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  Abstract 
Mineral fertilizers are effective in boosting crop yields in most parts of the 
world. Under tropical conditions and especially in rain-fed arid ecosystems they 
are not effective, because the limitations of system productivity are stronger at 
the level of the climatic situation and soil quality. The positive effect of Glirici-
dia sepium (G. sepium) for: erosion control, shade, hydraulic lift, N-fixation, 
resource of fodder and soil input convinced the participating farmers to provide 
part of their land for this study. G. sepium was tested in association with cotton, 
maize and sorghum in order to develop best practices at two research stations and 
on fields of 30 farmers in the Sudanese and Sudano-Guinean zones of Mali. In 
addition to the introduction of G. sepium, the effects of organic and mineral ferti-
lizers we tested at recommended and half rate. On-station experiments design 
was a split-plot with four replicates. The pH, soil organic carbon and nitrogen in 
soil samples were analyzed from 0-20 cm depth taken in 2016 at the beginning of 
the experiment and in 2018. The average yields of cotton, maize and sorghum 
associated with G. sepium were 812, 1,457 and 1,377 kg ha-1 respectively, whe-
reas they were significantly lower without G. sepium reaching only 623, 1,014, 
and 807 kg ha-1 respectively. In the third year after planting G. sepium, organic 
carbon contents and total soil nitrogen increased by 5% in soils between the al-
leys. Association of G. sepium with cotton, maize, and sorghum showed the im-
provement of crop yields and soil nitrogen content in addition to other advantag-
es not considered for testing here. This finding may serve to improve small-scale 
farmer’s livelihoods status through the improvement of soil fertility in Mali and 
the whole Sahel region. 
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1. Introduction 

The agricultural sector is the backbone of the economy of Sahelian1

                                                           
1The Sahel stretches from Senegal on the Atlantic coast, through parts of Mauritania, Mali, Burkina Faso, Niger, Nigeria, Chad and Sudan to Eritrea on 
the Red Sea coast. 

 countries. About 80% of the population in these 
countries lives in rural areas, and is depending on agriculture, fisheries and the exploitation of forest resources for their 
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livelihoods. Coupled effects of inappropriate agricultural practices and the negative effects of climate change are 
threatening the rural livelihoods in Sahel. Soils are degrading; and the size of available land for grazing is reducing, 
hence, the consequence of food insecurity and destabilized states and conflicts [1, 2, 3, 4]. In Mali, soil degradation af-
fects up 22% of arable land, which has become a major constraint of agricultural production [5]. Competition between 
field crops, livestock and humans for land, water, and biomass has been resulted into lower productive capacity and 
degraded land. According to this problem relates [6], among others, to the use of less productive or marginal lands, 
shorter fallow periods, overgrazing and overuse of vegetation cover, which lead to soil degradation (i.e., declined soil 
fertility and soil acidification). 

In the recent decades, the increase in productivity in Mali has been achieved mainly through the expansion of culti-
vated land and soil mining by continuously removing soil nutrients without compensation. For instance, the area under 
maize increased from 59.247 ha in 2008 to 298.150 ha in 2017 [7]. Similarly, the area under cotton cultivation increased 
from 28.360 ha to 703.652 ha between 1960 and 2017 [8]. During this period, the Malian population increased fourfold, 
reaching around 19 Million people. Thus, the Malian Government faces the challenge of producing food to feed a con-
stantly growing population while preserving the natural resources. Nutrient balances in cotton-based cropping systems 
in Mali are negative [9, 10, 11] and macronutrient levels in soils are below the critical thresholds of 300 mg N g-1soil, 
2.2 to 5.5 mgP kg-1 and 0.01 to 0.07 meqK 100g-1 [12, 13] indicating that 17% of soils in the cotton production zone 
have a pH below the threshold of 5.5. This soil acidification is directly responsible of the reduction of nutrients assimi-
lation and consequently reducing crop growth and yields.  

The organic and mineral amendments play an important role to improve soil quality and various soil properties par-
ticularly on leached tropical ferruginous soils [14, 15]. Addition of organic amendments in these degraded soils has 
been shown to increase soil organic matter, pH, water holding capacity and overall productivity [16]. Alternative bio-
mass production methods using shrubs may alleviate some of the biomass shortage associated with crop-based agricul-
ture and provide much-needed biomass for soil and livestock [17]. Local nutrient and organic matter source availability 
(i.e., shrub biomass) in Sahel is especially important considering limited availability, affordability and benefit of inor-
ganic fertilizers.  

Benefits of integrating shrubs/tress into Sahelian cropping systems are well-recognized but deep scientific under-
standing as well as large-scale uptake and implementation of such systems are rare [18, 16]. Similarly, benefits of 
shrubs and trees providing ecosystems services (i.e., erosion control, biodiversity refuge, carbon sequestration, shading, 
food/fodder and medicine for animals and humans) and holding cultural significance for the population are widely rec-
ognized [19]. Studies demonstrated that Piliostigma reticulatum (DC.) Hochst., Guiera senegalensis J. F. Gmel. And 
Faidherbia albida (Del.) A. Chev. significantly promote crop growth, and improve soil quality [20, 21, 22, 23, 17] and 
reduce water stress [24, 25]. Benefits from shrubs/tree are associated with the creation of “resource islands” triggering 
improved water and nutrient [24], microbial habitat, and soil physical properties [26, 27]. A recent study highlighted the 
hydraulic redistribution and bio irrigation ability of the Sahelian shrub Guiera senegalensis which closeness, increased 
nine-fold millet biomass production increased nine-fold [25]. 

Despite some evidences, a number of soil fertility management technologies are poorly adopted because of biophysi-
cal, economic or socio-cultural constraints [28]. It is imperative to introduce soil fertility management tools and tech-
nologies that are affordable to low-income producers and environmentally friendly. The participatory development of a 
technology with farmers, and their conviction of its positive impact on the household economy is crucial [29]. In this 
context, shrubs that can establish and grow fast, produce high amount of biomass, fix N2 and tolerate frequent coppicing 
are desired characteristics [30]. Furthermore, species that can be integrated into annual cropping systems with little or 
no risk for nutrient competition and shading with corps would be preferred over species that pose risk of nutrient com-
petition and reduce photosynthetic activity [31, 32]. Especially in cropping systems with high N demanding crops such 
as cotton and maize, easy availability and applicability of N rich shrub biomass is essential. Gliricidia sepium (Jacq.) 
Kunth ex. Walp. is one shrub species that can be integrated into maize and cotton based system, with negligible compe-
tition, an ability to withstand multiple times of coppicing provide high amount of N to the system [33] and increase the 
soil organic matter [32] which is particularly relevant for regions where availability and affordability of organic or in-
organic soil amendments are limited.  

The objective of this study was to develop, together with participating farmers, an agro-forestry technology based on 
G. sepium in the alley cropping system to improve soil fertility, crop productivity and establish food security in Sahel 
belt of Mali. The study hypothesis indicated that inclusion of G. Sepium into cotton based systems would significantly 
reduce the mineral fertilizer requirements, improve soil quality and water holding capacity and crop productivity.  
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2. Materials and Methods 

2.1. The participatory process 

In 2016, the year before the initiation of field experiments, in the two selected study sites (ZoumanaDiassa in the Si-
kasso regions and Mafeya in the Koulikoro region), interdisciplinary research team contacted the farmers and together 
agreed on several approaches to improve soil fertility. Several techniques were discussed that might be useful to reduce 
the costs and inputs as well as to stabilize the yields by improving soil fertility. Participants agreed that agroforestry 
systems were the keyfor building (a) soil fertility because of numerous benefits it provided; fixing atmospheric nitrogen, 
providing shade, serving as a source of organic inputs and helping to stop erosion, (b) for food security by improving 
crop yield, reducing costs for fertilizers and serving as a fodder source for livestock during the dry season; and (c) for 
climate adaptation by protecting soil and building up soil organic matter. The disadvantages were discussed as well 
such as more manual labor during the management period of the alleys and a loss of land that is covered by the alleys. 
Since farmers were not using herbicides this was not a hindering factor to include more than one species in the field. At 
the end, 15 on-farm field trials and a replicated field experiment were established in each of the 2 regions.  

2.2. Sites 

The agroforestry systems with G. sepium alleys were tested in 2017 and 2018 at the research station of Institut Poly-
technique Rural de Formation et de Recherche Appliquée (IPR/IFRA) in Katibougou, in the Koulikoro region and at the 
research station of Farako, Centre Regional de Recherche Agronomique (CRRA), Institutd’ Economie Rurale (IER), in 
the Sikasso region (Table 1). The respective farmer groups were in the villages of Mafèya (Koulikoro) and Zoumana-
Diassa (Sikasso). Around 30% more rainfall has been received in Sikasso compared to Koulikoro region (Figure 1).  

According to agro-ecological zones and crop rotation sequences, adapted varieties of sorghum, maize and cotton 
were used. In both stations and on farmers’ fields, treatments included the woody G. sepium (Jacq.) Kunth ex. Walp. 
variety ILG50 (from ICRAF/Mali) intercropped with cotton (Gossypium hirsutum L., STAM59A) and maize (Zea mays 
L. hybrid Dembagnuma) in Sikasso and intercropped with sorghum (Sorghum bicolor L.) variety “CSM 63 E” and ma-
ize (Zea mays L. hybrid “brico”) at Koulikoro. 

Table 1. Characteristics of the two study sites 

Characteristics Katibougou Farako 

Agro-ecological zones Sudanian Sudano-Guinean 

Administrative region Koulikoro Sikasso 

Location 12°57'S, 7°36'E 11°33’S, 05°38’E 

Annual average rainfall 600-800 mm 800-1,000 mm 

Soils [34] Tropical ferruginous (Ultisols) Tropical ferruginous (Alfisols) 

Average annual temperature 21-26 °C 10-25 °C 

Vegetation[35] 

Danielliaoliveri (Rolfe) Hutch. & Dlz., 
Vitellariaparadoxa Gaertn. f. 
Terminalialaxiflora Engl. & Diels 
Detariummicrocarpum Guill. & Perr., 
Annonasenegalensis Pers. 
Guierasenegalensis J. F. Gmel 

Guierasenegalensis 
Parkiabiglobosa (Jacq.) Benth 
Vitellariaparadoxa 
Terminalialaxiflora 
Annonasenegalensis 
Faidherbiaalbida (Del.) A. Chev. 
Danielliaoliveri 
Detariummicrocarpum 
Guierasenegalensis 

Climate aridity index 0.25 < IAC < 0.50 0.25 < IAC < 0.75 

Main crops 
Millet (Pennisetumamericanum L Leeke) 
Sorghum (Sorghum bicolor L.)  
Maize (Zea mays L.) 

Maize (Zea mays L.) 
Millet (Pennisetumamericanum L Leeke) 
Sorghum (Sorghum bicolor L.) 
Cotton (Gossypiumhirsutum L) 
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Figure 1. Rainfall in the years 2016 to 2018 in Farako and Katibougou.  

2.3. Soil characteristics in stations 
The results of the soil analyses at the onset of the two experiments showed that the soil at the field site in Farako in 

the Sikasso region was a sandy loamy while that of and the one at Katibougou was only loamy. The soils were slightly 
acidic with pH values of 5.4 and very low in soil organic matter, total soil nitrogen, P, and K as examples of plant nu-
trients at both sites. This is a typical characteristic of soils in the region when they are used for crop production for a 
long time. Precipitation was relatively low in Katibougou compared to Farako. Especially in 2017 at Katibougou, the 
rainfall amount and distribution were not appropriate to give good growing conditions (Table 2). 

Table 2. Physico-chemical characteristics of soil references in Sikasso and Koulikoro 

Variables assessed Farako Katibougou 

Physical properties (%) 

Clay [%] 15 14 

Silt [%] 8.3 38.8 

Sand [%] 76.5 47 

Max water holding capacity [%] 25.3 27. 

Textural class (WRB) Sandy loam Loam 

Chemical characteristics 

pH (H2O) 5.4 5.4 

pH (KCl) 5.1 4.5 

Soil organic matter [%] 0.11 0.17 

N [%] 0.01 0.03 

P (ppm) 1.32 3.8 

K (ppm) 4.17 7.54 
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2.4. Nutrient inputs 
Mineral fertilizer was applied according to the official recommendation to the particular crops (Table 3). Maize and 

sorghum were fertilized with a cereal complex fertilizer 15N-15P-15K at sowing time and urea 45 days after emergence. 
Cotton was fertilized with a cotton complex fertilizer 14N-10P-10K-7S-1B 15 days after sowing and urea 45 days after 
germination. The compost was prepared in a pit of 3 × 3 m and 1 m depth, gradually filled withstraw, crop residues, 
household waste and animal waste. It was kept moist and was turned every 15 days at least 4 times. Compost was ap-
plied at 5 tha-1 (full recommended rate) and 2.5 t ha-1 (half rate) every 2 years. Farmers were piling up the compost on 
the plots before spreading in May and June. Mineral fertilizer was applied according to the official recommendation to 
the crops in the following form: For maize and sorghum 100 kg ha-1 of complex fertilizer (15P-15P-15K), 150 and 50 
kg ha-1 urea, respectively. For cotton, 200 kg ha-1 cotton complex fertilizer (14N-22P-12K-7S-1B) and 50 kg ha-1 urea 
(46% N) were applied on the field. The biomass of G. sepium from pruning was collected and equally distributed to the 
respective plots with G. sepium alleys thereafter (Table 4).  
Table 3. Nutrients as applied according to with mineral and organic fertilizer to the field plots fertilized at full-recommended 

rate  

  N P K S B 

Crop Fertilizer rate (kg ha-1) and type kg ha-1 

Maize 100 kg 15N-15P-15K 15 15 15   

 150 kg urea 46N 69     

 5,000 kg compost 49 9 64   

Cotton 200 kg 14N-18P2O5-18K2O-6S-1B2O3 28 20 20 14 2 

 50 kg urea 46N 23     

 5,000 kg compost 49 9 64   

Sorghum 100 kg 15N-15P-15K 15 15 15   

 50 kg urea 46N 23     

 5,000 kg compost 49 9 64   

Table 4. Biomass from pruning G. sepium and the related nutrient inputs based on the average nutrient content of G. sepium 
according to Kang (1984) (4.21% N, 0.29% P, 3.43% K and 1.40 Ca) 

Site Year G. sepium (d.m.) N P K Ca 

  [kg ha-1 yr-1] 

Farako 2017 3,500 147.35 10.15 120.05 49.0 

 2018 3,600 151.56 10.44 123.48 50.4 

Katibougou 2017 1,400 58.94 4.06 48.02 19.6 

 2018 1,600 67.36 4.64 54.88 22.4 

ZoumanaDiassa 2017 2,800 117.88 8.12 96.04 39.2 

 2018 2,500 105.25 7.25 85.75 35.0 

Mafèya 2017 1,200 50.52 3.48 41.16 16.8 

 2018 1,400 58.94 4.06 48.02 19.6 
The experimental design was the split-plot with two cropping systems [with (+G) and without G. sepium (-G)] as 

main factor and five fertilizer treatments as secondary factor and replicated four times. The fertilizer treatments inclu-
deda control with no fertilizer (NF), two treatments with organic fertilizer at recommended rate (OF) and 50% reduced 
rate (½OF), and two treatments with mineral fertilizer at recommended rate (MF) and 50% reduced rate (½MF). The 
two crops in the rotations maize—sorghum in Koulikoro and cotton-maize in Sikasso were grown each year on alter-
nating subplots. Sorghum and maize have been sown at 0.80 × 0.40 m spacing, cotton at 0.80×0.30 m and G. sepium at 
4.80×1 m. The year before the experiment started a homogenous crop of cowpeas in Koulikoro and groundnut in Si-
kasso was cultivated.  

G. sepium was planted during the cropping season in June 2016. In the following year, the well-established G. sepium 
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plants were pruned to 0.5 m above ground level one to two weeks before the expected date of crop planting. All mulch 
from the individual plot was incorporated to the respective cropping area of each plot. Trees were pruned again when 
cotton, maize and sorghum reached a height of about 60 cm and mulch was applied between the crop rows. Trees were 
also prunedif they started to shade the crops and the shrub biomass was applied to soil as a mulch. 

2.5. Soil sampling and physico-chemical analysis  
Soil samples were taken after crop harvest as a composite sample of five soil cores taken with an auger from 0-20 cm 

depth. The samples were homogenized on a 2mm sieve and air-dried at room temperature. All soil analyses were done 
at the soil laboratory of the Research Institute of Organic Agriculture (FiBL) in Switzerland. The methods were per-
formed according to the reference methods of Swiss agricultural research stations [36]. The Maximum Water Holding 
Capacity (MWC) was determined after capillary water saturation and subsequent oversaturation of a soil sample. Soil 
pH was determined with an electrode in a soil water suspension (1:1). Total organic carbon (TOC) and total nitrogen 
(TN) content of the soil samples was determined using aVariomax CNS elemental analyser (Elementar GmbH, Hanau, 
Germany) baes on Dumas method [37]. Mineral Nitrogen (Nmin) was determined by spectroscopy on the Skalar Ana-
lyzer 1. 

2.6. Data analysis 
The yield and yield component and soil data obtained were statistically analyzed using Analysis of Variance. Per-

forming with JMP Pro 14 and R 3.5.1 software. When the F values were significant, the comparison of the means be-
tween treatments was made with Tukey’s HSD test. 

3. Results 
Maize and cotton were grown in the Sikasso region in both on-station and on-farm trials. In the Koulikoro region, 

maize and sorghum was cultivated. All crops were cultivated each year alternating among the two subplots. At the 
on-station trials, maize grain yield in 2017 was 43% higher in Farako than in Katibougou and 100% higher in 2018. 
From on farms, maize yield at Zoumana-Diassa in 2017 was 63% higher, whilst it was 36% lower in 2018 than in 
Mafèya.  

3.1. Maize and Sorghum in Koulikoro region 
On station trials, of G. sepium alleys had a clear positive effect with 48% higher yield at an average on crops and 

years (Table 5). In 2017, crops the yield increased with G. sepium up to 32% while it was, to 68% for the second year. 
Maize and sorghum yields were relatively poor with only compost or no fertilizer, but increased strongly with the use of 
commercial mineral fertilizer. It was only once that, crop yield with a given fertilizer was lower when grown with G. 
sepium compared to sole cropping. 

Table 5. Sorghum and Maize grain yield at the on-station trial of IPR/IFRA in Katibougou in 2017 and 2018  
Farming system and Maizegrainyield [kg ha-1] Sorghum grainyield [kg ha-1] 
Fertilizertreatments 2017 2018 2017 2018 

+G. sepium MF 1,932 a 1,385 ab 1,448 a 2,674 a 
+G. sepium ½MF 1,271 abc 1,439 a 1,125 ab 2,154 ab 
+G. sepium OF 761 cd 1,065 bc 1,188 ab 1,356 bcd 
+G. sepium ½OF 401 d 1,200 abc 698 bc 1,381 bcd 
+G. sepium NF 360 d 975 cd 771 bc 975 cde 
-G. sepium MF 1,500 ab 860 cde 1,057 abc 1,903 abc 
-G. sepium ½MF 1,193 bc 972 cd 776 bc 1,621 abc 
-G. sepium OF 328 d 556 e 839 bc 291 de 
-G. sepium ½OF 448 d 570 e 667 bc 221 de 
-G. sepium NF 219 d 650 de 542 c 157 e 
ANOVA          
Effects          

G. sepium  128%  168%*  135%*  204%*  
Fertilizer  *    *  *  

n = 4; different letters behind means and asterisks * indicate significant difference in the Tukey HSD test or ANOVA effects at p = 0.05. 
 
The on-farm trials at Mafèya showed a tendency towards higher yield with G. sepium (Table 6). The full rate of min-

eral fertilizer always produced the highest yield. In 2018, crop yields were much higher than that of 2017 even at low 
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fertilizer rate. This could be due to growing conditions probably been much better in general. The organic fertilizer 
amendment only caught up with the other treatments in 2018 in the maize crop, where all treatments seemed to give 
good yields because of sufficient rain. Compared to the on-farm trials, the yields of on stations trials in 2017 did not 
differ much for both crops. But in 2018, the yields of sorghum and maize were respectively 139 and 79% higher on 
farm than on station in the Koulikoro region. 

Table 6. Sorghum and Maize grain yield at the on-farm trials of Mafèya, Koulikoro region in 2017 and 2018  

 Sorghum Maize 

 2017 2018 2017 2018 

Farming system kg ha-1 

MF + G. sepium mulch 1,096 a 3,486 a 1,431 a 3,978 a 

MF 961 ab 2,610 ab 997 ab 2,925 a 

½MF + G. sepium mulch 734 b 1,880 b 823 b 2,203 a 

½MF + OF 808 ab 1,252 b 1,141 ab 2,936 a 
n=14; different letters behind means indicate significant difference in the Tukey HSD test at p = 0.05. 

3.2. Maize and Cotton in the Sikasso region 
The cotton seed-fiber yield was 30-33% higher with G. sepium amendment in both years at Farakoon station trial 

(Table 7). While cotton yields in the on-station trial were not significantly influenced by the mineral fertilizer rates in 
2017, they were markedly higher with mineral fertilization in 2018 compared to all other fertilizer treatments. There 
was no interaction effect of G. sepium application with fertilization on crop yields. The maize crop at Farako yielded 
19% more grains with G. sepium in 2017, but 62% in the second year. The mineral fertilizer at recommended rate pro-
duced the highest maize yield in both years, but the yield in 2018 was exceptionally high. With 3.8 tons per hectare, it 
was almost 90% higher in 2017. At half rate, the yield decreased by 15% in 2017 and 31% in 2018 with organic ferti-
lizer. Yield was 60%-70% lower compared to the system with mineral fertilizer at recommended rate.  
Table 7. Maize grain yield and cotton seed-fibre yield at the on-station trial of IER/CRRA in Farako, Sikasso region in 2017 

and 2018  

Farming system and Cotton seed-fiber yield [kg ha-1] Maize grain yield [kg ha-1] 

Fertilizer treatments 2017 2018 2017 2018 

+G. sepium MF 1,055 a 1,313 a 1,783 abc 4,552 a 

+G. sepium ½MF 772 a 959 b 2,018 ab 3,071 b 

+G. sepium OF 717 a 900 bc 1,022 bcd 1,402 cd 

+G. sepium ½OF 530 a 721 bcd 848 bcd 1,366 cd 

+G. sepium NF 531 a 625 de 858 bcd 1,433 cd 

-G. sepium MF 719 a 871 bcd 2,250 a 2,992 b 

-G. sepium ½MF 541 a 792 bcd 1,406 abcd 2,103 bc 

-G. sepium OF 543 a 675 cde 561 d 866 cd 

-G. sepium ½OF 586 a 621 de 846 cd 1,078 cd 

-G. sepium NF 455 a 425 e 443 d 434 d 

ANOVA          

Effects          

G. sepium  127%  134%*  119%  158%*  
Fertilizer  *  *  *  *  

n=4; different letters behind means and asterisks * indicate significant difference in the Tukey HSD test or ANOVA effects at p = 0.05. 
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At the on-farm trials in Zoumana Diassa, the amendment with G. sepium biomass showed a trend towards higher 
cotton and maize yield at recommended mineral fertilizer rate (Table 8). The compost amendment together with half 
rate of mineral fertilizer, however, was only effective in one out of four crop years. On-farm yields in 2017 were about 
50% higher than that of on station. In 2018, there was not much difference between on farm and on station trials’ re-
sults.  
Table 8. Maize grain yield and cotton seed-fiber yield at the on-farm trials in Zoumana-Diassa, Sikasso region in 2017 and 2018  

Treatment Maize Cotton 

 2017 2018 2017 2018 

 kg ha-1 

MF +G. sepium mulch 1,945 a 2,213 a 903 a 728 a 

MF 1,436 a 1,959 a 1,020 a 646 a 

½MF +G.sepium mulch 1,869 a 1,924 a 767 a 696 a 

½MF + OF 1,918 a 1,631 a 793 a 472 a 
n=15; different letters behind means indicate significant difference in the Tukey HSD test at p = 0.05. 

3.3. Effect of G. sepium mulch applications on soil quality in 2018 after two cropping seasons 
The pH of the Farako site was slightly lower than the one from Katibougou. The effect of G. sepium application ap-

peared to increase the pH value (Table 9), while there was no effect of the fertilizer types and quantities on pH. 
Table 9. Effects of the cropping system on soil pH (water) Sikasso and Koulikoro 

Farming system and Farako  Katibougou  
fertilizer treatments pH (H2O) SD pH (H2O) SD 

+G. sepium MF 6.4 0.4 6.701 0.399 

+G. sepium ½MF 6.5 0.4 6.699 0.347 

+G. sepium OF 6.6 0.4 6.763 0.330 

+G. sepium ½OF 6.4 0.4 6.585 0.435 

+G. sepium NF 6.5 0.4 6.670 0.334 

-G. sepium MF 6.0 0.6 6.180 0.593 

-G. sepium ½MF 6.0 0.6 6.181 0.541 

-G. sepium OF 6.2 0.5 6.420 0.411 

-G. sepium ½OF 6.1 0.7 6.351 0.503 

-G. sepium NF 6.1 0.6 6.434 0.394 

ANOVA      

Sites Farako 6.3 b   

 Katibougou 6.5 a   
Farming system +G. sepium 6.6 a   

 -G. sepium 6.2 b   
Factor effects Site 0.0031    

 Farming system <.0001    

 Fertilization 0.5529    
n = 40. 

At both sites, the soil organic carbon (Corg) and total nitrogen contents were below 1% (Table 10). In 2018, Corgat 
Farako with sandy soil texture averaged at 2.1 mg kg-1 and 3.7 mg kg-1 at Katibougou with 80% higher than Corg from-
Farako, with its very sandy soils. Total nitrogen contents were 0.2 and 0.3 mg kg-1 at Farako and Katibougou, respec-
tively; C-to-N ratios therefore were slightly higher in Katibougou (12.1) than in Farako (10.3).  
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In the third year after planting G. sepium and two cropping seasons, organic carbon and total soil nitrogen was 5-6% 
higher in plots with G. sepium compared to those without (Table 10). The effect of the mineral and organic fertilizers 
was relatively small and not significant. Comparing each fertilizer amendment with and without G. sepium, only the 
half rate organic fertilizer and the unfertilized control at Katibougou showed lower Corg and TN values with G. sepium 
compared to sole cropping. All others showed an increase in this important soil quality indicator.  
Table 10. Effects of cropping systems and fertilizer application on soil organic carbon and total nitrogen in the on-station trials 

at Farako and Katibougou in 2018  

Farming system and Farako Katibougou Farako Katibougou 

fertilizer treatments Corg [mg kg-1] SD Corg [mg kg-1] SD Nt [mg kg-1] SD Nt [mg kg-1] SD 

+G. sepium MF 2.23 0.37 4.07 0.51 0.215 0.031 0.349 0.038 

+G. sepium ½MF 2.13 0.21 3.90 0.74 0.204 0.031 0.320 0.055 

+G. sepium OF 2.09 0.24 3.66 0.47 0.206 0.028 0.301 0.041 

+G. sepium ½OF 2.16 0.38 3.46 0.78 0.213 0.037 0.291 0.062 

+G. sepium NF 2.14 0.28 3.47 0.46 0.204 0.029 0.284 0.03 

-G. sepium MF 1.95 0.41 3.57 0.66 0.186 0.031 0.286 0.04 

-G. sepium ½MF 1.84 0.29 3.62 0.46 0.188 0.028 0.315 0.033 

-G. sepium OF 2.06 0.32 3.36 0.42 0.203 0.03 0.279 0.031 

-G. sepium ½OF 2.01 0.29 3.70 0.38 0.198 0.029 0.296 0.034 

-G. sepium NF 1.94 0.25 3.74 0.64 0.188 0.023 0.305 0.039 

ANOVA results          

Sites Farako   2.05 b   0.200 b 

 Katibougou  3.65 a   0.303 a 

Farming system +G. sepium  2.93 a   0.259 a 

 -G. sepium  2.78 b   0.244 b 

Factor effects Site   <.0001    <.0001  

 Farming system  0.0183    0.0049  

 Fertilization  0.5075    0.3253  

4. Discussion 
4.1. Production of G. sepium biomass 

The on-station average annual biomass production (dry matter) of G. sepium were 3.5 tha-1 at Farako in the Suda-
no-Guinean zone and 1.5 tha-1 at IPR/IFRA of Katibougou in the Sudanese zone. The biomass from pruning on farms 
trials averaged at 2.6 t. ha-1 in Zoumana Diassa and 1.3 t. ha-1 at Mafèya. These figures were within the reported range 
of 3.5 to 3.6 t. ha-1 for Farako and below for Katibougou [38, 39]. Assuming around 4% N biomass content and no in-
organic N input, in order to meet the maize and cotton N requirements, G. Sepium, needs to produce at least 4 t. ha-1 of 
dry matter. In the current study, the maximum amount was 3.5 t. ha-1 at Farako. Lower biomass production of G. Se-
pium under drier conditions was also reported by [40]. It appears that the 1.5 t ha-1 biomass production in drier site of 
Katibougou is not sufficient to meet crop N demand and needs to be amended with inorganic fertilizers for optimum 
crop production.  

4.2. Physical and chemical properties of soils 
Alley cropping systems with G. sepium and its coppiced biomass as a mulch can help maintaining and improving the 

physical and chemical characteristics of soils [41, 42, 43, 44, 45, 46, and 47]. Considering the great advantages of alley 
cropping systems in arid ecosystem agriculture, poor adoption and development of this farming system warrant further 
investigation [48, 49, and 50]. Only with respect to crop yield and soil quality measured as pH, organic carbon and or-
ganic nitrogen, the effects of alley cropping system with G. sepium were already significant after three years in our 
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study. 
In view of the poor soils at the study sites, the increasing organic carbon content was a valuable improvement in soil 

quality. Not only that it helps to sequester CO2 in soils, it may enhance soil structure, water retention capacity, porosity 
and soil fertility [51, 52, 53, 54, 55, 56, 57, and 58]. In arid ecosystems, the role and benefits of soil organic matter are 
particularly related to the physical, biological and chemical properties of soils [59, 52, and 60]. Our results also support 
the notion that an improvement of soil quality as well as other conditions for crop growth render soils and the farming 
system responsive to fertilizers, one of the goals of integrated soil fertility management (ISFM)[61, 62, 63].  

Total nitrogen levels increased concomitant with the increasing organic matter content and showed advantages for the 
systems with G. sepium. Its mulch has a low C/N ratio (<12), which is easily decomposable [64, 65] and serves as an 
easily available plant nutrient providing organic matter that may enter the soil organic carbon pool [66]. Our results 
support the enhanced effectiveness of fertilizer use, when a permanent crop such as G. sepium protects the field. The 
work of [67] showed that nitrogen mineralization in sandy soils was strongly stimulated by root biomass when the 
plant’s N requirements are higher than the amount available in the soil (otherwise the plant directs the internal nitrogen 
cycle towards reorganization). 

4.3. Yield of cotton, maize and sorghum grain 
The introduction of G. sepium improved yields of cotton, maize and sorghum, endorsing the attempts to promote 

agroforestry and alley cropping systems in West Africa. G. sepium affects the quantity and quality of chemical, biolog-
ical and physical components of the soil, which in turn improve yields. The results of alley cropping trials at research 
stations in Mali confirm the potential of G. sepium to improve soil fertility and yields of associated crops [68, 43]. 

Maize yield was improved by 19% in 2017 and 56% in 2018 compared to the control without G. sepium at Farako. At 
Katibougou, an improvement of 28% in 2017 and 61% in 2018 was observed compared to the control without G. se-
pium. Sorghum grain yield was improved by 35% in 2017 and 34% in 2018 compared to the control without G. sepium. 
These results confirmed those obtained in Senegal by [44] who has shown that the use of G. sepium mulch as a green 
manure increased maize biomass and grain yields by 25% and 9% respectively compared to the control without G. se-
pium mulch. According to the same source when the biomass used comes from G. sepium plants inoculated with strains 
of Rhizobium and mycorrhizal fungi in combination, the grain yield of maize increased by 130% compared to the con-
trol. 

The results of the alley cropping trials with G. sepium confirm the potential for improving maize and sorghum yields. 
Giller et al. [69] reported on possible nitrogen-fixing rates of G. sepium from 170-204 kg N ha-1, which is an enormous 
capital these intercropped shrubs are providing. At the two stations (Katibougou and Farako) and in rural areas, maize 
yields varied between 1,134 and 4,500 kg ha-1. These results are closed to those obtained in southern Africa where the 
use of G. sepium litter maintained maize yields between 1,800 and 3,000 kg. ha-1 [70]. These authors reported that yield 
is often dependent on biomass quality. The low water holding capacity (Table 2) makes the production systems de-
pending on a constant rainfall at both sites. 

5. Conclusion  
At the end of this work, it appears that G. sepium used as a green manure or in combination with mineral fertilizers 

and compost over three growing seasons significantly improved the soil pH, organic carbon total nitrogen. Yields of 
cotton, sorghum and maize crops were much higher, sometimes doubling through the association with G. sepium. The 
participating farmers appreciated the G. sepium alley cropping system because of the higher yields and the easiest prac-
tice of the technology. Therefore, it can be concluded that alley cropping with G. sepium is a technology that has a high 
potential for scaling up to the farmers of the Sudanian and Sudano-Guinean zones of Mali, who already expressed their 
interest at farmer field days and developed tree nurseries to spread this technique.  

Despite the interesting results obtained, farmers are also expressing their doubts, because the recommended species 
for the alley cropping system are not providing edible (by)-products, which seem to discourage farmers to adopt the 
technology. They also see limitations in the lack of work force at peak times when the periodic maintenance of the 
shrub alleys should take place and in the need for protecting young plants that are not yet fully established from brows-
ing animals. 
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