
  

Conservation agriculture in Senegal: comparing the effects of 

intercropping and mulching on millet yields 
 

 

 

Patrick J. Trail 

 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

Master of Science 

In 

Crop & Soil Environmental Sciences 

 

 

 

A. Ozzie Abaye, Chair 

Thomas L. Thompson  

Wade E. Thomason  

 

 

January 30
th

, 2015 

Blacksburg, Virginia 

 

 

Keywords: Sahel, Senegal, Millet, Cowpea, Mungbean, Intercropping, Mulch,  

Conservation Agriculture 

 

 

Copyright 2015, Patrick J. Trail



  

Conservation agriculture in Senegal: comparing the effects of intercropping and 

mulching on millet yields 

 

 
Patrick J. Trail 

 

Abstract 
 

 

Situated on the western edge of Africa’s harsh Sahel region, Senegal faces a number of 

agricultural production constraints.  Limited rainfall, poor soil fertility, and insufficient 

agronomic inputs all contribute to low yielding millet production systems.  This study was 

initiated to assess the potential for intercropping either cowpea (Vigna unguiculata (L.) Walp.) 

or mungbean (Vigna radiata (L.) Wilczek) into traditional pearl millet (Pennisetum glaucum (L.) 

R. Br.) cropping systems.  During the 2013 and 2014 growing seasons two varieties of cowpea 

(upright and viney), and one variety of mungbean (upright) were grown in monoculture and 

subsequently intercropped with millet to evaluate the potential for increasing millet and overall 

yields.  Millet was also planted with a mulch (2 t/ha of neem leaves) to test the effectiveness of 

increased ground cover on millet yields.  In addition to yield data, soil moisture and plant NDVI 

data were also collected.  Millet grain yields increased when intercropped with either cowpea or 

mungbean compared to millet that was grown alone, with grain yield increases of up to 55%.  

Additionally, the combined grain yields (millet + bean) were up to 67% higher than the 

traditional monoculture millet.  The addition of mulch was the most effective treatment and 

increased millet grain yields up to 70%.  Soil moisture increased up to 14% in mulched 

treatments over millet monoculture treatments.  All yield increases were achieved without the 

addition of fertilizers or nutrient amendments.  In an attempt to mimic local practices our 

experiment was rainfed and no soil amendments were introduced. 

http://www.tropicalforages.info/key/Forages/Media/Html/Vigna_unguiculata.htm
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Chapter I: Introduction 
 

 

While Senegal is one of the most stable economies in West Africa, it continues to 

struggle with the needs of a growing population.  Although Senegal produces a wide array of 

agricultural commodities for export, such as peanuts, sugarcane, and rice, it remains a net food 

importer (UNDATA, 2013).  The majority of agricultural production is at the subsistence level 

and remains susceptible to the harsh conditions of the Sahel region within which it lies.  This 

region of the world, also known as the West African Semi-Arid Tropics (WASAT), is 

characterized by low and erratic rainfall, high temperatures, and inherently poor soils.  These 

conditions are being exacerbated by population growth and the need to produce more food on the 

same amount of land. 

Traditional methods of farming, which once included long fallow periods of 7 years or 

more (Bationo et al., 1993), have been greatly altered, with the practice of fallowing now 

abandoned on many farms.  This, combined with little to no fertilizer additions and the habitual 

removal of all crop residues (traditionally used for livestock feed, fuel, and building materials), 

has left soils bare and generally deficient in nutrients and organic matter.  Soils in this region 

therefore tend to have poor soil structure, higher rates of erosion, low cation exchange capacities 

(CEC), low water-holding capacities, and general nutrient deficiencies.   

Under these constraints and current farmer practices, the average smallholder farmer in 

Senegal will struggle to sustain sufficient yields and maintain soil fertility.  Until the average 

smallholder farmer gains access to adequate fertilizers, reasonable solutions must be presented to 

local farmers that can address these limitations with the resources at hand.  It is therefore the 

objective of this study to evaluate agronomic practices that have the potential to increase yields 



 

 

2 

 

without the use of expensive inputs that farmers may not have the means to acquire.  The 

practices evaluated in these studies followed the guiding principles of Conservation Agriculture 

(CA) and were focused on increasing yields of two of Senegal’s major subsistence crops, pearl 

millet (Pennisetum glaucum (L.) R. Br.) and cowpea (Vigna unguiculata (L.) Walp.).  Both crops 

are widely produced within most of the country and play a large role in the consumption habits 

of most smallholder farmers.  

This research focused on enhancing local food security by improving the productivity and 

sustainability of millet-cowpea systems of central Senegal.  We evaluated the effects of growing 

legumes in association (intercropping) with the primary cereal crop of millet.  Two cowpea 

varieties (upright and viney) and one mungbean variety (Vigna radiata (L.) Wilczek) were 

evaluated based on their ability to boost overall grain yields when intercropped with millet.  The 

specific objectives were: 

Specific objectives of this study are to evaluate: 

 

1.   The effects of intercropping vs. monocropping on grain yields. 

2.   The potential for intercropping cowpea or mungbean between millet rows without driving 

down millet yields. 

3.   The impact of increased ground cover from intercropping and mulching practices on soil 

moisture retention. 

4.   Mungbean as a potential alternative to cowpea in Senegal’s millet-cowpea systems. 

 

http://www.tropicalforages.info/key/Forages/Media/Html/Vigna_unguiculata.htm
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Chapter II: Literature Review 
 

 

The West-African Sahel  

 

 The Sahel region of Africa refers to the semiarid transition zone that lies between the 

Sahara Desert in the north and the Sudanian Savannas to the south (Grove, 1978).  The Sahel is 

roughly situated between 10 and 20
o
 N and extends from Senegal in the west, to Ethiopia in the 

east (Sinclair and Fryxell, 1985).  The West-African Sahel refers more specifically to the areas of 

the West African countries that fall within this zone; these include portions of Senegal, 

Mauritania, Mali, Niger, Burkina Faso, and Chad (Matlon, 1987).  Climatic conditions in the 

region are characterized by high temperatures and low moisture.  Precipitation falls in a 

unimodal pattern and is limited to the short, wet summers from June to October, followed by 

prolonged dry periods for the remainder of the year (Hoogmoed and Stroosnijder, 1984).  

Average annual rainfall ranges from 250 to 750 mm and falls sporadically over a period of 60 to 

120 days (Matlon, 1987) (L'Hôte et al., 2002). 

 Low rainfall is not the only major constraint on agricultural production in the region.  

Soil fertility in the Western Sahel is characteristically poor and limiting to agricultural 

production.  Soils in this region have particularly low percentages of clay and organic matter and 

thus low cation exchange capacities, making them highly susceptible to nutrient depletion 

(Matlon, 1987). 

Millet 

 

The millets are small-seeded cereal grains adapted to the hot and dry climates of the 

world (Hulse et al., 1980).  Millet, which is typically grown in Africa and India, could be 
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considered the cereal grain of the marginal land as it is capable of growing where other grains 

would normally fail.  The crop will produce grain on soils that are too sandy or rocky, too acidic, 

too dry, and too infertile for other crops such as maize and sorghum to grow (Stoskopf, 1985).  

Millets are valued for their hardiness and drought tolerance, and are capable of growing in 

regions receiving as little as 300 mm of seasonal rainfall (Dendy, 1995).  A maize crop typically 

requires a minimum of 500-600 mm and sorghum, also known for its drought tolerance, requires 

at least 400 mm (Dendy, 1995).  Of the eight major cereal grains, millet has the highest water-

use efficiency, approximately two and a half times that of rice (Stoskopf, 1985). 

According to the Food and Agriculture Organization’s 2012 report, millet production 

ranked as the sixth most important cereal worldwide behind wheat, maize, rice, barley, and 

sorghum (FAOSTAT, 2012).  Worldwide production in 2013 was 30 million tonnes, with India 

accounting for nearly half of this number; India produced 10.91 million tonnes of millet in 2013 

(FAOSTAT, 2013d).  Other important millet producing countries include the West African 

nations of Nigeria, Niger, Mali, and Burkina Faso (Figure 1) (FAOSTAT, 2013d). In the United 

States and Australia millet is grown primarily as a forage crop (Stoskopf, 1985). 

 

 

Figure 1.  Top 10 millet producing countries in 2013 (FAOSTAT, 2013d) 
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Worldwide production includes a variety of different cultivated millets with the majority 

of production belonging to a few individual species.  These include but are not limited to, pearl 

millet (Pennisetum glaucum (L.) R. Br.), finger millet (Eleusine coracana (L.) Gaertn.), foxtail 

millet (Setaria italia (L.) P. Beauv.), proso millet (Panicum miliaceum (L.)) and teff (Eragrostis 

tef (Zuccagni) Trotter) (Germplasm Resources Information Network, 2009). 

Pearl Millet (Pennisetum glaucum (L.) R. Br.) 

 

 Pearl millet (Pennisetum glaucum (L.) R. Br.), also commonly referred to as bulrush 

millet, cattail millet, or bajra in India, is the most widely grown of all the millet species 

(FAOSTAT, 1996).  According to the 1996 United Nations Food and Agriculture Organization 

annual report, Pearl millet accounted for 55% of the millet grown in developing countries 

(FAOSTAT, 1996).  It is also one of the oldest documented crops with archaeological evidence 

suggesting its use as early as 4000 B.C. in West Africa (Manning et al., 2011) (Amblard and 

Pernes, 1989).  Scientists have also come to the consensus that pearl millet is indigenous to the 

very same region, the Sahel region of western Africa (Harlan, 1971) (Hulse et al., 1980). 

 Pearl millet, a member of the Poaceae family, is an annual C4 grass that typically grows 

anywhere from 1.5 m to 3 m tall. It is an erect and fast growing bunch-type grass (Stoskopf, 

1985).  Pearl millet is easily recognizable at maturity with its stiff, cylindrical inflorescences 

which are typically 15 to 45 cm in length (Devos et al., 2006) and produce 500 to 3000 grains 

per head, depending on size (Andrews et al., 1993).  Seeds range in color from light gray, deep 

gray, and pearly amber to deep yellow and purple (Athwal, 1966) and are described as obovoid, 

or egg-shaped, and range from 3 to 4 mm long and 2.25 mm wide (Stoskopf, 1985). 
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Pearl millet is highly tillering and produces 2 to 3 times more heads per plant than 

sorghum grown in similar densities (Andrews et al., 1993).  Leaves, sheaths, and nodes may be 

smooth or hairy, and range in color from green, purple, red and yellow (Stoskopf, 1985), while 

leaf blades are flat, cordate, and up to 1 m long and 5 cm wide (Devos et al., 2006). Stems are 

solid, not hollow, and typically range from 1 to 2 cm in diameter (Rachie and Majmudar, 1980).  

Plants typically have anywhere from six to twelve internodes with the internode length 

increasing from the bottom to the top of the stalk.  Primary tillers arise from a group of closely 

spaced internodes just under the ground (Stoskopf, 1985). Pearl millet produces prop roots used 

to help support the plant, one seminal root, and a secondary root system that has the potential to 

penetrate as deep as 5 m (Rachie and Majmudar, 1980). 

 Pearl millet can be divided into categories depending on maturity types, which include 

early, medium, and late maturing types.  Early millet matures within 60-95 days, while late 

millet matures in 130-150 days (Hulse et al., 1980).  Seedling development over the course of 

the first month is relatively slow as the majority of photosynthate is directed to root 

development; this characteristic makes the plant susceptible at early stages to weeds, which tend 

to grow faster and out compete the millet (Stoskopf, 1985). 

High biomass production can be observed in traditional pearl millet cultivars and occurs 

mostly during short periods of favorable conditions.  It is thought that this adaptive feature helps 

maintain the plant through periods of stress such as low fertility, pest damage and weed 

competition (Andrews et al., 1993).  However, this results in relatively low harvest indexes.  

According to one study in Nigeria, researchers found that using a local variety of pearl millet (cv. 

Ex Bornu)  produced 22 t/ha of above ground dry matter, with only 3.2 tons of this as grain; 

accounting for a harvest index of only 14.5% (Kassam and Kowal, 1975).  An additional study 
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completed in Australia observed average harvest indexes of 30% in pearl millet compared to 

indexes of 36% and 47% in sorghum and maize respectively (Muchow, 1989). 

Millet Production in Senegal  

 

 Millet is the most extensively grown grain in Senegal and follows only sugarcane 

and groundnut in tonnes produced each year (Figure 2) (FAOSTAT, 2013c); an average of 0.5 

million tonnes were produced annually between 1990 and 2013 (FAOSTAT, 2013a).  Pearl 

millet in Senegal is often grown in rotation (or intercropped) with groundnut, cowpea, or 

sorghum (Rachie and Majmudar, 1980).  It is well suited to grow on a wide range of soils but 

typically does best in regions characterized by sandy, well drained soils (Rachie and Majmudar, 

1980).  Although pearl millet is typically grown on very poor soils, it responds well to nutrient 

applications and has a remarkable ability to extract nutrients from soils of low fertility (Hart and 

Burton, 1965).  

 

 

Figure 2.  Top 10 Food and Agricultural Commodities Produced in Senegal in 2012 

(FAOSTAT, 2013c) 
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 While low rainfall is the primary yield limiting factor in Senegal (250 to 750 mm 

annually), so too is poor soil fertility. Some researchers have concluded that soil fertility is in 

fact the primary limitation to improving crop yields in the millet producing regions of West 

Africa (Fussell et al., 1989).  While moisture and soil fertility are both crucial to growth, the 

timing of the moisture and fertilizer availability during the developmental phase of the plant is 

what is most crucial to grain yield. In one study conducted in Senegal (Vidal, 1962) it was 

determined that moisture was the most limiting factor during the 50-day period between sowing 

and tillering, while a lack of inorganic nitrogen was the limiting factor between tillering and 

grain production. 

Cowpea (Vigna unguiculata (L.) Walp.) 

 

 Cowpea, which is also commonly referred to in the United States as black-eyed pea, 

purple-hulled pea, or crowder pea; frijole or caupi in Brazil; and niébé or ewa in West Africa; is 

a warm-season, drought-tolerant food legume found throughout much of the semi-arid tropics.  

Cowpea, a member of the Leguminosae family, can be found growing in nearly every region of 

the tropics and subtropics but is an important food legume in much of semi-arid Africa.  In many 

parts of Africa, cowpea exists as a critical source of dietary protein, often complimenting low-

protein diets that typically consist of cereal and tubers like millet and cassava (Timko et al., 

2007).  Scientists are uncertain of the crop’s location of origin, but hypothesize that the crop may 

have originated in Western Africa, South Asia-Iran, or modern day Ethiopia (Kay, 1979).  Today 

the largest portion of cowpea production occurs in Western Africa, with Nigeria being the 

leading producer of cowpea worldwide (Figure 3); in 2013 Nigeria produced 2.95 million tonnes 

of dried cowpeas (FAOSTAT, 2013b). 

http://www.tropicalforages.info/key/Forages/Media/Html/Vigna_unguiculata.htm
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Figure 3.  Top 10 Cowpea Producing Countries 2013 (FAOSTAT, 2013b). 

 

 

 Many varieties and variations of cowpea exist and include erect, semi-erect, trailing, and 

climbing types.  The majority of these cowpea varieties are typically indeterminate, however 

many of the erect varieties are more often determinate types (Kay, 1979).  Cowpea is consumed 

in a variety of ways in many countries, most commonly as a green or dried bean, but also as an 

immature pod (much like a snap bean), and even the young leaves are eaten and prepared like a 

spinach.  Similar to the nutritional profile of other pulses, cowpea is relatively low in fat and has 

a protein content between two and four times that of a cereal or tuber crop (Timko et al., 2007). 

 The nutritional composition of cowpea is similar to that of other edible legumes, 

with most of its nutritional value coming from protein and carbohydrates.  Table 1 below 

illustrates the average nutritional components of cowpea of eight different cowpea varieties 

(Bressani, 1985).   
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Table 1.  Basic Nutrient Content of Cowpea (Bressani, 1985) 
 

 

 

Cowpea is an extremely drought tolerant crop and frequently does well in climates 

receiving less than 600mm a year.  It has even been documented that in a Sahelian environment 

in West Africa, as much as 1000 kg/ha of dried grain was produced with as little as 181mm of 

rainfall (Hall and Patel, 1985).  However it must be noted that plant productivity can be 

significantly reduced if moisture stress occurs during the period between emergence and first 

flowering (Kay, 1979).  

In the Sahel region, cowpea is often grown in rotation with millet, sorghum, groundnuts, 

cassava, or maize.  In many of the countries in this region, it is not uncommon to find cowpea 

grown in association with a variety of the aforementioned crops.  Cowpea has been grown and 

experimented with in a number of different association techniques that include intercropping, 

relay cropping, and strip cropping.  Researchers in these countries have also attempted to 

manipulate row and plant spacings, and have experimented with different morphological 

varieties of plants ranging from erect, semi-erect, trailing, and climbing types (Muleba and 

Ezumah, 1985). 
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Mungbean (Vigna radiata (L.) Wilczek) 

 

Mungbean (Vigna radiata (L.) Wilczek) is an important grain legume crop in Asia, 

particularly India, and is commonly referred to as green gram, golden gram, oregon pea, chiroko, 

or simply mung (Duke, 1981).  Mungbean typically complements cereal-based diets in regions of 

south-Asia by providing a reliable source of protein (Lambrides and Godwin, 2007).  It is most 

commonly used in the sprouted form, and is one of the most widely used pulses in this manner. 

Mungbean is grown most extensively in India and ranks third among all pulses grown there; in 

2001, 0.41 million tonnes were grown on 1.5 million hectares of land (Bains et al., 2004).  From 

there mungbean has since spread to South and East Asia, East and Central Africa, the West 

Indies, and into the United States (Akpapunam, 1996). 

Mungbean is a short duration (55-110 days), warm season grain legume that grows 

especially well in the tropics and sub-tropics (Lambrides and Godwin, 2007).  It is a drought 

tolerant crop that does well in places receiving anywhere from 700-900 mm of rainfall a year, 

and will grow well in temperatures anywhere in the range of 20
o
C (68

o
F) to 45

o
C (113

o
F) 

(Akpapunam, 1996).  Mungbean will grow in soils ranging in pH from 4.3 to 8.1, but is typically 

susceptible to both waterlogging and salinity (Duke, 1981). 

The mungbean plant grows in erect or semi-erect forms, depending on variety, and stands 

anywhere from 30 cm to 120 cm tall (Duke, 1981).  Leaves are dark green and grow on long 

hairy petioles, with large leaflets that grow 5-10 cm long. Seeds pods are black, gray or brownish 

(2.5-10 cm long), and typically contain anywhere from 10 to 20 seeds.  Seeds are usually green, 

but are capable of appearing olive, yellow, brown, or purplish-brown; they appear oblong and 

slightly flattened in shape, with a lightly colored hilum (Duke, 1981).  In general appearance, the 

mungbean appears very similar to its counterpart, the black gram (Akpapunam, 1996). 
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Like other food legumes of the fabaceae family, mungbean is an excellent source of 

protein, vitamins, and minerals.  On a dry-weight basis seeds contain 23-28% protein, 1-1.5% 

fat, 4.5% fiber, 60-65% carbohydrate, and a range of vitamins and minerals (Lambrides and 

Godwin, 2007).  Table 2 below compares the nutritional makeups of cowpea and mungbean, 

values were pulled from the work of (Bressani, 1985) and (Lambrides and Godwin, 2007) 

respectively. 

 
 

Table 2.  Nutritional Comparison of Cowpea and Mungbean (Bressani, 1985) and (Lambrides 

and Godwin, 2007) 

 

 

Dried seeds are used and consumed in a variety of ways; mungbean seeds are consumed 

in Asia whole or split, ground into flours, and even fermented into alcoholic beverages 

(Lambrides and Godwin, 2007).  In the West, they are typically consumed as raw sprouts and 

used in salads. Raw sprouts have been found to contain (per 100 g): 30 calories, 4.2 g protein, 

0.2 g fat, 0.9 g fiber and 5.0 total g of carbohydrates (Duke, 1981).  Use of the crop is not limited 

to human consumption as it is sometimes used as a forage crop for livestock (Lambrides and 

Godwin, 2007). 

Conservation Agriculture  

 



 

 

13 

 

 Conservation agriculture, according to the UN Food and Agriculture Organization, 

consists of a set of basic agricultural principles applicable to all agricultural landscapes and land-

uses and has been concisely defined as: 

“An approach to managing agro-ecosystems for improved and sustained productivity, 

increased profits and food security while preserving and enhancing the resource base and 

the environment (FAO, 2015).” 

This approach is founded on the three core principles of conservation agriculture, sometimes 

referred to as the pillars of conservation agriculture (Reicosky and Saxton, 2006), which include 

(1) Continuous minimum mechanical soil disturbance, (2) Permanent organic soil cover, and (3) 

diversification of crop species grown in sequence and/or association (FAO, 2015).  Conservation 

agriculture is not synonymous with organic agriculture, as it allows for the use of pesticides and 

synthetic fertilizers.   

 As of 2009 there were an estimated 100 million hectares of arable crops grown 

worldwide with no tillage in CA systems.  However, this number remains small and only 

accounts for 6-7% relative to farms under conventional practices (Friedrich et al., 2009).  CA is 

practiced in all climatic zones of the world where crops are grown, and is adaptable to any size 

of farm.  CA can be adapted to a ride array of soil types as well and has proven successful in 

soils with anywhere from 80% clay (Brazil) to soils around 90% sand (Australia) (Thierfelder 

and Wall, 2011). 

Conservation Agriculture in the Sahel Region of West Africa 

 

The practices of continuous minimum mechanical soil disturbance are more commonly 

referred to as conservation tillage, minimum tillage, no-tillage, or zero-tillage, and are typically 
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used interchangeably and often incorrectly (Reicosky and Saxton, 2006).  Many of the beneficial 

effects of reduced tillage practices go hand in hand with the subsequent maintenance of soil 

cover residues that result from having not disturbed the soil.  While there are certain benefits that 

result almost exclusively from reduced soil disturbance and inversion, the majority of 

improvements are tied to the increases in soil organic matter that result from soil organic 

coverage. 

 Maintaining permanent organic soil cover in smallholder African farming systems is 

neither easy nor traditionally adhered to.  Crop residues are generally burned, removed and used 

for fuel, livestock feed, or building materials (Bationo et al., 1995).  However, numerous studies 

have shown that the retention of crop residues has both short-term and long term benefits on a 

variety of soil properties and processes (Lahmar et al., 2012) (Buerkert and Lamers, 1999).  In 

recent years multiple studies have been conducted within an African context and have sought to 

understand these processes within African production systems (Lahmar et al., 2012) (Buerkert 

and Lamers, 1999).  

Soil Organic Matter (SOM) 

 

 One of the most obvious benefits of adopting conservation agriculture practices is the 

increase in soil organic matter build-up.  Soil organic matter plays a vital role in the physical, 

chemical, and biological properties of soil and has at times even been referred to as ‘black gold’ 

(Reicosky and Saxton, 2006).  Soil organic matter and humic substances are highly absorbent 

and typically act as cementing agents between soil particles, enabling increased soil aggregation 

and preventing slaking and dispersion (Ayanlaja and Sanwo, 1991).  Well decomposed humus 

has been found to contain much greater cation exchange capacities than typical soil colloids, 

with as much as 300 meq/100g humus.  Clay components such as kaolinite may only contain 3-
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15 meq, while illite and montmorillonite may contain 30-40 and 80-150 meq respectively 

(Vaughan and Malcolm, 1985).  The presence of SOM and humus become especially vital in 

regions of West Africa where fine clays and colloidal fractions are sparse.  Soil organic matter 

becomes the primary source in the soil’s ability to retain nutrients and water (Ayanlaja and 

Sanwo, 1991).  In many tropical regions of the world soils contain very low levels of inorganic 

nutrients, and thus rely on the recycling of nutrients gained from organic matter (Tiessen et al., 

1994).  

 Soil organic matter is also linked to microbial activity in soils, which tend to be good 

indicators soil fertility, or lack thereof (Troeh and Thompson, 2005).  Organic residues of plant 

and animal waste are the parent materials of organic matter and humus, which make up the 

nutrient supplies of microorganisms.  Microbial activity plays an important role in the release of 

plant nutrients from dead materials, and without this process, soil nutrients would soon be used 

up (Troeh and Thompson, 2005). 

Soil Moisture 

 

 As is the case in any rain-fed agricultural setting, moisture conservation in the West 

African Sahel is of the utmost importance. This absolute need to conserve soil moisture and 

prevent further water losses have led to much research in this area.  Researchers are in relative 

agreement that the maintenance of permanent organic soil cover offered by CA practices (such as 

a live cover crop, the retention of crop residues, or the addition of organic mulches) does 

improve soil moisture conservation (Lal, 1974) (Lahmar et al., 2012). 

 The effects of mulch on soil moisture were examined by Ramakrishna et al. (2006) and 

showed significant improvements over bare control plots.  Soil moisture effects were compared 

using three different mulch treatments; these included (1) a straw mulch, (2) a polythene mulch, 
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and (3) a chemical mulch.  Use of straw mulch significantly decreased the rates of evaporation 

from the soil compared to unmulched control plots.  Moisture differences between mulched and 

unmulched plots ranged from 10% to 22% only a few days after rainfall events (Ramakrishna et 

al., 2006).  In a similar study conducted in Nigeria by Lal (1974), mulched plots maintained 

higher moisture contents throughout the growing season when compared to unmulched plots.  It 

was concluded that mulch improved soil moisture storage over short periods of drought (Lal, 

1974).  

Intercropping 

 

 Intercropping can be defined as the growing of various combinations of crops, trees and 

pasture species simultaneously in the same field, in the same year (Sinoquet, 1995).  Much 

research has been focused on this topic in recent years as scientists seek to understand the 

potential benefits of such cropping systems.  Intercropping of different crops provides a variety 

of added benefits to the cropping system, including more insurance against single crop failures, 

greater yields of organic matter, and the ability to harvest different crops at different times. 

 In one experiment done in New York state, researchers explored some of the benefits of 

intercropping systems in comparison to conventional monocropping systems (Innis, 1997) and 

found convincing results.  Using equal sized plots, Innis (1997) found that monocropped maize 

and monocropped beans produced higher yields than when intercropped together, but found that 

intercropping the two yielded higher amounts of food overall.  In terms of each system’s Land 

Equivalent Ratio (LER), Innis (1997) came up with the following results: intercropped beans 

produced 0.69 of the yield of monocropped beans, while intercropped maize produced 0.66 of 

the yield of monocropped maize.  However, combining the two intercropped yields resulted in an 

LER of 1.35, meaning that the same sources of water, sun, and nutrients produced 35% more 
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than when monocropped (Innis, 1997).  Similar results were found in experiments with rice and 

various intercrops (soybean, peanut, mungbean) in India (Mandal et al., 1990).  Depending on 

production environment, intercropping may or may not be ideal.  If the desired outcome is the 

maximization of the primary crop’s yield, then intercropping might take away from said goals.  

On the other hand, if the desired outcome is greater food security through overall yields, the 

insurance of a second crop, and organic matter build-up, then intercropping may be a viable 

solution. 

Intercropping Millet and Cowpea in Senegal 

 

 In most regions of Senegal, millet is typically grown in monoculture and rotated 

periodically with peanut or cowpea.  There are regions of Senegal, such as the northern part of 

the country, where farmers are known to intercrop millet with cowpea on a regular basis.  

Unfortunately, very few studies have been conducted within this region.  Several studies have 

attempted to assess the overall potential for intercropping millet and cowpea, but most of these 

studies have been located in other West African countries such as Niger and Nigeria (Bielders et 

al., 2002, Ntare, 1990, Reddy et al., 1992, Sivakumar, 1993).  Very few studies have sought to 

assess the potential for intercropping cowpea and millet within a Senegalese context.      

 Many of the related studies located in Senegal focused on millet grown in rotation with 

cowpea, but not necessarily intercropped with cowpea.  There have been a few studies conducted 

in Senegal pertaining to millet-cowpea intercropping, but these studies are fewer in number.  A 

similar study to our study was conducted to assess several morphologically different varieties of 

cowpea intercropped with millet (Thiaw et al., 1993), however this research did not attempt to 

quantify ground cover increase as it relates to soil moisture retention and yield.  
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Chapter III: Conservation agriculture in Senegal: comparing the 

effects of intercropping and mulching on millet yields 
 

 

Abstract 

 

 

Situated on the western edge of Africa’s harsh Sahel region, Senegal faces a number of 

agricultural production constraints.  Limited rainfall, poor soil fertility, and insufficient 

agronomic inputs all contribute to low yielding millet production systems.  This study was 

initiated to assess the potential for intercropping either cowpea (Vigna unguiculata (L.) Walp.) 

or mungbean (Vigna radiata (L.) Wilczek) into traditional pearl millet (Pennisetum glaucum (L.) 

R. Br.) cropping systems.  During the 2013 and 2014 growing seasons two varieties of cowpea 

(upright and viney), and one variety of mungbean (upright) were grown in monoculture and 

subsequently intercropped with millet to evaluate the potential for increasing millet and overall 

yields.  Millet was also planted with a mulch (2 t/ha of neem leaves) to test the effectiveness of 

increased ground cover on millet yields.  In addition to yield data, soil moisture and plant NDVI 

data were also collected.  Millet grain yields increased when intercropped with either cowpea or 

mungbean compared to millet that was grown alone, with grain yield increases of up to 55%.  

Additionally, the combined grain yields (millet + bean) were up to 67% higher than the 

traditional monoculture millet.  The addition of mulch was the most effective treatment and 

increased millet grain yields up to 70%.  Soil moisture increased up to 14% in mulched 

treatments over millet monoculture treatments.  All yield increases were achieved without the 

addition of fertilizers or nutrient amendments.  In an attempt to mimic local practices our 

experiment was rainfed and no soil amendments were introduced. 

http://www.tropicalforages.info/key/Forages/Media/Html/Vigna_unguiculata.htm
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Introduction 

 

Senegal is home to one of West Africa’s most stable economies, but like many countries 

in the region it continues to struggle to provide for the daily caloric needs of a growing 

population.  The combination of population growth, small land holdings, lack of adequate 

agronomic inputs, and the environmental stresses of the region, have all combined to leave 

Senegalese subsistence farmers struggling to produce enough food.  Located on the western edge 

of Africa’s vast Sahel region, Senegal experiences some of the harshest row-cropping conditions 

in Africa.  Senegal’s central millet-groundnut basin receives as little as 250-750 mm of rainfall in 

an average year, and has a typical growing season of 90 days or less (Fussell et al., 1989).  Poor 

fertility, low water-holding capacity, and little to no organic matter are typical of the sandy soils 

found in this region of Senegal (Fofana et al., 2008).   

In response to these harsh conditions, many smallholder subsistence farmers in this 

region choose to cultivate a combination of drought tolerant crops that include pearl millet, 

sorghum, cowpea, and groundnut.  These crops are most commonly grown in rotation with each 

other, and to a lesser extent, are intercropped in various combinations.  Though not as common 

as traditional rotational systems, cereal legume intercropping systems have great potential in the 

region for enhancing food security.  Millet-cowpea intercropping is one of the combinations 

more widely practiced in the region and is often adopted as an insurance tactic, allowing farmers 

to spread the risk of crop failure across two crops (Bationo and Ntare, 2000).   

The most widely grown cereal crop in the region is pearl millet (Pennisetum glaucum (L.) 

R. Br.), which is well adapted to growing conditions that are not suited for other crops such as 

maize (Zea mays L.).  It is well suited for growing in soils that are too sandy, too dry, and too 

infertile for other grain crops such as maize and sorghum (Stoskopf, 1985).  Unfortunately in 
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Senegal, millet production continues to fall short of its potential year after year.  According to 

the United Nations Food and Agriculture Organization, Senegal yielded a yearly average of 770 

kg/ha of millet grain over the past 20 years,  compared to a West African average of 662 kg/ha 

and an Indian average of 898 kg/ha (FAOSTAT, 2013).  More importantly, Senegal’s 770 kg/ha 

average has hardly improved since the 1970’s and has remained essentially stagnant while other 

crops such as rice, maize, and cassava have all experienced yield increases (FAOSTAT, 2013).   

In Senegal, pearl millet is considered a low-value crop grown for household 

consumption, and therefore does not receive the additional inputs (when available) that might be 

otherwise invested into cash-crops like groundnuts or vegetable crops.  There is a crucial need to 

boost millet yields in ways that are affordable and accessible to the average smallholder farmer 

of Senegal’s central millet-groundnut basin.  Production practices that have the potential to build 

soil health without the introduction of external resources could prove to be critical in this region.  

Research conducted in several African countries and beyond, indicates significant yield 

improvements when the principles of conservation agriculture have been practiced (Buerkert and 

Lamers, 1999, Lahmar et al., 2012).  Conservation agriculture, which relies on the three basic 

tenants of (1) crop diversification, (2) continuous ground cover, and (3) minimum tillage, has 

every potential to be adopted by the average smallholder farmer in Senegal (FAO, 2015). 

During the 2013 and 2014 growing seasons, field studies were conducted in two locations 

in central Senegal to assess the potential for improving pearl millet yields without having to 

introduce any external inputs such as fertilizers or irrigation systems.  The study specifically 

aims to assess the potential for improving millet yields through the introduction of a suite of 

conservation agriculture practices tailored to the region.  The objectives of our study were to 

evaluate (1) the effects of intercropping vs. monocropping on grain yields, (2) the potential for 
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intercropping cowpea or mungbean between millet rows without driving down millet yields, (3) 

the use of intercropping and mulching practices (through increased ground cover) as a means to 

improving soil moisture retention, and (4) mungbean as a potential alternative to cowpea in 

Senegal’s millet-cowpea systems. 

Materials and Methods 

 

Site Description 
 

 Field studies were established at two sites within Senegal’s central millet-groundnut 

basin during the growing seasons of 2013 and 2014.  The research sites were located on the 

campuses of the École Nationale Supérieur d’Agriculture (14°45'45 N, 16°53'14 W) near the city 

of Thiés, and the Institut Supérieur de Formation Agricole et Rurale (14°41'38 N, 16°28'12 W) 

near the city of Bambey.  The climate in this region of Senegal is characterized by a short 

unimodal rainy season that typically occurs between June and October (Figure 4).  

 

 

Figure 4.  Average monthly rainfall (mm) and temperature (oC) in the Thiés region 

 (The Climate Research Unit of East Anglia, 2014) 
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Average annual rainfall (1990-2009) in this area is approximately 300mm and the mean 

monthly temperature is 27
o
C-29

o
C (Figure 4).  The onset of rain in 2014 (August 5) was 

unseasonably late, and resulted in a very short growing season (~80 days) compared with the 

2013 growing season.  Soils at both sites are typical of the region and soil tests of the two sites 

are summarized below (Table 3).   

 

 

Table 3.  Soil properties at Bambey and Thies 

 

Experimental Details 

 The experiment consisted of eight treatments arranged in a Randomized Complete Block 

Design (RCBD) with four replications (blocks) (Table 4).  The experiment included two 

morphologically different varieties of cowpea (Vigna unguiculata (L.) Walp.), and one variety of 

mungbean  (Vigna radiata (L.) Wilczek).  Each bean variety was grown in monoculture, and 

intercropped with pearl millet (Pennisetum glaucum (L.) R. Br.).  Millet was also grown alone 

according to local practice, with and without mulch.  Local varieties were used for each cowpea 

treatment, and were obtained from Senegal’s plant breeding institute ISRA (Institut Sénégalais 

de Recherches Agricoles).  Cowpea and mungbean seeds were inoculated prior to planting with 

appropriate rhizobacteria.  Neem (Azadirachta indica) leaves were used as mulch in treatment 

http://www.tropicalforages.info/key/Forages/Media/Html/Vigna_unguiculata.htm
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eight (applied at 2 t/ha), and were harvested on location at each of the sites.  Neem was selected 

as an appropriate mulch due to its abundance and local availability throughout Senegal, and its 

potential as an appropriate mulch (Tilander and Bonzi, 1997). 

 

 

Table 4.  List of treatments and specific varieties used in each treatment 
 

 

 Individual plots measured 4m by 4m.  Millet was planted in hills and thinned to 3 plants 

per hill; hills were spaced 1m x 1m with plant densities of 10,000 pockets per hectare.  Beans 

were planted at 0.5m x 0.5m and thinned to 1 plant per pocket.  Plant densities were 40,000 

pockets per hectare for monoculture beans and 20,000 pockets per hectare for intercropped 

beans.  Planting densities were based on recommendations from local Senegalese researchers at 

the Institut Sénégalais de Recherches Agricoles (ISRA).  Plant density was decreased by 50% 

from its original monocropping practice in the intercropping treatments (Figure 5).  The 

experimental sites had been left fallow the season prior and were disked before planting in 2013.  

Both sites were left untilled in 2014 and crops were planted manually into the previous year’s 

crop residue.  Between-row weeding was done three times in the beginning of each season with a 

draft-powered (horse) cultivator and manually with a hoe.   
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Figure 5.  Planting arrangements for millet sole, cowpea & mungbean sole, and millet-bean 

intercropping treatments. 

 

Data Collection 

 Millet was manually harvested from the two inside rows (4m rows) of each plot and grain 

was dried and yields were calculated based on 12.5% moisture content.  Beans were left on the 

plant to dry and harvested from inside rows (4m rows); each plant was harvested weekly until all 

mature pods were collected.  Cowpea and mungbean grain yield calculations were also based on 

12.5% moisture content.   In addition to millet grain yield, number of panicles and average 

panicle length were measured and recorded at harvest.  For beans, the number of total pods was 

recorded.  Soil moisture readings were taken daily using a FieldScout TDR 100 soil moisture 

meter (Spectrum Technologies, Inc., Plainfield, IL).  Three readings were randomly recorded 

from each plot in the two middle blocks.  The TDR probes were calibrated to the soils at each 

site to ensure accurate results.  Normalized Difference Vegetation Index (NDVI) readings were 

collected every two weeks in each plot.  NDVI readings were recorded using a Trimble 

Greenseeker
TM

 hand-held optical sensor (Trimble Navigation, Sunnyvale, CA) and millet and 

beans were measured separately. 
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Table 5 summarizes the planting, weeding, thinning, and harvesting dates for the 2013 

and 2014 growing seasons.  All crops were grown under rain-fed conditions with no fertilizer, 

insecticide, or herbicide inputs.   

 

*Thinning was done 3 weeks after planting. 

 

Table 5.  Timetable of management practices for field trials at Bambey and Thiés 

 

Data Analysis 

Yield data were analyzed using analysis of variance (ANOVA) (SAS Institute Inc., Cary, 

NC).  Fisher’s LSD was used to analyze means separation between treatments.  Contrasts were 

used to examine statistical differences between millet monocropping treatments and the average 

of the three intercropping treatments.  A covariate was used in the analysis of the bean yield data 

to account for plant population differences in individual plots.  An alpha level of 0.05 was used 

in all statistical analyses to determine significant differences among treatments. 

 

Environmental Conditions 
 

The timing of the rainy season in 2013 was similar to previous years, with rains 

commencing in the middle of July and continuing until the middle of October.  Compared to the 
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previous several years, the amount of rainfall received during the 2013 growing season was 

above average.  In 2013 Bambey and Thiès received 638 mm and 465 mm of rainfall, with 49 

and 39 days of rain, respectively.  In 2014 the rainy season did not begin until the first week of 

August, almost a month later than 2013.  However, rainfall continued into mid-October and fell 

regularly and consistently.  Total rainfall was 419 mm and 331 mm at Bambey and Thiès, 

respectively.  Although the amount of rain received between the two sites differed across the two 

seasons, days of rain between sites over years did not differ greatly (Figure 6).  Millet was 

harvested after 82 days in 2013 and 79 days in 2014. 

 

 

Figure 6.  Daily rainfall data for 2013 and 2014 growing seasons at Bambey and Thiés. 
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Results 

 

Millet, bean, and combined intercropping yields 

Table 6 below summarizes the overall Analysis of Variance (ANOVA) for dependent 

variables in the study.  Although there were no significant differences in grain yield between 

sites and years for millet grain yield, there was a site by treatment interaction, indicating that 

treatment outcomes differed between sites.  Consequently, we will present grain yield separately 

for sites, but averaged across years.  

 

ns= non-significant * = p < 0.05 ** = p < 0.01 *** = p < 0.001 

 

Table 6.  ANOVA of main effects (site, year, treatment, and block) and interactions on response 

of millet, bean, and intercrops 
 

 

 Despite the late onset of rain and a shorter growing season in 2014, average millet yields 

did not differ significantly from 2013.  Although rainfall varied across years, frequency of 

rainfall was similar across years.  Thus, despite the fact that the onset of rain was delayed by 
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over a month in 2014, average millet yields were slightly higher in 2014 compared to 2013. The 

difference in millet yield was small with yields averaging 2027 kg/ha and 1925 kg/ha for 2014 

and 2013, respectively.   

 

Millet intercropped with cowpea or mungbean almost always yielded more than the 

millet grown in monoculture.  With the exception of the millet intercropped with the viney 

cowpea in Thiès, all of the intercropping and mulching treatments yielded more than the millet 

grown in monoculture (Figure 7).    

 

 
 

 

Figure 7.  Millet grain yield at Bambey and Thiès, averaged across 2013 and 2014. Treatments 

with the same letter are not significantly different from each other at alpha=0.05 (Fisher’s LSD) 

and error bars were constructed using 1 standard error from the mean. 
 
 

 

In Bambey, millet grown alone yielded 1473 kg/ha compared with 1766, 2279, and 2009 

kg/ha for millet intercropped with the viney cowpea, upright cowpea, and mungbean, 

respectively.   The percent yield increases between millet grown alone and intercropped millet 

were 20%, 55%, and 36% for the millet-viney cowpea, millet-upright cowpea, and mungbean 
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treatments, respectively.  Millet grown with mulch yielded the highest at 2510 kg/ha, a yield 

increase of 70% compared to millet grown in monoculture.  Differences among treatments were 

not significant in Thiès.  With the exception of the millet that was intercropped with the viney 

cowpea variety, yields of intercropped millet did not fall below that of the millet grown in 

monoculture.    

Similar to millet yield, bean yield did not differ across years.  However, there were 

differences between sites, and treatment differences were observed at each site.  There were 

significant site by treatment interactions and site by year interactions (Table 6), thus the bean 

yield data are reported separately across sites and treatments.   

The effect of year on bean yield differed between locations (Figure 8).  Bean yield was 

higher in 2013 and lower in 2014 at the Bambey location while the opposite was true at the Thiès 

location (Figure 8).  Bean yield also differed across locations (Figure 9) with mungbean, for 

example, showing a much lower yield at the Bambey site compared to that of Thiès (Figure 9).  

 

     
 

 

Figure 8.  Average bean grain yields at Bambey and Thiès in 2013 and 2014. Treatments with 

the same letter are not significantly different from each other at alpha=0.05 (Fisher’s LSD) and 

error bars were constructed using 1 standard error from the mean. 
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Although intercropping increased millet yields, the opposite effect was observed for bean 

yields (Figure 9).  This reduction in bean yield in intercropping may be attributed in part to the 

competition for sunlight and nutrients between the two crops, as well as the lower plant 

populations of beans compared to the monocropped systems.  As hypothesized, yields of the 

intercropped beans were <50% than that of the same beans grown in monocropping systems. 

 

 

 
 

 

Figure 9.  Average bean yields between monocropping and intercropping treatments at Bambey 

and Thiès in 2013 and 2014. Treatments with the same letter are not significantly different from 

each other at alpha=0.05 (Fisher’s LSD). 

 

Intercropping millet and beans together always yielded more grain than growing either 

the millet or the beans on their own. Every time millet was intercropped with the viney cowpea 
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variety, the upright cowpea variety, or mungbean, there was higher overall grain production than 

could have been achieved had that plot been used to grow only sole millet or sole beans.  In 

Bambey the three different intercropping treatments were distinctly advantageous compared to 

the monocropped treatments (not including the millet grown with mulch) (Figure 10).   

 

 

Figure 10.  Combined grain yields between treatments at the Bambey site – yields are averaged 

over the 2013 and 2014 growing seasons. Treatments with the same letter are not significantly 

different from each other at alpha=0.05 (Fisher’s LSD). 

 

 

 In Bambey, the millet-cowpea (upright) intercropping produced more combined grain 
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advantage of the millet-cowpea (upright) treatment was 67% compared to millet in monoculture, 

and the millet-mungbean treatment yielded 43% more than millet grown alone.  The lowest 

combined yield of the three intercropping treatments was the millet intercropped with the viney 

cowpea variety, which yielded 35% more than millet grown on its own.  Even after combining 

the millet and bean grain together, the millet grown on the mulch was still the most productive 

system in Bambey.  The millet grown with mulch produced 2510 kg/ha, a 70% increase over the 

millet grown alone.   

The effect of intercropping on the combined yield was evident at both locations; 

however, the combination of treatments that resulted in the highest yields differed from Bambey 

to Thiès (Figure 10).  At the Bambey location, the combined yield of the millet and the upright 

cowpea was higher than the millet grown alone and the millet grown with the viney cowpea.  At 

the Thiès location, the combined yield of millet and mungbean was higher than the monoculture 

millet and the mulch treatments.  

In addition to yield, number of panicles and average panicle length were measured at 

harvest (Table 7).   In Bambey in 2014, where higher yields were observed in intercropping and 

mulched treatments, there were also higher numbers of panicles harvested from those same 

treatments.  When panicle counts did not differ significantly between treatments, there too was 

little significant difference between yields of the same treatments.  Differences in average 

panicle lengths changed very little between the different treatments.  In the second year of the 

study, at both Bambey and Thiès, the mulched treatments had the highest average number of 

panicles.  
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Table 7.  Summary of additional millet yield components at Bambey and Thiès for the 2013 and 

2014 growing seasons. Treatments with the same letter are not significantly different from each 

other at alpha=0.05 (Fisher’s LSD). 
 

Soil Moisture 

Daily soil moisture data taken throughout the growing season indicate that intercropping 

treatments did not retain more soil moisture that the monocropping treatments on average.  

Despite the increased ground cover provided by the cowpea and the mungbean, there was no 

increase in Volumetric Water Content (VWC).  However, the difference in soil moisture contents 

between the millet grown with the mulch and the traditional monoculture treatments (no ground 

cover) was significant.  In Bambey, during the 2014 growing season, the soil under the mulched 

treatment had an average of 11.12% VWC throughout season, compared to 9.73% VWC for 
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millet grown without any ground cover (Figure 11).  This represents a 14% increase in soil 

moisture over the traditional monoculture millet practices. 

 

 

Figure 11.  Daily soil volumetric water content (VWC) data collected at Bambey and Thiès 

during the 2014 growing season. 

 

0

2

4

6

8

10

12

14

16

18

20

15 20 25 30 35 40 45 50 55

V
o

lu
m

et
ri

c 
W

at
er

 C
o

n
te

n
t 

(%
) 

Soil Moisture Retention (Bambey 2014) 

Millet Sole

Millet with Mulch

0

2

4

6

8

10

12

14

16

18

20

15 20 25 30 35 40 45 50 55

V
o

lu
m

et
ri

c 
W

at
er

 C
o

n
et

en
t 

(%
) 

Days after Planting 

Soil Moisture Retention (Thiès 2014)  

Millet Sole

Millet with Mulch



 

 

40 

 

  

A similar trend was recorded in Thiès, where the mulched soils consistently retained 

more moisture than non-mulched soils (Figure 11).  During the 2014 growing season at Thiès, 

the mulched treatment recorded an average VWC of 10.43% while the millet grown alone 

recorded an average of 9.56%.  This translates to an average increase in soil VWC of 9% during 

the days recorded, less than was observed at Bambey. 

 

Normalized Difference Vegetation Index (NDVI) 

The Normalized Difference Vegetation Index (NDVI) growth curves follow the same 

basic trends as that of the yield data; with millet grown by itself showing the weakest curve, 

followed by the three intercropping treatments in the middle, and the millet grown with a mulch 

yielding the greatest curve.  In every case, across both years and at both sites, the NDVI curves 

of millet intercropping treatments and millet treatments grown with mulch were always greater 

than those of treatments where millet was grown on its own (Figure 12). 
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Figure 12. Millet NDVI growth curves at Bambey and Thies, averaged across 2013 and 2014. 

 

 

Discussion  

 

Our experiment showed that millet yields increased when grown in association with 

cowpea and mungbean.  A similar study conducted in Niger by Reddy et al. also reported 

increased millet yields when millet was intercropped with cowpea (Reddy et al., 1992).  Reddy 

and his colleagues reported 14-15% yield increase when millet was intercropped with cowpea 

compared to millet grown alone.  However, other researchers have reported decreases in millet 

yield when grown in association with legumes.  One such report, conducted by Grema and Hess 

(1994) documented 34% and 23% yield reduction when millet was grown in association with 
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two different cowpea varieties (local and improved) (Grema and Hess, 1994).  A study 

conducted in Senegal also showed lower millet yields grown in association with legumes, 

compared to when grown alone (Diangar et al., 2004).   The percentage yield declines they 

reported were 16-24% depending on the region (16% central-north vs 24% central-south) 

(Diangar et al., 2004).   

Unlike the intercropped millet, where millet yield was increased, the opposite effect was 

observed for bean yields.  Reddy et al. (1992) reported similar results where bean yields were 

reduced significantly when grown with millet as compared to when they were grown on their 

own.  Similar to our results, the yield reductions they reported for intercropped beans were 36% 

and 48% for year 1 and 2, respectively.  Overall, despite no outstanding differences in yield 

among the beans varieties, there is evidence to suggest that the viney cowpea variety appears to 

have had higher yields compared to the upright varieties of cowpea and mungbean.  

All three of the intercropping treatments were highly productive compared to each of the 

monocropping treatments.  The millet-cowpea (upright) intercropping system yielded the 

highest, with a Land Equivalency Ratio of 2.00 (Appendix Figure B5).  The millet-mungbean 

intercropping system had the next highest value with an LER of 1.87, followed by the millet-

cowpea (viney) variety which had an LER of 1.68.  The overall LER values for the intercropping 

treatments in Thiès were lower than that of Bambey, but were still all considerably higher than 

one (Appendix Figure B5).  There was not much distinction between the three different 

treatments, as they all experienced similar LER values.  The millet-mungbean intercropping 

system yielded the highest LER, with a value of 1.52, while the millet-cowpea (viney) and the 

millet-cowpea (upright) systems had LER values of 1.47 and 1.42, respectively. 
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In their study conducted in Niger, Reddy et al. (1992) recorded LER values for different 

millet-cowpea intercropping systems that had cowpea planted into the millet stand at increasing 

intervals.  LER values of 1.48, 1.43, and 1.08 were recorded for systems where cowpea was 

planted one, two, and eight weeks after millet planting respectively.  Although experiments were 

conducted at different sites with different varieties, a comparison of LER values would suggest 

that simultaneous planting of cowpea and millet is more beneficial overall.   

 The yield compatibility of the newly introduced mungbean crop, varied considerably 

across years and sites.  While the mungbean yield was relatively competitive with cowpea at the 

Thiès location, the yields were extremely low at the Bambey location.  However, when 

mungbean was at its best, it did out-produce the strongest cowpea stands, in terms of grain 

production.  To our knowledge, intercropping mungbean with millet in Senegal has not been 

studied; therefore there are no existing results to compare with.  

As reported previously, the most dramatic yield increases of all of the treatments was 

observed in the treatments where millet was grown with a mulch (up to 70% yield increase in 

Bambey).  The increased millet yield associated with the mulch treatment can be attributed in 

part to a much better soil moisture status for the mulched treatments compared to the 

intercropping and traditional monoculture millet treatments (Figure 11).  In addition to 

improving soil moisture status, residues on the soil surface can reduce the splash-effect of 

raindrops resulting in higher infiltration and reduce runoff, leading to less erosion (FAO, 2015). 

This result highlights the value of maintaining ground cover on soils that are highly susceptible 

to excessive water loss like soils found in most millet growing regions in Senegal.      

Rebafka et al. (1994) found similar results in Niger using crop residues as mulch in millet 

fields.  In their study, in which they compared the effects of short-term and long-term application 
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of mulches, they found that the application of crop residues increased dry matter yields more 

than 60% in pearl millet, while the omission of the crop residues decreased yields (Rebafka et 

al., 1994).  To examine the effect of mulch on soil moisture status, Buerkert et al. (2000) 

conducted an experiment involving the addition of 2000 kg/ha of mulch across three of West 

Africa’s primary climatic zones (Sahel, Sudanian, and Guinean).  They reported beneficial 

effects of mulch on soil moisture content, more specifically in in the Sahel regions (Buerkert et 

al., 2000).  Furthermore, Buerkert, et al. (2000) found consistent increases in soil moisture levels 

in the 0-30cm range over plots that were not treated with mulch.  Mulumba and Lal (2008) 

analyzed soils under long-term (11 years) mulch in Ohio and found an increase in available 

water capacity by 18-35% in the upper 10cm of the soil.  While they used high rates of mulch (8 

t/ha and 16t/ha) in the experiment,  they concluded that 2 t/ha of mulch (the same amount applied 

in our study) was enough to achieve 75% of these moisture retention rates (Mulumba and Lal, 

2008). 

Our experiment implemented conservation agriculture principles which included the 

maintenance of ground cover, minimum tillage, and crop diversification.  Among the long list of 

potential benefits of conservation agriculture are soil moisture conservation, erosion control, 

improved soil health, and a diversified cropping system.  Our two year experiment showed a 

promising potential to improve yields through conservation agriculture practices such as the 

inclusion of leguminous crops, ground cover establishment, and diversified cropping systems.  In 

a country like Senegal, which is heavily dependent on agriculture, conservation agriculture can 

offer potential for improving rural livelihoods and breaking the downward spiral of poverty, soil 

degradation, and declining productivity. 
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Summary and Conclusions  

 

 The three different intercropping systems evaluated in this study each produced more 

grain per unit of land area than any of the monocropped millet or beans.  The primary cereal crop 

millet generally experienced increases in grain yields when intercropped with any of the three 

bean varieties.  Although the addition of beans increased the total grain yield, the effect of 

intercropping on bean yield was negative.  The lack of response in bean yield grown in 

association with millet compared to the beans grown alone can be partially explained by shading 

of beans by the millet plant, as well competition between crops for limited resources. 

 Our experiment clearly showed that the addition of each bean crop, regardless of 

morphological characteristic or type, greatly improved millet production and overall grain 

production.  However, the percentage increases in millet yields, due to the addition of beans in 

the system, greatly varied by bean type and location.  There is evidence to suggest that 

intercropping an upright bean variety (cowpea or mungbean) may have the potential to produce 

higher yields overall than intercropping a viney or spreading variety.  At both sites, the cropping 

systems that included upright bean varieties did produce higher overall yields. 

 Growing millet on mulch also proved to have beneficial effects on millet yields.  In every 

case that millet was grown under a layer of well-established mulch (neem leaves), there was an 

increase in millet grain yield over that of millet grown alone without ground cover.  In this study 

the mulched plots resulted in 17-70% millet yield increases over the untreated control. The 

positive effect of the use of mulch on the millet yield can be explained in part by the enhanced 

water conservation.  

 Table 8 shows the summary of previous millet-cowpea intercropping studies and results 

in West Africa in comparison to results obtained in our experiment.  Our experiment clearly 
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showed the benefits of intercropping on overall yields and higher Land Equivalency Ratios.   

Although no replicated measurements were taken to confirm the effect of the rhizobacteria on 

cowpea and mungbean nodulation in Senegal’s growing conditions, we can speculate that the 

inoculation of the cowpea and mungbean may have been a driving factor in the yield increases 

observed in our study.  To observe the effectiveness of the inoculum on the cowpea and 

mungbean, a small non-replicated trial compared nodulation between inoculated and non-

inoculated beans.  Considerable increases in root nodulation in the inoculated cowpea and 

mungbean were observed (Appendix Figure B4).  Further replicated research would be necessary 

to confirm our observations.  

 

 

Table 8.  Results of similar millet-cowpea intercropping studies conducted across West Africa 
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Growing millet on mulch showed beneficial effects on millet yields.  The yearly addition 

of leaf organic matter into the soil may eventually build soil organic matter, which may 

potentially lead to enhanced CEC, soil water holding capacities, and improved soil aggregation. 

The broader application of these results demonstrate that grain yields can be increased 

with the adoption of these conservation agriculture practices, and can be done so without the 

application of external inputs that may or may not be available to many farmers in Senegal.  

These results demonstrated that there are multiple potential advantages of adapting these 

practices to the smallholder farmers of Senegal, which include: 

 Growing and harvesting two different crops on the same piece of land within the 

same growing season. 

 Overyielding – which occurs (in this case occurred), when the combined yield 

produced in intercropping is larger than the yield produced by either of the individual 

crops grown in monoculture.  

 The use of crops with different growth habits and stages of maturity (planting to 

harvest) within the cropping system.  Early season grain legumes like mungbean (45-

50 days from planting to harvest), or short season cowpea are often the first available 

food crop at the end of a long hunger season.  Mungbean utilized in this experiment 

(as well as several farmers’ fields in Senegal) showed a great deal of potential in 

providing a much needed grain crop earlier in the growing season.  

 The added benefit of growing a protein crop like cowpea or mungbean with the 

primary cereal crop (in this case millet) can improve the nutritional quality of the 

local diets.   
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 By growing two different crops in the same season, a farmer can minimize the risks 

of individual crop failure (due to drought or pest damage) by growing crops that have 

different tolerances to different environmental factors. 

 The addition of leguminous crops with the ability to biologically fix nitrogen and can 

add N back into the system. 
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Chapter IV: Summary and Conclusions 
 

 

Many of the treatments evaluated in this study proved to be beneficial in terms of 

increasing grain production, and show great potential as agronomic tools for small-scale 

subsistence farmers in this region of Senegal.  In addition to improving yields, these specific 

practices also adhere in many ways to traditional agronomic practices and don’t require drastic 

changes from farmers’ current practices.  In the intercropping systems, millet planting densities 

were left unchanged while a row of beans was simply added between rows.  Weeding, which is 

typically performed with a draft-powered cultivator, would remain the same since the new 

intercropping row widths are identical to that of peanut row widths.  Typical peanut row widths 

in the millet-peanut basin are 50 cm wide, the same row spacing between millet and beans in this 

study. 

These intercropping and mulching practices also incorporate well the core concepts of 

Conservation Agriculture (CA) and can easily be adapted to include the three foundational 

practices of (1) minimum tillage (2) year-round soil cover, and (3) crop diversification.  By 

minimizing tillage and leaving the previous year’s crop residues in the field, intercropping is 

distinctly suited to serve as a CA practice.  Mulching practices can be used specifically as year-

round soil cover in many different cropping situations to ensure that all three of the CA core 

principles are well monitored.   

In terms of adaptation of CA practices by local farmers, several of the principles can be 

easily incorporated with the current (farmer’s) practices. For example, intercropping alone can 

help minimize soil disturbance and can potentially produce crop residues.  The effectiveness of 

mulching on both yield increases and moisture conservation was clearly demonstrated in our 
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experiment.  Where farmers prefer growing millet in monoculture as opposed to intercropping, 

mulching can instead be used to effectively address some of the principles of conservation 

agriculture.  If mulching materials are available year round, then crop residues can still be used 

for their traditional functions (livestock feed, building material, etc…) and would not need to be 

split between dual roles.  During the dry season (November - July), animals alone can easily 

remove 100% of the crop residue leaving the soil surface totally bare, making mulching practices 

that much more necessary. 

In 2012, Virginia Tech, in collaboration with USAID-ERA and several partner 

institutions in Senegal introduced the mungbean crop as alternative food legume. Within a year, 

the legume gained a tremendous amount of popularity among farmers and seed producers.  Some 

of this crop’s beneficial attributes include a quick and aggressive start, short season or early 

maturing (40-50 days from planting to harvest), and a crop residue that breaks down relatively 

quickly.  In our experiment, the inclusion of mungbean not only increased millet yield when 

intercropped with millet but also produced competitive yields to that of cowpea when grown 

alone.   More research will be needed to further explore the wide adaptation of mungbean 

throughout Senegal.  

 Finally, it is important to note that these field experiments were implemented without the 

use of fertilizers in an attempt to demonstrate that there are yield gains to be had, even for the 

smallholder farmer who may not necessarily have the means to purchase them.  This research is 

by no means suggesting that fertilizers should not be applied, but rather is aimed at helping the 

farmer that may not have the luxury of obtaining fertilizers.   
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Appendix A – Supplemental Data 

 

 

 

Table A.  Soil analysis summary for the Bambey and Thiès field sites in 2013 – anlaysis was 

completed by faculty at the École Nationale Supérieur d’Agriculture (ENSA) in Thiès 

 

 

                  

ANALYSES 

ECHANTIL

LON 

PH 

1 :2.

5 

Conduct 

Elec 

uS à 20 

degrés 

 

CARBON

E 

% 

AZOT

E 

% 

CEC 

Meq/1

00g 

GRANULOMETRIE  % 

A LF LG S 

1).    THIES 

4/1/13 

 

7, 37 127,6 0,61 0.06 7 6.5   3.25 3.5 86.75 

2).   THIES 

4/1/13 
7, 48 

 

116 

 

0,18 0.06 6 10 3.25 2.25 84.5 

3).   THIES 

3/4/13 
7, 50 

 

133,4 

 

0,06 0.06 7 6.5 5 1 87.5 

4).   

BAMBEY 

05/3/13 

6, 22 

 

88,2 

 

0,61 0/19 4 6.5 5.25 2.25 86 

5).   

BAMBEY 

01/3/13 

6, 66 

 

106,7 

 

0,18 0.09 6 6 2.25 5.25 86.5 

 

6).   

BAMBEY 

05/3/13 

7, 20 

 

197,2 

 
0,98 0.13 6 4.25 8.25 13 74.5 
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Table B.  Summary of bean pod counts at Bambey and Thiès in 2013 and 2014 

 

 

 2013 2014 

Site Crop Variety 

Average Number of Pods per 

Plant 

 

Average Number of Pods per 

Plant 

 

Sole Crop 
Intercrop with 

Millet 
Sole Crop 

Intercrop with 

Millet 

Bambey 

(ISFAR) 

Cowpea (Viney)  

 
12 10 26 13 

Cowpea (Upright) 

 
13 8 10 9 

Mungbean  

 
16 8 20 13 

Thiès 

(ENSA) 

Cowpea (Viney)  

 
14 10 9 6 

Cowpea (Upright) 

 
11 6 7 4 

Mungbean  

 
33 22 31 20 
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Figure C.  Bean NDVI growth curves from planting to harvest – values are averaged over both 

sites and both years. 

 

 

According to NDVI data logged on the different bean crops, there was a clear trend 

between the three different bean treatments.  Whether grown alone, or intercropped with millet, 

it was always the cowpea viney variety that recorded the greatest NDVI curve, followed by the 

cowpea upright variety and then the mungbean.  Since trends were the same in each case, NDVI 

curves for the three bean crops were averaged over the two sites and the two years and presented 

in Figure 14.  There were no consistent differences between beans that were monocropped 

compared to beans that were intercropped.  
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Looking at these NDVI curves, it is interesting to note that the intercropping bean 

treatment that performed the best on its own (the cowpea viney variety) was also the treatment 

that recorded the lowest average millet yields when grown in association.  Conversely, it was the 

millet grown with the upright bean varieties (cowpea and mungbean) that appear to have 

performed more poorly when intercropped, but produced the higher millet yields. 

Similar results were recorded in the study conducted in Niger by Ntare (1990) when 

morphologically different cowpea varieties were intercropped with millet.  In his study Ntare 

found that while the spreading cowpea variety performed better than the erect variety when 

intercropped with millet, it was the millet intercropped with the spreading variety that yielded the 

least.  The erect cowpea variety in his study yielded 0.35 t/ha when intercropped with millet, 

while the spreading variety yielded 0.49 t/ha.  At the same time, the millet intercropped with the 

erect cowpea yielded 1.06 t/ha, slightly better than the millet intercropped with the spreading 

variety.  Our study found greater differences in millet yield when millet was intercropped with 

two morphologically different varieties.  Ntare’s study recorded decreases in intercropped millet 

yields when compared to millet grown on its own.  Intercropped millet grain yields in his 

experiment decreased 23% on average when intercropped with cowpea, which was the opposite 

trend of what was recorded in our study in Senegal. 
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Figure D.  The effect of rhizobacteria inoculation on the rate of nodulation for the different bean 

crops – a small side study was conducted in Thiès in 2014 
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Figure E.  Land Equivalency Ratios between monocropping and intercropping systems in 

Bambey and Thiès– average LER values over the 2013 and 2014 seasons 
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Appendix B – Experimental Design 

 

Figure F.  Site map of university research stations and on-farm field trials 
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Figure G.  Diagram of the plot layout including all eight treatments (Randomized Complete 

Block Design) 
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Appendix C – Reference Material 

 

 

Figure H.  Varietal factsheet for millet – ISMI 9507 – provided by the Institut Sénégalais de 

Recherches Agricoles (ISRA) 
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Figure I.  Varietal factsheet for viney cowpea variety – Mélakh – Provided by the Institut 

Sénégalais de Recherches Agricoles (ISRA) 
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Figure J.  Varietal factsheet for upright cowpea variety – Yacine –  Provided by the Institut 

Sénégalais de Recherches Agricoles (ISRA) 
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Figure K.  Water holding capacity (VWC) for different soil types (NMSU Climate center, 2014) 

 

 

 

 
 

NMSU Climate Center. 2014. Water holding capacity by weather type.  New Mexico State 

University Climate Center. http://weather.nmsu.edu/models/irrsch/soiltype.html (accessed 12 

Feb. 2015.)  

http://weather.nmsu.edu/models/irrsch/soiltype.html
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51.63 % 

48.37 % 

Ground Cover  
Percentage 

Percent Vegetation

Percent Soil

2). Vegetation and soil are classified 

using the supervised classification 

method in ERDAS Imagine Remote 

Sensing software. 

1). Aerial images were captured 

using a 2m camera stand, digital 

camera, and remote. 

3). All classes were recoded into 

two categories, either vegetation or 

soil. Pixel counts were calculated 

for each category. 

4). Pixel counts were used to 

calculate the percentage of 

vegetation or soil in each image. This 

was done for every plot each 2 

weeks. 

Figure L.  Ground cover percentage calculation method – completed in ERDAS Imagine remote 

sensing software package. 

 

 

 


