1.5 

Total Exchangeable Basis (T.E.B.) 31 34.9 

Available P (ppm) 4.1 3.2 

Available K (ppm) 107.4 268.8 
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Table 3. Properties of the manure in this field research conducted at Bambey research station in 

Senegal. 

Nutrients  Availability 

N (NO3) (mg kg−1) 499.4 

N (NH4) (mg kg−1) 100.5 

Total N (%) 1.3 

Total C (%) 13.0 

C:N ratio 10.2 

Total P (g kg−1) 6.5 

Available P (g kg−1) 1.4 

Ash (%) 74.2 

Ca (g kg−1) 17.0 

Mg (g kg−1) 2.6 

Na (g kg−1) 1.5 

K (g kg−1) 2.1 

Total N was assessed using the Kjeldahl [48] method, pH was assessed at 1:1 biochar 

with distilled water, organic C was assessed using the volumetric method [46], available 

P was assessed using Bray’s Method No. 1 [59], available K was assessed using one molar 

neutral ammonium acetate and estimated through a flame photometer [60], and Ca and 

Mg were determined by the flame photometer method of Toth and Prince [60]. 

2.5. Millet and Peanut Grain Yield 

Millet and peanut yields were assessed at maturity by harvesting all the plants from 

each treatment. For millet, panicles were harvested, and plants were cut at the ground 

surface. All plant parts were dried in shade and weighed regularly until the weight was 

constant using an electronic precision scale of 0.001 g. Panicles were then manually 

threshed to separate grains and weighed in order to determine the yield of each sub-plot 

(9.72 m2). For peanut, plants were pulled from the soil and pods were separated from plant 

biomass. The separated components were shade dried, and periodically weighed until 

constant. For both crops, the yield was presented in kg ha−1. 

2.6. Data Analysis 

The experimental design was a split-plot design with four replicates. Statistical anal-

ysis was completed using R software version 3.2.4. For 1, 4, and 6 years after treatment 

application, one-way ANOVA was applied to assess treatment effects on soil sample 

chemical characteristics, while, to assess the effects of treatment on soil characteristics and 

crop yield according to the two cropping systems, we used a two-way ANOVA. For all 

experiments, a Tukey test at p < 0.05 was used for mean discrimination. 

3. Results 

There were significant main effects due to the soil amendment treatments for pH, 

available P, N, and C, whereas interactions were observed between treatments and crop-

ping systems for P, microbial activity, and grain yield. Thus, the results are presented 

accordingly. 

3.1. Treatment Effects on Soil Characteristics Independent of Cropping System 

3.1.1. Effect on Soil pH 

The effects of treatments on soil pH are shown in Figure 3. All treatments increased 

soil pH except treatment T2 (fertilizer recommended dose application only, i.e., positive 

control) which had fairly stable pH over the trial period with a slight increase in 2019. The 

best effects on improving soil pH were obtained under T6 (i.e., 10 t ha−1 Typha biochar + 5 

t ha−1 manure) and T10 (i.e., 50 kg ha−1 NPK + 33 kg ha−1 Urea + 5 t ha−1 Typha biochar + 5 t 
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ha−1 manure) treatments, where soil pH was significantly increased in 2015 by up to 0.9 

units before stabilizing until 2017 and with a slight decline in 2019. Increases in pH due to 

biochar or manure application appear to be additive with those treatments receiving half 

rates as compared to T6 and T10 having half the level of increase in pH. Starting from 

2017, five years after treatment application, soil pH under treatments T6, T10, and T8 (10 

t ha−1 of biochar) started declining while under treatments T5, T4, and T3 (5 t ha−1 of bio-

char), soil pH started increasing. Under T7 and T9 (5 t ha−1 of biochar), pH remained stable.  

 

Figure 3. Changes in soil pH over years under different treatments (T1 to T10). See Table 1 for treat-

ment details. 

3.1.2. Effect on Soil Available P 

The effects of treatments on available phosphorus are shown in Figure 4. Available P 

for all treatments increased as compared to T1 (absolute control with no amendments and 

no fertilizer) from 2012 to 2017. Treatments receiving inorganic fertilizer NPK application 

alone or in combination (i.e., T2, T7, T8, T9, and T10) had the greatest level of available P, 

with an increase up to 23.7 ppm. The positive control T2, with the highest level of inor-

ganic fertilizer application alone, led to the greatest available P in 2015. In 2017 low levels 

of inorganic fertilizer, in combination with biochar and/or manure (T8, T9, T10), increased 

available P by the equivalent amount. From 2017 to 2019 plant removal and uptake sur-

passed supply for all treatments and available P declined substantially, even surpassing 

available P in the absolute control. 
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Figure 4. Changes in available phosphorus (P) over years under different treatments (T1 to T10). See 

Table 1 for treatment details. 

3.1.3. Effect on Soil Total N and C 

In 2013, the first year after treatments were applied, only treatment T5 (5 t ha−1 of 

Typha biochar + 5 t ha−1 manure) significantly increased total N as compared to the con-

trols and the reference (0.21%0)) sample (Table 4). In 2015, all treatments reduced total soil 

N as compared to the absolute control (T1) including the treatments with inorganic ferti-

lizer alone (T2) or in combination with biochar and/or manure. Two years later in 2017, 

total N was similar to 2015 and was significantly lower than the absolute control. 

Table 4. Evolution of soil total N and C regardless of cropping system under different treatments (T1 to T10). See Table 1 

for treatment details. 

Total N Reference (2012): 0.21b (%0)  Total C Reference (2012): 1.84e (%) 
 2013 2015 2017 

Treatments N (%0) C (%) N (%0) C (%) N (%0) C (%) 

T1 0.14b 1.9e 0.3a 1.81e 0.34a 1.74e 

T2 0.26b 2.11e 0.19bc 2.73d 0.19bc 2.83d 

T3 0.36ab 2.98ab 0.19bc 2.65d 0.21bc 2.68d 

T4 0.31ab 2.79bc 0.19bc 2.66d 0.20bc 2.61d 

T5 0.4a 3.4a 0.23bc 2.71d 0.25bc 2.89d 

T6 0.23b 2.55bcd 0.22b 2.71d 0.21b 2.81d 

T7 0.31b 2.65bcd 0.17c 2.60d 0.20b 2.3d 

T8 0.15b 2.59bcd 0.19bc 2.73d 0.21b 2.83d 

T9 0.23ab 2.73bc 0.19bc 2.68d 0.22b 2.72d 

T10 0.12b 2.3cde 0.16c 2.68d 0.17b 2.7d 

Letters compare treatment effects on peanut pod production in the millet–peanut rotation system. Values with common 

letter are not different at p < 0.05 according to Tukey test. 

In 2013, following the first year after application, all treatments except T10 signifi-

cantly increased total C compared to the absolute control (T1), the positive control (T2) 

(high rate of inorganic fertilizer alone), and the 2012 reference sample. In 2015 and sus-

tained through 2017, all treatments (T2–T10) led to significantly greater total C as com-

pared to the absolute control (T1) and 2012 reference sample. Among the treatments that 

increased total C, there was no significant difference. For the treatments containing 
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biochar, there was an average increase in total C to 2.69%, an increase of 0.85% from the 

1.84% reference sample. This change in total C calculates to 27.2 tons of C sequestered ha−1. 

3.2. Treatment Effects on Soil Characteristics and Yield under Different Cropping Systems 

3.2.1. Interaction of Cropping Systems on Soil Chemical Characteristics 

There was no significant interaction effect on soil N and C. However, soil available P 

was significantly different between the two cropping systems, but no treatments im-

proved available P within cropping systems as compared to the absolute control (T1) (Fig-

ure 5). 

In the millet monocropping system, the high biochar treatment (T4) had significantly 

lower available P than T7, which received the ½ rate of NPK in combination with rice husk 

biochar. In the millet–peanut rotation system, no significant difference was observed be-

tween the treatments and the controls. Of particular note, the millet–peanut rotation, led 

to available P below 10 ppm for all treatments including the absolute control. This decline 

is significantly lower than the reference collected in 2012 (i.e., 33.3 ppm) and P availability 

in the millet monocropping system (Figure 5). 

 

Figure 5. Soil available P under millet monocropping or millet–peanut rotation under different treat-

ment (T1 to T10) in 2019. See Table 1 for treatment details. Letters compare treatment effects on 

peanut pod production in the millet–peanut rotation system. Values with a common letter are not 

different at p < 0.05 according to the Tukey test. 
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Treatment effects on soil total microbial activity reveal highly significant treatment 

effects (p = 3.314 × −7) classified into two main groups. Treatments T3, T6, and T10 signifi-
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(Figure 6). Treatments that had reduced microbial activity corresponded with treatments 
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source and also included combinations of inorganic fertilizer and manure. A trend be-
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Figure 6. Soil total microbial activity at eight years after biochar and manure application in different 

treatments (T1 to T10). See Table 1 for treatment details. Letters compare treatment effects in the 

millet–peanut rotation system. Values with a common letter are not different at p < 0.05 according 

to the Tukey test. 

Treatment–cropping system interactions were highly significant (p = 1.526 × 10−9). The 

highest microbial activity occurred due to T8 (i.e., 0.6 µg fluorescein g h−1), which received 

50 kg ha−1 NPK, 5 t ha−1 rice husk biochar and 5 t ha−1 cattle manure under millet mono-

cropping (Figure 7). 

 

Figure 7. Soil total microbial activity under millet monocropping or millet–peanut rotation at eight years after biochar and 

manure application in different treatments (T1 to T10). See Table 1 for treatment details. Letters compare treatment effects 

in different cropping systems. Values with a common letter are not different at p < 0.05 according to the Tukey test. 

The lowest microbial activity occurred due to T6 (i.e., 0.24 µg fluorescein g h−1), which 

received 10 t ha−1 of Typha australis biochar + 5 t ha−1 cattle manure under millet–peanut 

rotation. While there were many significant differences between treatments by cropping 

system combinations, few treatments were significantly different from the controls and 

across the treatments, there was not a consistent trend of one cropping system or the other 

having a greater effect on microbial activity. Comparing cropping systems alone, micro-

bial activity under absolute control is significantly higher under millet–peanut rotation as 

compared to the millet monocropping system, while no significant difference in effects is 
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noted between the positive controls between the two cropping systems, which received 

high levels of inorganic fertilizer. 

3.2.3. Peanut Pod Yield under the Millet–Peanut Rotation System 

Eight years after treatment application, all treatments had non-significant yield in-

creases as compared to the absolute control (Figure 8). Of note, T2, which received the 

recommended rate of NPK fertilizer alone (i.e., 150 kg ha−1 + 100 kg ha−1 Urea) was not 

significantly different from the control. However, T7, which received 75 kg ha−1 NPK + 5 t 

ha−1 of rice husk biochar, had significantly greater peanut pod yields as compared to the 

positive control, receiving the recommended rate of fertilizer (T2). By reducing the ferti-

lizer rate by 75 kg ha−1 and adding 5 t ha−1 rice husk biochar, the yield increased by 185 kg 

ha−1, a 63% yield increase.  

 

Figure 8. Peanut pod yield under the millet–peanut rotation system at eight years after biochar and 

different manure application treatments (T1 to T10). See Table 1 for treatment details. Letters com-

pare treatment effects on peanut pod production in the millet–peanut rotation system. Values with 

a common letter are not different at p < 0.05 according to the Tukey test. 

3.2.4. Millet Yield under the Millet Monocropping and Millet–Peanut Rotation Systems  

Eight years after treatment application, there were highly significant effects on millet 

grain yield (p = 7.61 × 10 −12) in the millet monocropping system, which separated into three 

main groups. Millet grain yield in the absolute control (T1) was 104 kg ha−1 (Figure 9). 

When biochar or cattle manure were applied on their own (i.e., T4, T5, T6), there was no 

effect on millet yield in this system and in one case (i.e., T3) there was a significant yield 

reduction. High rates of inorganic fertilizer application at the national recommended rate 

of 150 kg ha−1 NPK plus 100 kg ha−1 urea (T2) significantly increased millet grain yield to 

nearly 400 kg ha−1. Of particular note, this increased yield could be maintained with lower 

rates of inorganic fertilizer in combination with 5 t ha−1 biochar or 5 t ha−1 cattle manure 

(i.e., T7-10). Treatment effects on millet yield in rotation with peanut were significant (p ˂ 

0.0001). The highest grain yield was obtained under T10 (i.e., 50 kg ha−1 NPK + 33 kg ha−1 

Urea + 5 t ha−1 of T. australis Biochar + 5 t ha−1 cattle manure), while the lowest yield was 

observed under the control (T1). Treatments T4, T5, and T8 gave a similar grain yield, 

which is significantly lower by 82.54 kg ha−1 than T6 (i.e., 10 t ha−1 of T. australis biochar + 

5 t ha−1 cattle manure). 
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Figure 9. Millet grain yield response under millet monocropping and millet–peanut rotation sys-

tems at eight years after biochar or manure application under different treatments (T1 to T10). See 

Table 1 for treatment details. Letters compare treatment effects on peanut pod production in the 

millet–peanut rotation system. Values with a common letter are not different at p < 0.05 according 

to the Tukey test. 

4. Discussion 

There was significant impact of various treatments on physical and chemical compo-

sition and yield of crops. A single application of biochar at the beginning of experimenta-

tion in 2012 significantly increased soil pH up to 6.3 and maintained this increase until 

2017 (5 years) before pH began to decline for some treatments (i.e., T6, T10, T8) (Figure 4). 

Control treatments (i.e., T1 with no fertilizer or organic matter and T2 with full NPK rate 

alone) maintained the same pH around 5.5. In general, increased application rates of the 

biochar and/or cattle manure led to increased improvement in pH (pH increased by up to 

0.8). There does not appear to be any difference between the sources of biochar material 

and its effect on soil pH. Both performed well. This reduction in soil acidity is likely due 

to biochar’s negative surface charge, which buffers acidity in the soil. It is not clear how 

far increased biochar rates could continue to improve pH in this context, especially with-

out causing tradeoffs with changes in other soil properties. Though rates less than 5 t ha−1 

were not tested, it could be assumed that even modest rates of biochar application would 

incrementally increase pH, especially if applied on a more regular basis; however, singu-

lar rates (as applied in this study) of less than 5 t ha−1 would likely not induce a strong 

enough change in pH to improve crop production. Thus, we believe application rates 

should not go below 5 t ha−1 to have their intended yield impact when applied in a single 

application covering at least eight years. Annual applications of less than 5 t ha−1 biochar 

containing treatments could lead to similar increases in pH; however, this was not tested 

in this study. Benefits of such application rates could have lasting benefits for at least eight 

years. This is especially important in the Sudano-Sahelian region of Africa where availa-

bility of improved organic materials is limited, in high demand for other uses such as 

animal feed and open grazing, and is not accessible to all and not able to cover all 

croplands. 

Soil available P was improved by all treatments as compared to the absolute control 

until 2017 (Figure 4). As expected, annual application of 150 kg ha−1 NPK + 100 kg ha−1 

urea led to the greatest improvement in available P in the initial years from 2012 to 2015, 

but, of particular note, the application of one-third or half of NPK rates in combination 

with a single application of biochar or manure in 2012 led to similar available P in 2015 

and no difference by 2017. The long-term benefit of single applications of biochar or ma-
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more accessible and affordable nutrient management recommendations than high levels 

of inorganic fertilizer rates alone. This result also highlights that biochar or manure appli-

cations may not be needed annually but may still be of equivalent value when applied 

every six or more years. This is especially important in this region where improved or-

ganic materials are limited and are not accessible to cover all crop lands. By 2019, all treat-

ments led to similar declines in P availability even declining past the absolute control es-

pecially for treatment with high Thypha australis biochar quantities, which is the conse-

quence of low P in the Typha australis biochar base (Table 2). The overall decline of avail-

able P at eight years after application in this study also could be a consequence of the 

sandy and acid soil, which progressively exacerbates soil P fixation. Biochar is negatively 

charged and over time the biochar could have fixed more P, making it unavailable. 

There was significant impact of cropping systems on available P (Figure 5), where, 

across all treatment, crop rotation with peanut showed much lower available P. Legumes 

such as peanut have high protein and oil content in the seeds and require high amounts 

of P for biological nitrogen fixation, establishment of gynophores, podding, and yield as 

compared to millet. Therefore, the millet–peanut rotations had low available P in all treat-

ments. This contradicts results of Uzoh et al. [24] and Cissé [23] where increased available 

P was observed in rotation. This difference could be due to initial P levels [61], soil type, 

or hot environmental conditions of the SPB that accelerate rapid organic matter minerali-

zation [62]. 

Soil N was largely unaffected by any of the treatments one year after application in 

2013 (Table 4). Only the combination of 5 t ha−1 of Typha australis biochar with 5 t ha−1 cattle 

manure (T5) improved total soil N in 2013 but was non-significant by 2015. In years 2015 

and 2017, a significant decline in soil N was observed for most treatments in years 2015 

and 2017, even in the treatments receiving 150 kg ha−1 NPK + 100 kg ha−1 urea. Adding 

mineral NPK or cattle manure (N content: ~0.2%) to either rice husk or Typha australis 

biochar reduced total N. A possible explanation for this decline could be linked to mineral 

N being quickly used by plants or retained by biochar as documented by Ha ̈ring et al. [63] 

who found that rice husk particularly may retain N. This assumption also aligns with 

Herrmann et al. [64] who observed declining N under rubber trees in Thailand in contrast 

to the other nutrients due to biochar amendments. N content has also been shown to de-

crease with biochar application as N is retained on biochar due to its sorption properties 

[65]. However, since the high mineral fertilizer treatments also reduced soil N, this decline 

does not appear to be driven by biochar. 

Deforestation led to a sharp reduction in soil organic matter and land degradation in 

Sub-Saharan Africa (SSA) [1]. Soil organic C is the top priority for (SSA) soil fertility res-

toration [25] and is a good indicator for soil health. Its depletion results in reduced nutri-

ent-use efficiency and water-holding capacity [66]. Long-term approaches that build or-

ganic matter (OM) and organic nutrient pools, in addition to inorganic fertilizer applica-

tions, will likely be an essential component to achieving sustainable soil fertility in SSA 

[67]. Total soil C increased due to all treatments including organic materials the first year 

after application in 2013 and maintained such increases due to a single organic material 

application through 2017 (Table 4). The treatments that included organic materials (i.e., 

T3-10) increased total C from 1.84% to on average 2.69%, an increase of 0.85% that was 

sustained over six years. The increase in total C was likely largely due to the addition of 

C from the rice husk biochar (0.1% C; 2% OM), Thypha australis biochar (0.9% C; 3% OM), 

and cattle manure (13% C). The increase in total C was relatively stable over the study 

period and did not decline after six years after application. This is consistent with Pieri 

[68]. Additionally, the positive control T2, which received the high inorganic fertilizer rate 

alone, did not increase total C in 2013 but did lead to significant increases in total C in 

2015 and 2017. This may have been due to greater crop production and the corresponding 

greater root biomass due to T2 drawing in more total C to the soil over time [69]. These 

results highlight that inorganic fertilizer can contribute to increasing soil C and soil health, 

especially when applied in combination with organic materials. Of particular importance, 
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this 0.85% increase in total C, which is stable for at least six years, has the potential to 

sequester 27.2 tons C ha−1. If scaled across Senegal’s 1.6 to 2.0 ha of groundnut and millet 

cropland, this practice could sequester 43.52 to 54.4 million tons of C, having mutual ben-

efits on crop productivity and climate change mitigation. 

The treatment effects on soil microbial activity were mixed and there was no clear 

trend (Figures 6 and 7). In general, treatments that had greater application rates of biochar 

and/or manure combinations corresponded with lower soil microbial activity (T6, T3, 

T10). However, the sources varied. Of particular note, microbial activity for the absolute 

control is significantly higher under millet–peanut rotation as compared to the millet 

monocropping system. When inorganic fertilizer was applied at the national recom-

mended rate alone (T2) there was no significant difference between the two cropping sys-

tems. Increased species diversity in the cropping system had greater soil microbial activ-

ity. The suppression of microbial activity due to the application of organic materials, as 

observed in this study, contradicts many others [70–73], which conclude there is a benefi-

cial effect of combining organic and mineral fertilizer on soil microbial activity. These dif-

ferential responses may be due to extremely poor physical and chemical properties of the 

soils and the initial or baseline microbial diversity and quantities (which were not meas-

ured in the study). Further targeted studies are required to understand the impact of var-

ious organic and inorganic amendments on such poor soil. 

This study highlights the extremely low yields of millet production in Senegal even 

when high rates of inorganic fertilizer are applied. Under no nutrient management treat-

ment did yields cross 500 kg ha−1 (Figure 9). Though grain yields increased nearly five 

times as compared to the absolute control, the profit–cost ratio does not justify application 

of high rates of inorganic fertilizer alone. Millet grain yields were significantly and posi-

tively impacted by the treatments. After eight years, moderate levels of application of bi-

ochar or manure along with moderate application of inorganic fertilizer still had benefits 

on crop yields. However, the application of organic materials alone, either biochar alone 

or biochar in combination with manure, did not have lasting improvement on grain yield. 

This result highlights the importance of combining both inorganic and organic materials 

for nutrient management in West Africa [74–77], especially in order to obtain economi-

cally viable returns to inorganic fertilizer application [78]. Organic materials are in low 

supply in Sudano-Sahelian cropping systems and have high demand for their use for 

other purposes. Thus, approaches that increase the efficiency of organic materials con-

cerning sustaining their benefits in cropping systems are most pressing. Peanut yields 

were relatively unchanged due to any treatment including the high rates of inorganic fer-

tilizer application. There is need for further evaluation of other yield-limiting factors for 

peanut production as peanut pod production had limited response to nutrient manage-

ment approaches. 

5. Conclusions 

This study clearly shows that the long-term benefits of organic amendments is much 

more than additive in such systems and is critical to the efficiency and economic returns 

of nutrient management for resource-constrained farmers. Singular, low-rate organic ma-

terials in combination with low levels of inorganic fertilizer can have sustained benefits 

for at least eight years. While inorganic applications alone could induce significant in-

creases in grain yield, it was not efficient and would not be considered suitable for re-

source-constrained farmers. Though few would argue against the benefit of utilizing or-

ganic materials in such systems, organic materials in West Africa are in low supply and 

are in high demand for other uses, especially livestock feed. Thus, methods that improve 

their efficiency in combination with inorganic fertilizer application are urgently needed. 

Even low levels of organic material amendments applied once every six or more years can 

still provide long lasting benefits for at least eight years. While biochar appears to be a 

suitable organic material to incorporate with inorganic fertilizer, there is still a need to 

consider the feedstock materials’ quality and determine if the biochar process itself 
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increased the efficiency of the source material. For example, would there be any difference 

between the application of the rice husk or Typha australis residues at the rates equivalent 

to what was used to produce the biochar? Moreover, of particular importance, the average 

0.85% increase in total C due to the biochar treatments, has the potential to sequester 27.2 

tons C ha−1, which we show to be stable in the soil for at least six years. In the 1.6 to 2.0 

million ha of groundnut and millet cropland of Senegal, this practice could sequester 43.52 

to 54.4 million tons of C, having mutual benefits on crop productivity and climate change 

mitigation. Though it would be assumed that not all of this material would be utilized for 

biochar production as there are other uses, this quick calculation shows that biochar is a 

feasible and scalable approach to valorize low value residues produced in Senegal. 
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