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Low land productivity is a major constraint facing agriculture in sub-Saharan

Africa, which severely a�ects crop yields, particularly cotton which is main

export agricultural produce of Northern Benin. To overcome this situation,

the hill-placement of microdose biochar-compost-based amendments was

carried out at two research stations and on farmer’s fields in three

agroecological zones of northern Benin. The study aims to evaluate the

agronomic and economic performance of cotton under two types of compost

and biochar-based amendments. On stations, the experimental design used

was a complete randomized block with one factor and ten treatments

replicated four times as follows: (i) absolute control without any amendment

(Ck), (ii) mineral fertilizer (MF) at 200 kg/ha, (iii) cow dung-based compost

at 200kg/ha (CP1_200) and (iv) 300kg (CP1_300), (v) household waste-based

compost at 200kg/ha (CP2_200) and (vi) 300 kg (CP2_300), the combination

of CP1 and 15% biochar designated Terra preta (TP) applied at 200kg/ha

(vii, TP1_200) and 300kg/ha (viii, TP1_300), the combination of CP2 and

15% biochar applied at 200kg/ha (ix, TP2_200) and 300kg/ha (x, TP2_300).

On-farms, the experimental designwas a randomized complete blockwith one

factor and six optimal treatments extracted from the on-station experiments

with three replicates installed in four farmers’ fields from each location

studied. The six treatments were: Ck, MF, CP1_200, CP2_200, TP1_200 and

TP2_200. Cotton growth (Plant height, number of vegetative and reproductive

branches and total bolls per plant) and yield data were collected. The treatment

TP1_300 yielded higher cotton seed with 2.53 t/ha, i.e., 86% more than the
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absolute control. However, the highest plant growth parameterswere obtained

with MF which were similar to those obtained with TP1_300 (P > 0.05).

Likewise, at farms, the highest plant growth parameters and yield were

observed with MF followed by TP1_200 (with a cotton seed yield increase of

146% compared to the control, P < 0.05). In addition, no significant di�erences

were observed between organic fertilizers treatments for growth variables.

However yield di�erences occurred. To resume, TP1_300 kg/ha performed

best in terms of growth and yield in on-station experiments, while on-farms,

TP1_200 kg/ha produced the highest responses of cotton. Value Cost Ratio

(VCR) and Benefit Cost Ratio (BCR) values were generally as good or even

better for MF treatment and treatments involving CP1 at both on station and

on farm, compared to Ck. Although applying mineral fertilizer (MF) alone as

currently done bymany farmers appears tomake economic sense, this practice

is unlikely to be sustainable in the long term. Applying TP1_200 and TP1_300

are two possible strategies that are a�ordable to farmers and provide returns

on investment at least as good as the current practice of sole application of MF.

However, a long-term study to assess the e�ect of compost-activated biochar

on crop productivity and soil quality is advised.
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Introduction

Cotton (Gossypium hirsutum L.), has been for years a lever

for transformation in agricultural production systems. However,

its production plays an important role in the economy of

West and Central Africa (Soumaré et al., 2021). It represents

nearly 30% of exports and contributes, in terms of value added

to 7% Gross Domestic Product (World Bank, 2016). Despite

this importance, cotton production is characterized by low

productivity due to low inherent soil fertility coupled with

poor agricultural practices including excessive use of mineral

fertilizers (Amanet et al., 2019). The latter can contributes to

long-term soil acidification (Adams et al., 2016) and a decrease

in organic matter (Bationo et al., 2012; Vanlauwe et al., 2014). In

addition, temperature variation and the uncertainty of rainfall

patterns strongly affect the crop productivity (Rosenzweig et al.,

2014; Ahmad et al., 2018; Nasim et al., 2018).

Improving soil fertility has become a mandatory step for

the sustainability and productivity of production systems in

West Africa savannas (Bationo et al., 2007; Koulibaly et al.,

2015). However, this improvement requires the integration

of sustainable land management (SLM) measures whereby

bringing organic matter to the soil will lead to an increase

in the carbon stock whose depletion leads to soil degradation

(Lal, 2009).

Several techniques for the sustainable management of soil

fertility have been tested by researchers both around the world

and in sub-Sahara Africa. These practices involve the use of

different forms of organic amendments viz. compost, manure,

crop residues, green manure, fertilizer microdosing, etc. to

improve the physical, chemical and biological properties of the

soil (Akponikpe et al., 2008; Ibrahim et al., 2015; Agegnehu et al.,

2016; Tovihoudji et al., 2017, 2019). Compost is an excellent

fertilizer for plants because of its beneficial effects for nutrients

supply to the soil including nitrogen, phosphorus, potassium

and various other micronutrients (Nacro et al., 2010). It is

therefore urgent to find a sustainable alternative to conventional

agricultural land management by taking inspiration from

traditional practices, reproducing and amplifying what nature

achieves (Montaigne et al., 2018) to improve soil pH and

nutrient bioavailability. In the context of global challenges

(climate, input price variability, market access), meeting these

expectations requires the development of sustainable and

resilient land management practices from organic waste. In

peasant environments, there is a wide diversity of organic

substrates available for use by farmers (Blanchard et al.,

2014). These include cattle, sheep, goat and poultry droppings,

household wastes, and biochar from the pyrolysis of maize cobs

or stalks or rice husks (green charcoal).

Biochar, “green charcoal”, is the result of the slow pyrolysis

of plant biomass in an oxygen-free or low-oxygen atmosphere.

The result is a product with a very high carbon content

(Rutigliano et al., 2014). The scientific literature on the effects

of biochar is very prolific on food crops (Cornelissen et al., 2013;

Nyami et al., 2016; Yeboah et al., 2016; Jeffery et al., 2017; Steiner

et al., 2018; Chen et al., 2022). One of the promising technologies

to improve the pH and bioavailability of soil nutrients is the

combined use of biochar and organic or mineral fertilizer.
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Biochar generally has a positive effect on crop yields when

applied effectively to soils that are not very fertile, moderately

fertile or degraded than to healthy fertile soil (El-Naggar et al.,

2019). Several authors have shown that integrating biochar into

highly eroded or erodable tropical soils significantly improves

their physical, chemical and biological properties and crop yields

(Cornelissen et al., 2013; Nyami et al., 2016; Yeboah et al., 2016;

Jeffery et al., 2017; Steiner et al., 2018; Chen et al., 2022) in

vegetable and cereal crops but very little information is known

on the effect of biochar from maize cobs on cotton performance

(Elangovan and Sekaran, 2014).

In the dynamics of ecological transition and with a view of

providing the ever-growing population with quality and healthy

agricultural products, the reduction of chemical inputs in favor

of renewable inputs such as biochar-compost-based amendment

(known as “Terra preta”; Lehmann, 2009) is a path that should

FIGURE 1

Map of Benin showing the location of the three sites (Parakou, Bembereke and Kandi) in Northern Benin.
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be preferred. The present study aims to evaluate the effects

of two biochar-compost-based amendments on the agronomic

performance of cotton and economic feasibility in on-station

and on-farm environments from three agro-ecological zones of

northern Benin.

Materials and methods

Study sites

Two on-station experiments were carried in Northern Benin

in the municipality of Parakou at the experimental station

of Faculty of Agronomy/University of Parakou (9◦18’04”N

and 2◦42’37”E) and in the municipality of Bembereke at the

Agricultural Research Center of Northern Benin (9◦ 57′30”N

and 2◦43′39”E). The sites were located at agro-ecological zone

III, Bembereke and agro-ecological zone V, Parakou). Two

additional experiments were carried out on farmers’ fields at

Bembereke (village of Ina Gando, agro-ecological zone III;

between 9◦58’14” and 9◦58’32”N and between 2◦43’22” and

2◦44’06”E) and Kandi (village of Padé, agro-ecological zone II,

between 11◦02’16” and 11◦02’28”N and between 2◦53’44” and

2◦52’56”E). The sites (both on ation and on farm) were located

in the Sudano-Savanna area of northern Benin (West Africa,

Figure 1) with tropical climate characterized by a rainy season

from May to October and a dry season from November to

April. The average annual precipitations were 1,200, 1,070, and

1,000mm in Parakou, Bembereke and Kandi, respectively. The

soils in Parakou are of light texture and significant thickness due

to the weakness of erosion. In Bembereke and Kandi, the soils

are of tropical ferruginous type. These are soils with a more or

less important depth and good permeability and porosity (Igué

et al., 2017).

Experimental design, treatments and
crop/soil management

For the on-station trials, the experimental design was a

complete randomized block with ten (10) treatments and four

replicates. The ten treatments were: (i) absolute control with no

amendment (Ck), (ii) mineral fertilizer (MF) at 200 kg/ha, (iii)

cow dung-based compost at 200kg/ha (CP1_200) and (iv) 300kg

(CP1_300), (v) household waste-based compost at 200kg/ha

(CP2_200) and (vi) 300kg (CP2_300), the combination of CP1

and 15%biochar designated Terra preta (TP) at 200kg/ha (vii,

TP1_200) and at 300kg/ha (viii, TP1_300), the combination of

CP2 and 15% biochar at 200kg/ha (ix, TP1_200) and 300kg/ha

(x,TP1_300). The on-farm trials were conducted in two villages

in the municipalities of Bembereke (village of Ina Gando) and

Kandi (village of Padé) with four (04) farms per village. The

experimental design was a randomized complete block with

three replicates per farm with a total of 12 replicates per village.

Each replicate consists of six (06) treatments selected from the 10

treatments tested in on-station trials namely: Ck, MF, CP1_200,

CP2_200, TP1_200 and TP2_200.At both on-station and on-

farm sites; each experimental plot (5 x 4m) contained 6 separate

lines with 80 cm row spacing and 40 cm spacing between plants.

The blocks were separated by alleys of 3m and the plots were

separated by 2m. Due to low application rates, and based

on recent studies (Tovihoudji et al., 2017, 2019), the organic

amendments were hill-placed to improve their effectiveness. The

entire amount of compost and TP were applied after emergence

(10–15 days after sowing, DAS). The mineral fertilizer was

fractioned and spot-applied: 150 kg/ha of compoundNPK at 10–

15 DAS and 50 kg/ha of urea at 45 DAS. The cotton varieties

recommended according to the agroecological zones were used:

OKP 768 variety (150maturity-days) in Parakou and Bemberekè

and ANG 956 variety (150 maturity-days) in Kandi. Weeds were

cleared by using a hand hoe at 14 and 45 DAS and the pesticide

“Super Lambda” was sprayed 5-6 times to protect the cotton

bolls against pests.

Participating farmers in the on-farm trials were identified

by the agricultural advisors based on their experience in cotton

production, their willingness and consent to participate in the

trials. Farmers were trained before the start of the rainy season.

They fully managed their experimentation, and the role of

the researchers was limited to train them for application of

amendments and monitoring management practices and also to

data collection. Other crop management practices were left to

each farmer. Organic and mineral fertilizers were applied in the

same way as for the on-station trials.

Preparation of composts, biochar and
Terra preta and their composition

CP1 compost was made by the Association des Femmes

Vaillantes et Actives (AFVA) of Banikoara (northern Benin)

by the windrow manufacturing method from dry cow dung,

manure collected in stables, ash and rice straw. At maturity, CP1

compost was enriched with treated human urine. CP2 compost

wasmade in piles (aerobic conditions) by the ReBin project from

household organic waste in the municipality of Toffo (Southern

Benin) and biogas digestates. The process took 3 months. Then,

the compost was dried in shade, sieved and packaged in the bags

of 50 kg.

Biochar was produced by slow pyrolysis using a metal

drum kilns at a temperature of about 500 ◦C (Narzari et al.,

2015; Steiner et al., 2018). Biochar was made from corn

cobs. The biochar obtained after pyrolysis was crushed and

powdered using a mill to ease the preparation of biochar-based-

organic amendments.

Regarding the Terra preta, TP1 was produced by the AFVA.

During the composting of CP1, at 2 months, the biochar was
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added to the windrows with 15% of biochar. The mixture

lasted a month and was turned once a week to allow the

nutrients to be loaded into the biochar. The biochar mixed

with compost was sieved and then bagged into 50kg. TP2

was obtained from CP2. CP2 compost was purchased and

mixed with biochar with 15% of biochar. An addition of

water was regulary done and turned over every 4 days for

2 weeks.

In order to determine the chemical composition of the

amendments, samples were collected, air-dried and oven-dried

at 65◦C to a constant mass before analysis. Each sample was a

composite of ten to twelve subsamples. Subsamples of the dried

materials were crushed for chemical analysis at the Laboratory

of Soil, Water and Environmental Sciences (LSSEE/INRAB) at

AgonkameyResearch Center, South Benin.

Sampling, measurements, and
calculations

Initial soil analysis

Soil data were collected in both on-station and on-farm

sites using the same methodology. At each site, samples

were collected at a depth of 20 cm on the diagonal before

the installation of the trials. After collection, the samples

were carefully mixed to have a composite sample. The soil

samples were spread, dried, crushed and sieved to 2mm

at the Soil, Water and Environmental Sciences Laboratory

(LSSEE/INRAB) in Agonkanmey to determine particle

size, organic carbon, total nitrogen, available phosphorus,

exchangeable bases and cation exchange capacity. The particle

size was determined by the Pipette Robinson method (AFNOR,

1987). Organic carbon was evaluated by the Walkley and

Black (1934) method, total nitrogen was determined by the

Kjeldahl method (Houba et al., 1995). Available phosphorus

was determined by the Bray1 and Kurtz method (Van

Reeuwijk, 1993), the cation exchange capacity by distillation

and the exchangeable bases were determined by the Atomic

Absorption Spectrophotometer after extraction with 1N

ammonium acetate at pH by the method described by

Van Reeuwijk (1993).

Yield and yield components

Plant height, number of vegetaive and reproductive branches

and total bolls were recorded at boll opening stage on five plants

randomly chosen per plot from each replicate. Cotton seed yield

(kg/ha) was assessed two times by manually harvesting plants

from each plot. The bolls were dried to ≤12% water content,

ginned to determine cotton seed and lint yield. At the second

harvest, one hundred (100) fully mature open bolls were hand-

picked from each plot to determine single boll weight and

ginning percentage. Lint percentage was calculated from the

ratio of lint yield derived from 100 bolls and divided by seed

cotton weight of 100 bolls.

Economic analysis

Economic profitability of the different treatments was

analyzed based on gross return, gross margin, benefit/cost ratio

(BCR) and value/cost ratio (VCR). Fixed costs included the cost

of all major labor charges (field preparation, seeding, weeding

and ridging) whereas variable costs included the cost of fertilizer

and/or manure, cost of their transport and labor charges for

the application of the fertilizer and/or manure (Table 1). The

cotton seeds were not purchased because subsidized by the

government through the “Société pour le Développement du

Coton (SODECO). The prices of fertilizer fixed by SODECO

were used. Labor costs for land preparation, sowing, fertilizer

and/or manure application, weeding, and ridging were collected

during the experiments through farm diaries. For the seed-

cotton price, we used the average values of the two last

seasons (265 FCFA kg−1) (1USD=656 FCFA). Total revenue

was calculated by multiplying cotton grain yield with the grain

unit price. The gross margin (GM) was calculated by subtracting

variable costs from total revenue. The gross return (GR) was

calculated by subtracting the sum of the fixed and variable costs

from the revenue. The value cost ratio (VCR) was computed

as the difference in grain yield between the fertilized plots and

the control plot multiplied by the unit market price of grain,

divided by the cost of applied fertilizer. According to Kihara et al.

(2015), general rules have been established for interpreting VCR.

A VCR<1 indicates negative return on investment, a VCR =

1 entails positive return on investment bur not viable, whereas

TABLE 1 Inputs and outputs prices used in the economic analysis.

Unit Cost (USD)

Inputs

Mineral Fertilizer USD kg−1 0.49

CP1 USD kg−1 0.17

CP2 USD kg−1 0.21

TP1 USD kg−1 0.22

TP2 USD kg−1 0.21

Labor for cotton cultivation

Tillage USD ha−1 52.63

Seeding USD ha−1 17.54

Fertilizer transport USD ha−1 5.26–7.89

Fertilizer application USD ha−1 24.56

Weeding USD ha−1 21.92

Ridging USD ha−1 35.08

Output

Cotton grain USD kg−1 0.46

Frontiers in Sustainable FoodSystems 05 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1036133
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Tovihoudji et al. 10.3389/fsufs.2022.1036133

TABLE 2 Chemical composition of the di�erent organic amendments used.

Biochar Compost (CP1) Compost (CP2) Terra preta (TP1) Terra preta (TP2)

Nitrogen (N), % 0.31 1.67 1.66 1.32 0.92

Phosphorus (P), % 0.28 0.04 0.07 0.04 0.07

Potassium (K), % 2.14 0.47 0.22 0.62 0.48

Calcium (Ca), % 1.10 1.56 1.34 1.07 1.33

Magnesium (Mg), % 0.16 0.37 0.25 0.34 0.26

Manganese (Mn), mg/kg 56.67 225.96 243.22 270.16 350.76

Zinc (Zn), mg/kg 118.00 39.21 99.30 39.66 93.02

Sodium (Na), mg/kg 961.28 - - - -

pH water 10.21

Ash, % 13.76 78.98 85.12 69.30 75.43

MS, % 89 70 77 72 77

Organic carbon, % 50.03 12.19 8.63 17.81 14.25

a VCR> or = 2 means positive return on investment that is

economically viable.

Statistical analysis

Before analysis, the data were thoroughly cleaned. Then, the

normal distribution and homogeneity of variances were checked

with the Anderson-Darling and Levene’s test, respectively.

Regarding the on-station data, the effect of treatments and

site-treatment interaction were examined using an analysis of

variance (ANOVA 2) with Gensat v12 software. Because of

the different varieties used in the on-farm trials, the statistical

analyses were carried out for each site using a mixed linear

model, considering treatments as a fixed factor and farms and

replicates within farm as random factors. The test of Tukey was

also used to compare means at 5%.

The stability of yields in relation to different environments

was determined by the curve of the yield of treatments of a

replicate as a function of the associated environmental yield

(Guertal et al., 1994). The slope of the regression line was used to

assess yield stability by treatment (smaller the slope, the greater

is the yield stability; Guertal et al., 1994). The yield response of

treatments relative to the control was calculated by subtracting

the control yield from the treatment under consideration.

Results

Major characteristics of the amendments
and experimental sites

Biochar had a pH of 10.21, with concentrations of 50.03%

C, 0.31% total N, and 13.76% ash. The results of chemical

analysis showed that the percentage of nitrogen of both types

of compost is higher than the other organic amendments but

low (0.31%) in the biochar. Unlike, the percentage of organic

carbon is high (50.03%) in biochar and low in Toffo compost. By

comparing the two Terra preta, it appears that the percentage of

carbon contained in the Terra preta of banikoara (TP1) is higher

(17.81%) than that contained in the Terra preta of toffo TP2)

(Table 2). In addition, the percentage of phosphorus (0.28%) and

potassium (2.14%) contained in the biochar is higher than the

other treatments.

The texture of experimental soils at both on-station and on-

farm sites varied from loamy sand to sandy loam. The nitrogen

content of the sites where below 1% (Table 3). The soils were

slightly acidic (pH= 5–6.6) both at on-station and on-farm sites.

There was also a low level of total carbon. The values of available

phosphorus were relatively high (Table 3).

A cumulative rainfall of 792.8 and 914.5mm were recorded

during the growing season in Bembereke and Parakou,

respectively (Figure 2). In addition, the highest daily rainfall was

recorded in the municipality of Parakou at 20 DAS (50mm)

which remains low compared to that recorded in Bembereke at

15 DAS (79mm). Rainfall was well distributed in Parakou unlike

Bembereke (Figure 2). Under on-farm experiments, Bembereke

and Kandi received 868.4mm and 881.3mmof rain from June to

October, respectively, with the highest amount of rain observed

in August and September in Bemberekè and July and August

in Kandi.

On-station trials

Growth parameters

The plant height was significantly affected by the different

treatments at both sites (P < 0.001; Figure 3). The mineral

fertilizer (MF) treatment produced the maximum height

(132.85 cm). Among the organic treatments, the maximum

height was obtained with TP1_200 (120.5 cm). There was a

significant site by treatment interaction on plant height (P <
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TABLE 3 Physico-chemical characteristics of the soil at experimental sites.

Soil and land characteristics Unit On-station On-farm

Bembereke Parakou Bembereke Kandi

pHH2O – 5.69 5.58 5.76± 0.17 5.68± 0.23

Total carbon % 0.64 1.34 0.77± 0.06 0.95± 0.39

Total nitrogen % 0.07 0.11 0.09± 0.01 0.08± 0.03

P-Bray1 mg kg−1 26 66 15.88± 5.46 34.45± 6.57

Exch-K cmol+ kg−1 – – 0.21± 0.03 0.38± 0.30

Exch-Ca cmol+ kg−1 – – 1.90± 0.55 2.86± 2.38

Exch-mg cmol+ kg−1 – – 0.60± 0.11 0.82± 0.55

Exch-Na cmol+ kg−1 – – 0.16± 0.03 0.15± 0.04

Sand % 87 78 81± 8 76± 5

Silt % 9 12 14± 0.3 15± 5

Clay % 4 10 5± 3.7 8± 3

Textural class Loamy sand Sandy loam Loamy sand Loamy sand

Seasonal rainfall

June mm 103.9 142 103.9 92

July mm 175.3 270 175.3 219.5

August mm 234.4 137 234.4 256.9

September mm 250.3 231 250.3 182.8

October mm 104.5 203.5 104.5 130.1

FIGURE 2

Rainfall distribution under on-station experiments: (A) Parakou and (B) Bembereke.

0.001). Indeed, for organic fertilizers, the average height values

were higher in Parakou than in Bembereke for all treatments

with a maximum height of 138.6 cm.

The number of vegetative branches was significantly affected

by the sites and treatments (P < 0.001; Figure 3) with the largest

number of vegetative branches recorded at Bembereke. Biochar-

based fertilizers with compost at 200 kg/ha (TP2) recorded the

largest number of vegetative branches compared to the control

(2 branches). A significant site by treatment interaction was

observed (P < 0.001). At Bembereke, the highest number of

vegetative branches was observed in the MF treatment followed

by CP2_300, while in Parakou it was observed in TP1_200

followed by CP1_200.

The number of fruiting branches was significantly affected

by the sites and treatments (P < 0.001; Figure 3) with the

highest number recorded in Parakou and underin CP1_200

(16 branches), TP1_300 (15 branches) and MF (15 branches)

treatments. There was also a significant site by treatment
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FIGURE 3

Site by treatment interaction e�ect on plant height, number of vegetative and fruiting branches, and number of bolls of cotton. Ck, control; MF,

mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha; CP1-300, Compost of Banikoara at 300 kg/ha; CP2-200, Compost of To�o at

200 kg/ha; CP2-300, Compost of To�o at 300 kg/ha; TP1_200, Terra preta of Banikoara at 200 kg/ha; TP1_300, Terra preta of Banikoara at 300

kg/ha; TP2_200, Terra preta of To�o at 200 kg/ha; TP2_300, Terra preta of To�o at 300 kg/ha.

interaction. CP1_200 produced the highest fruiting branches

(16 branches) in Parakou while TP2_300 produced the highest

fruiting branches (13 branches) in Bembereke.

The number of bolls per plant varied significantly between

sites (P < 0.001; Figure 3) with the highest number recorded

in Parakou. The number of bolls per plant were significantly
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TABLE 4 E�ect of di�erent biochar-based amendments on

seed-cotton and lint yields at the two on-station experimental sites in

northern Benin.

Factors Seed-cotton yield

(t/ha)

Lint yield

(t/ha)

Station Bembereke 2.00 1.08

Parakou 2.04 1.14

SE 0.052 0.032

Treatments Ck 1.36a 0.79a

MF 3.03f 1.66d

CP1-200 1.64abc 0.92ab

CP1-300 2.12cde 1.19bc

CP2-200 1.51ab 0.83a

CP2-300 1.78abcd 0.97ab

TP1-200 1.90bcde 1.08abc

TP1-300 2.53ef 1.37cd

TP2-200 2.00bcde 1.06abc

TP2-300 2.21de 1.20bc

SE 0.117 0.071

P-values Site (S) 0.565 0.197

Treatment (T) <0.001 <0.001

S x T 0.922 0.908

Ck, control; MF, mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha; CP1-

300, Compost of Banikoara at 300 kg/ha; CP2-200, Compost of Toffo at 200 kg/ha;

CP2-300, Compost of Toffo at 300 kg/ha; TP1_200, Terra preta of Banikoara at 200 kg/ha;

TP1_300, Terra preta of Banikoara at 300 kg/ha; TP2_200, Terra preta of Toffo at 200

kg/ha; TP2_300, Terra preta of Toffo at 300 kg/ha. Average values with the same letters

are not significantly different at 5%, test of Tukey. SE, standard error.

affected by the treatments. At 120 DAS, the highest number of

bolls per plant (22 bolls) were recorded in the TP1_300 and

MF treatments. There was also a significant site by treatment

interaction on the number of bolls per plant. In Parakou, the

highest number of bolls per plant was recorded in TP1_200

(29 bolls) while the highest number of capsules per plant was

determined with MF in Bembereke (22 bolls).

Yield and components

The seed-cotton and lint yields were not affected by sites but

were significanlty affected by treatments (p < 0.05; Table 4). The

MF treatment produced the highest yields in term of seed-cotton

and lint (3.0 and 1.7 t/ha, respectively). Among the organic

fertilizers, the TP1_300 treatment produced a similar seed and

lint yields compared to the MF treatment with an 86 and 73%

increase over the control, respectively. No site by treatment

interaction was observed for the seed-cotton and lint yields

(Table 4).

Economic indicators

All the economics parameters were significanlty affected by

the sites (p < 0.001; Table 5). The site of Parakou produced

the highest values of net return (NT), gross margin (GM),

BCR and VCR. NT, GM, BCR and VCR were also significanlty

affected by treatments (p < 0.01; Table 5). The MF treatment

produced the highest values for these economics parameters

TABLE 5 E�ect of di�erent biochar-based amendments on economic indicators at the two on-station experimental sites in northern Benin.

Factors Levels Net return (USD/ha) Gross margin (USD/ha) BCR (–) VCR (–)

Station Bembereke 224.01 334.52 1.24 1.83

Parakou 644.44 754.96 3.59 3.63

SE 16.78 16.78 0.09 0.25

Treatments Ck 304.33a 414.84a – –

MF 683.4c 793.91c 3.08b 4.41b

CP1-200 329.56a 440.08a 1.97a 1.45a

CP1-300 458.97ab 569.48ab 2.49ab 3.09ab

CP2-200 321.19a 431.70a 1.86a 1.27a

CP2-300 425.16ab 535.68ab 2.20ab 2.45ab

TP1-200 387.98ab 498.49ab 2.20ab 2.28ab

TP1-300 513.73bc 624.25bc 2.59ab 3.39ab

TP2-200 439.87ab 550.39ab 2.54ab 3.17ab

TP2-300 478.05ab 588.57ab 2.47ab 3.09ab

SE 37.51 37.51 0.20 0.53

P-values Site(s) <0.001 <0.001 <0.001 <0.001

Treatment (T) <0.001 <0.001 0.002 0.002

S x T <0.001 <0.001 0.002 0.003

Ck, control; MF, mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha; CP1-300, Compost of Banikoara at 300 kg/ha; CP2-200, Compost of Toffo at 200 kg/ha; CP2-300,

Compost of Toffo at 300 kg/ha; TP1_200, Terra preta of Banikoara at 200 kg/ha; TP1_300, Terra preta of Banikoara at 300 kg/ha; TP2_200, Terra preta of Toffo at 200 kg/ha; TP2_300,

Terra preta of Toffo at 300 kg/ha. Average values with the same letters are not significantly different at 5%, test of Tukey. SE, standard error.
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TABLE 6 E�ect of biochar-based amendments on seed-cotton and lint yields at two on-farm experimental sites in northern Benin.

Bembereke Kandi

Total yield (t/ha) Lint yield (t/ha) Response (%) Total yield (t/ha) Lint yield (t/ha) Response (%)

Ck 0.80a 0.29a 0.75a 0.28a

MF 1.97d 0.71c 162.07b 1.92c 0.68c 163.58b

CP1-200 1.24bc 0.57bc 64.63a 1.22b 0.43b 66.62a

CP2-200 1.10ab 0.51b 44.37a 1.15b 0.40b 57.62a

TP1-200 1.49c 0.63bc 99.00ab 1.42b 0.49b 91.96a

TP2-200 1.35bc 0.49b 74.55a 1.23b 0.43b 69.93a

SE 0.076 0.034 16.292 0.066 0.026 15.599

P-values <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Ck, control; MF, mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha; CP2-200, Compost of Toffo at 200 kg/ha; CP2-300, Compost of Toffo at 300 kg/ha; TP1_200, Terra preta

of Banikoara at 200 kg/ha; TP2_200, Terra preta of Toffo at 200 kg/ha. Average values with the same letters are not significantly different at 5%, test of Tukey. SE, standard error.

TABLE 7 E�ect of biochar-based amendments on economic indicators at two on-farm experimental sites in northern Benin.

Bembereke Kandi

Net return

(USD/ha)

Gross margin

(USD/ha)

BCR (-) VCR (-) Net return

(USD/ha)

Gross margin

(USD/ha)

BCR (–) VCR (–)

Ck 100.58a 322.38a - - 109.40a 303.76a - -

MF 573.73d 684.25d 2.59b 4.25b 554.86c 665.38c 2.50b 4.25

CP1-200 304.60bc 442.56abc 1.99ab 3.13ab 269.21b 434.61b 1.94ab 3.32

CP2-200 221.14ab 380.44ab 1.56a 1.93a 255.28b 400.86ab 1.68a 2.55

TP1-200 381.19c 537.44c 2.42b 4.28b 364.82b 507.35b 2.25ab 4.11

TP2-200 322.94bc 482.24bc 2.15ab 3.56ab 276.58b 435.88b 1.88ab 3.11

SE 30.19 30.56 0.19 0.45 27.03 26.83 0.16 0.52

P-values <0.001 <0.001 0.006 0.004 <0.001 <0.001 0.005 0.136

Ck, control; MF, mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha; CP2-200, Compost of Toffo at 200 kg/ha; CP2-300, Compost of Toffo at 300 kg/ha; TP1_200, Terra preta

of Banikoara at 200 kg/ha; TP2_200, Terra preta of Toffo at 200 kg/ha. Average values with the same letters are not significantly different at 5%, test of Tukey. SE, standard error.

(683.4 USD/ha, 793.9 USD/ha, 3.1 and 4.4, respectively). Among

the organic fertilizers, the TP1_300 treatment produced the

highest values for NT, GM, BCR and VCR (513.7 USD, 624.3

USD, 2.6 and 3.4, respectively) similar to the values obtained

with MF treatment. A significant interaction were observed

between site and treatment for all economics parameters (p <

0.01; Table 5). The response to treatments was more pronounced

in Parakou than in Bembereke.

On-farm trials

Yield and components

In the on-farm sites, seed-cotton and lint yields were

significantly affected by the treatments at both study sites (P

< 0.001; Table 6). At both sites, the TP1_200 produced good

yield in term of seed-cotton and lint which was close to the MF

treatment with an increase of 99 and 92% in seed-cotton yield

compared to the control, in Bembereke and Kandi, respectively

(Table 6).

Economic indicators

Net return (NT) and gross margin (GM) were significanlty

affected by the treatments (p < 0.001; Table 7) in Bembereke

and Kandi. The MF treatment produced the highest NT and

GM (573.73 and 554.86 USD/ha, and 684.25 and 665.38 USD/ha

in Bembereke and Kandi, respectively). Among the organic

fertilizers, the TP1_200 treatment produced the highest values

for NT and GM (381.19 and 364.82 USD/ha, and 537.44 and

507.35 USD/ha in Bembereke and Kandi, respectively). The

TP1_200 treatment produced BCR and VCR values most closed

to the MF treatment at both sites.

Analysis of environment stability and response
to amendments

The stability analysis showed that TP1_200 performs

well in all environments (Figure 4A). Treatments such

as CP1_200, TP1_200 and TP2_200 have intermediate

responses in all environments while mineral fertilizer (MF)

treatment was more sensitive to improving environmental
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FIGURE 4

Stability analysis (A) and absolute response of di�erent treatments as a function of the yield of the control plot (B). 4 The environmental average

is the average yield of all treatments on a given agricultural site; Ck, control; MF, mineral fertilizer; CP1-200, Compost of Banikoara at 200 kg/ha;

CP2-200, Compost of To�o at 200 kg/ha; CP2-300, Compost of To�o at 300 kg/ha; TP1_200, Terra preta of Banikoara at 200 kg/ha; TP2_200,

Terra preta of To�o at 200 kg/ha.

conditions. Nevertheless, it should be noted that the slope

under the CP1_200 and CP2_200 treatments remain low,

resulting in more stable yields. On the other hand, the

slope under the MF treatment was strong which makes it

more unstable.

Figure 4B shows the absolute responses of the different

treatments as a function of the yield of the control plot.

Responses vary considerably from 461 to 1612 kg/ha, 29

to 721 kg/ha and 0 to 975 kg/ha, for MF, CP and TP

treatments at both sites, respectively (Figure 4B). The yield

response of different treatments tends to decrease with

increased yields in control plots, with lesser decrease in

TP treatments.

Discussion

E�ect of treatments on cotton growth
parameters

From this study, it appears that the different biochar-based

treatments improved the growth of cotton with TP1 treatment

producing better results at both on-station and on-farm trials.

Compared to other treatments, the application of MF yielded

best. This is explained by the solubility and availability of

nutrients in MF that would have promoted the rapid growth

of plants unlike the biochar and compost-based amendments

(Kouassi et al., 2019). These results are similar to those obtained
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by Elangovan and Sekaran (2014) who showed that the increase

in height of cotton plants was due to the balanced effect of

the mineral fertilizer. The latter were able to show that biochar

amendments increase total nitrogen by 7% and organic carbon

by up to 69%. Using mass balance analysis, they observed

no detectable loss of C from biochar during incubations, but

recovered <20% of C from manure. In addition, this difference

in performance may also be due to the slow decomposition

of biochar-based amendments after incorporation into the soil

(Fischer and Glaser, 2012; Jien et al., 2015; Koulibaly et al., 2015).

Among the various biochar-based amendments, compost at

200 kg/ha and Terra preta at 200 kg/ha produced better growth

preferences in on-station and on-farm conditions, respectively.

Terra preta applied at 300 kg/ha was more productive in terms

of the number of vegetative and fruiting branches and number

of bolls. The stability that biochar confers on the compost

contained in Terra preta justifies the advantage observed with

Terra preta compared to sole compost and in particular with

Terra preta of Banikoara (Fischer and Glaser, 2012; Jien et al.,

2015; Zhang et al., 2020). The better performance of the Terra

preta of Banikoara (TP1) compared to that of Toffo (TP2) could

be explained by its richer chemical composition (Table 1) and by

a possible fast decomposition process than TP2.

E�ect of treatments on cotton yield and
economic profitability

Regardless of the experimental conditions of each farm,

we observed that yields increased by 96 and 73% on average,

for the TP1 and TP2 treatments, respectively, compared to

the control. The combination of compost and biochar (Terra

preta) provides greater stability to soil nutrients and better

water use for plants (Pandit et al., 2019). It is therefore

understandable that the best performances demonstrated by

Terra preta (TP1 and TP2) compared to the application of

composts alone are related to the combined action of biochar

and compost. Indeed, compost is a natural source of nutrients

needed by plants for growth and productivity. Biochar is

generally nutrient poor (Ding et al., 2016) but very porous

in nature with a high specific surface area (Palansooriya

et al., 2019), giving it a great potential to retain nutrients.

According to Rees (2014), biochar controls nutrient mobility

in soil-plant systems through a series of different mechanisms

and on a practical level, it promotes phytostabilization and

phytoextraction strategies of nutrients in soils. Several studies

have reported the effect of compost combined with biochar

(Terra preta) on plants. Rombel et al. (2022), noted that the

application of biochar combined with compost, as the case of

Terra preta in our study, is better than the separate application

of biochar and compost, demonstrating the synergistic and

beneficial effect of biochar mixed with compost. Although

the nutrient content of Terra preta depends on the raw

materials of the compost and biochar, the pyrolysis and

the environmental conditions during the composting process

(Antonangelo et al., 2021), the studies of Oldfield et al.

(2018), confirmed that the mixed application of compost

and biochar to the soil was beneficial to the crops with a

lower negative environmental impact than the use of synthetic

mineral fertilizers alone. According to Sánchez-Monedero et al.

(2019), the mixed application of compost and biochar to the

soil can not only serve as a substitute for synthetic mineral

fertilizers, but it also stimulates microbial life in the soil,

which in turn contributes to soil nutrient cycling. Several

mechanisms have been suggested to explain the plant yield

response to mixing biochar with a nutrient source. These

include optimization of plant nutrient availability (Agegnehu

et al., 2016), increased soil microbial biomass and activity

(Wang et al., 2016), and most importantly the liming effect

(Kätterer et al., 2019; Wang et al., 2019).

The differences in yields obtained between the fields at the

station (Table 4) and at the farm (Table 6) can be explained

by the texture of the soils at the sites, their initial level of

fertility, and the rainfall. Indeed, the farmer’s fields and station

of Bembereke have the same soil texture (Loamy sand) with

almost the same level of nitrogen, whereas the Parakou station

has a sandytexture (Sandy loam) with a higher level of nitrogen.

In addition, unlike the station of Parakou, there is low rainfall

with an irregular distribution at Bembereke and Kandi. Sultan

et al. (2010) and Anwar et al. (2020) also showed in their studies

that cotton yield can vary greatly depending on rainfall and

its distribution. Wang et al. (2019) reported that the effect of

combining biochar with compost on plants is more noticeable

on sandy soils or when there are drought spells during growing

season. For example, Glaser et al. (2015) showed that combining

biochar with compost increased maize yield by 26% over

compost when grown on sandy soil. Similarly, Głab et al. (2018)

found that the application of the compost-biochar mixture on

sandy soils exhibited better water retention than the application

of compost without biochar. Mekuria et al. (2014) showed

that during a drought period, soils where the compost-biochar

mixture was applied exhibited a smaller reduction in grain

yield (35-36%) compared to soils that received only compost

(40–64%). Furthermore, the initial soil fertility level influences

the plant response to the compost-biochar mixture application

(Wang et al., 2019).

The results of stability and response analysis showed

a huge variability in yields between farms and within

the same treatment (Figure 4B). Indeed, the treatment

TP1_200 has been much more adapted and stable to the

environment in which the trials were carried out. This

could be due to its chemical composition which despite

the poverty of the soils provides the necessary elements for

the growth of cotton seedlings. Several authors have also

observed a high variability in responses to organic and/or

mineral fertilization for various crops and environments

(Bielders and Gérard, 2015; Tovihoudji et al., 2019).
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From an economic point of view, all treatments led to mean

VCR values>2 (Tables 5, 7), which is generally considered as the

lower threshold for adoption in smallholder, risk-averse farming

systems. Hence all tested biochar-compost-based amendments

may appear suitable for the conditions of northern Benin.

Nevertheless, mean BCR and VCR values were notably higher

for treatments involving CP1 (i.e CP1 and TP1) compared

to those involving CP2. This is a direct consequence of the

fact that CP1 and TP1 perform better than CP2 and TP2.

Applying mineral fertilizer alone, though economically viable

than the tested biochar-compost-based amendments, should not

be suggested in the long-term. Continuous cultivation without

organic amendment has been shown to lead to an increase

of soil acidification and an overall decline in soil organic

matter content and in the availability of other nutrients (Adams

et al., 2016). Organic amendments are essential for sustaining

soil quality in the long run. In addition to micronutrients

supply, organic amendments are also essential to sustain soil

life (Agegnehu et al., 2016). Hence, spot application of biochar-

compost-based amendments (particularly TP1) appears to be

an economically good alternative in the current agroecological

transition pathway.

Conclusions

The results of the current study show that growth and yields

of cotton can be significantly improved by biochar-compost-

based amendments and ultimately farmers’ livelihoods. From

an economic pointview, TP1 treatment (at 200 or 300

ka/ha) appears interesting. Although higher agronomic and

economic effects were observed for MF treatment, applying

mineral fertilizer alone may prove unsustainable in the

current context. Therefore, farmers should be encouraged

to substitute mineral fertilizer by biochar-compost-based

amendments by valuing the increased animal and crop

wastes production as biochar and compost. However, actions

have to be taken to provide farmers with more financial

supports and training to produce biochar and compost.

The results of stability and response analysis showed a

variability in yields between farms and within the same

treatment. The treatment TP1_200 was much more adapted

and stable to various environments. However, further studies

are needed across other agroecological zones in Benin and

over several production seasons to better understand the

agronomic response.
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Głab, T., Zabiński, A., Sadowska, U., Gondek, K., Kopeć, M., Mierzwa–Hersztek,
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