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Abstract Farmers in the semi-arid regions of West Africa
face challenges related to poor crop establishment, variable
rainfall, low soil fertility and a shortage of labour at times of
peak demand. Farmers are generally low on resources. Given
these conditions, it is important to develop farming practices
that make efficient use of the available resources and reduce
risks. Here, we review agricultural intensification in semi-arid
West Africa using the principles of precision farming to assess
the possibilities they offer. The basic idea is to create a
favourable micro-environment in the planting pocket and to
ensure timely sowing and weeding. In the context of precision
farming in the semi-arid West Africa, this means (1) large
seeds are selected, primed and treated with a mix of pesti-
cides/fungicides. Seed priming increases yields in the order
of 20 to 30%, while seed treatment increases yields by 15%.
(2) Mineral fertilizers are applied; at doses as low as 0.3 g of
fertilizer per pocket, they have been found to increase yields
by half or more. (3) Seeds and fertilizers are distributed accu-
rately by means of a combined planter-weeder, which can be
motorized. (4)Mechanized sowing andweeding enable timely
farm operations and reduce the workload. (5) Water loss is
prevented by using zaï and stone bunds on soils with high
run-off rates. (6) Care is taken to make use of farm resources
in a targeted and efficient way. This can imply adjusting

micro-doses of manure and fertilizer to crops (sorghum needs
less than millet) and soil types, sequenced sowing of crops
according to their vulnerability to delayed sowing and apply-
ing organic input to soils. This paper is the first to review
agricultural intensification in semi-arid West Africa within
the context of precision farming. It shows how a low-cost
package for precision farming can be developed, which can
help to increase land and labour productivity, and works with
all the major field crops in the region.
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1 Introduction

Farming in the semi-arid West Africa takes place under harsh
agro-ecological conditions: low and unpredictable rainfall,
high temperatures, high climatic variability, low soil fertility,
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attacks of pests and diseases and weed infestation. In addition,
farmers face capital, labour and land constraints (Osbahr and
Allan 2003). Public services are also weak, limiting farmers’
access to specialized knowledge, infrastructure and credit.
Markets are unpredictable, making it difficult for farmers to
plan their activities in a rational way.

It is estimated that 30 million people face food insecurity in
semi-arid West African countries in 2017, and 4.7 million
children under are acutely malnourished (OCHA 2016). The
poverty rate in these countries is above the average for sub-
Saharan Africa as a whole. Self-sufficiency with regard to
cereals is currently about 80% in the drylands of West
Africa; it has been predicted to be below 40% in 2050 on
the basis of an extrapolation of yield trends (van Ittersum
et al. 2016). A recent study on food demand confirms the need
for a rapid increase in food production in the West African
dryland countries (Zhou and Staatz 2016). Therefore, it is
important to develop farming practices that increase yields,
make efficient use of resources and reduce farmers’ risks.
Precision farming as we describe fits well within the paradigm
of “sustainable intensification”, an approach which focuses on
producing more food with less environmental impact (The
Montpellier Panel Report 2014). It can furthermore be consid-
ered as a form of “Climate Smart Agriculture” (FAO 2017) as
precision farming can increase yields, adapt agriculture to cli-
mate change and reduce GHG emissions from farming
through more efficient use of inputs.

In this paper, the term “semi-arid West Africa” refers to the
Sahelian zone, receiving 250 to 500 mm of annual rainfall,
and to the Sahelo-Sudanian zone, receiving 500–900 mm
(FAO 2006). Results from Sudan are included, as the agro-
ecological conditions in this country are similar to those of
semi-arid West Africa.

Precision farming offers options to address the problems
faced by farmers in these regions. It promises a more efficient
use of resources, a higher profitability, a reduction of environ-
mental pressures and a better work environment. The key
principle of precision agriculture is to ensure that the right
treatment is applied at the right place at the right time
(Gebbers and Adamchuk 2010). Optimalization is achieved
by taking into account weather forecasts, soil properties, soil
water content, threats posed by pests and weeds and the effects
of crop rotation. Better yield predictions allow for more ratio-
nal investment strategies.

In Europe and North America, advanced information sys-
tems, taking their data from satellites or drones, are used to
determine the proper site-specific treatment (Gebbers and
Adamchuk 2010; Tiwari and Jaga 2012). In low-income coun-
tries, precision agriculture mainly depends on farmers’ obser-
vations and experiences (Mondal and Basu 2009). The most
sophisticated technologies cannot be used here, because they
are too costly, and often not even available. A more simplified
version of precision farming is therefore presented in this

paper focusing on dryland smallholder farmers in West-
Africa, but the principles are the same.

Precision farming allows for timely farming opera-
tions (sowing, application of pesticides, weeding and
harvesting), the use of fertilizers and irrigation accord-
ing to soil properties and rainfall and targeted crop pro-
tection measures (Bouma et al. 1999; Tiwari and Jaga
2012). Farmers in semi-arid West Africa already use
elements of precision farming, such as planting the
crops with the highest yields on the best land and ap-
plying mulch on degraded land (Lamers et al. 1998;
Osbahr and Allan 2003). Here, we highlight the poten-
tial precision farming holds for improving agricultural
productivity in semi-arid West Africa. There is no lack
of knowledge of the agro-ecological constraints affecting
agriculture in semi-arid West Africa, and technologies
that help deal with these constraints have been devel-
oped. Such technologies include improved varieties,
techniques for seed priming, the micro-dosing of fertil-
izers, targeted application of manure and mulch and
knowledge of the advantages of cultivating food crops
in combination with trees and fodder (Schlecht et al.
2006; Aune and Bationo 2008). As of yet, the adoption
of improved agronomic practices has been slow.
Obviously, it is important to develop technologies that
are geared to the farmers’ needs and constraints.
Technologies such as mulching and tree planting are
particularly difficult to implement, due to the wide-
spread custom of allowing animals to graze freely after
the harvest.

The way crops are grown in the semi-arid West African
zone makes precision agriculture a feasible option.
Sorghum and pearl millet, the major crops, are planted at
low density varying from 5,000 planting pockets per hect-
are under marginal Sahelian conditions to 25,000 planting
pockets per hectare in the more favourable Sudanian zone
(Memento de l’Agronome 2009). Such sparse planting
makes it feasible for organic manures and fertilizers to be
applied to the planting pockets, creating a favourable
micro-environment in the vicinity of the plant (see
Fig. 1). This ensures rapid and uniform crop establishment,
and reduces the need for re-sowing. By concentrating these
substances in the vicinity of the plant, rather than spreading
them thinly across the entire field, the best use is made of
scarce resources. Precision farming in semi-arid regions
should not only increase yields and farm income; it should
also make agriculture less vulnerable to risks and reduce
the labour burden.

We surveyed the literature to assess how the principles of
precision farming can be fruitfully applied to crop and soil
management in semi-arid West Africa. We are convinced that
a substantial improvement in land and labour productivity can
be realized by intelligently combining several techniques.
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2 Principles of precision farming in semi-arid West
Africa

Here, we discuss the principles of precision farming related to
seed treatment, micro-dosing, management of organic materi-
al, water harvesting and use of weather forecasts.

2.1 Seed treatment

Good seed quality is fundamental to rapid and uniform crop
establishment. Seed priming has been shown to be effective in
improving early crop establishment in Mali and Sudan as well
as in other tropical environments (Harris 2006). Seed priming
has been found to be particularly useful under harsh condi-
tions as in the Sahel (Aune et al. 2012). Soaking the seeds of
pearl millet and sorghum for 8 h in water prior to sowing can
shorten the germination time by 1 to 2 days and ensure a more
uniform plant establishment. Seed priming can be used with
all the major crops grown in semi-arid West Africa. In Sudan,
seed priming increased yields by 107 kg ha−1 (32%) for sor-
ghum, 71 kg ha−1 (30%) for pearl millet, 135 kg ha−1 (18%)
for groundnut and 86 kg ha−1 (26%) for cowpea (Aune and
Ousman 2011; Ousman and Aune 2011). On-farm testing in
Mali showed that seed priming increased yields by
159 kg ha−1 (19%) for sorghum and 99 kg ha−1 (30%) for
pearl millet. Seed priming can therefore typically increase
yields by 20 to 30% for all the major crops.

Seed priming can be started as soon as the soil is moist
enough for the crops to be sown. If it rains in the evening, it
is possible to prime the seeds overnight and sow them the
following morning. The seeds should be surface-dried for
about 1 to 2 h after completing seed priming to reduce stick-
iness (which makes sowing difficult).

The crops of the semi-arid West Africa are attacked by
many pests and diseases. Primed seeds can be treated with a
combined insecticide-fungicide after priming to ensure protec-
tion during the early stages of development. Seed treatment is
less costly than applying plant protection agents to the whole
field later and less likely to have non-target effects. Over 21
test sites in Mali treating seeds with a combined insecticide-
fungicide (Apron Star or Caïman Rouge) increased the aver-
age yield of sorghum and pearl millet by 167 kg ha−1 (15%)
(Aune et al. 2012).

Seed size has also been found to be an important factor in
crop establishment. Large pearl millet seeds had faster estab-
lishment, increased shoot dry weight and developed more sec-
ondary roots than medium-sized and small seeds (Klaij and
Hoogmoed 1993). A laboratory experiment with pearl millet
and sorghum also showed that larger and higher-density seeds
had faster seedling development (Mortlock and Vanderlip
1989). By selecting large seeds, crop establishment can be
significantly improved.

2.2 Micro-dosing of mineral fertilizer

Nitrogen and phosphorus deficiencies are prevalent in the
soils of semi-arid West Africa (Schlecht et al. 2006). In the
drier northern areas of the Sahelo-Sudanian, lack of soil avail-
able phosphorus is especially a problem (Buerkert et al. 2001).
Recommended doses of mineral fertilizers were calculated on
the basis of tests in which broadcasting was applied. Since the
1990s, micro-dosing—applying a small rate of fertilizer with-
in the planting pocket or in its close vicinity—has been inten-
sively investigated (Buerkert et al. 2001). There are various
ways of practicing micro-dosing. One method developed by
ICRISAT in the 1990s consists of applying 2 g of
diammonium phosphate (DAP) or 6 g of NPK per planting
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principle in precision farming in
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pocket (ICRISAT 2009). A lower-cost micro-dosing method
has been developed in Mali and Sudan using as little as 0.3 g
of fertilizer per pocket (Aune et al. 2007; Aune and Ousman
2011). The optimum amount of fertilizer is strongly dependent
on the planting density (Table 1). The ICRISAT recommen-
dation to use 2 g of DAP per pocket or 6 g of NPK per pocket
(giving a similar amount of phosphorus as 2 g of DAP) will
result in a rather high fertilizer dose particularly when there are
25,000 pockets per hectare as in central Mali (ICRISAT
2009). This corresponds to 50 kg ha−1 of fertilizer when
DAP is used or 150 kg ha−1 when NPK is applied.

Table 2 summarizes the response to fertilizer micro-dosing
of sorghum and pearl millet in locations from Sudan to Mali.
In experimental settings, micro-dosing increased yields from
122 to 575 kg ha−1, corresponding to a yield increase from 23
to 110%. It appears that the application of 2 to 6 g of fertilizer
per pocket gives a higher yield increase than the application of
0.3 g of fertilizer per pocket. However, in five out of eight of
the studies with fertilizer rates from 2 to 6 g of fertilizer per
pocket, the agronomic fertilizer use efficiency was below 7 kg
grain per kg fertilizer. When 0.3 g of fertilizer is applied per
pocket, the agronomic efficiency is generally good (above
10 kg grain per kg fertilizer). This means that farmers face a
larger risk when using higher rates of micro-dosing.

In terms of the value-cost-ratio (VCR), the use of 0.3 g of
fertilizer per pocket is more efficient than the use of 2 to 6 g of
fertilizer per pocket. InMali, the VCR ranged from 3.4 to 11.9
with 0.3 g per pocket, whereas the VCR ranged from 0.43 to
1.17 with 6 g per pocket. The economic viability of micro-
dosing with 2 g of DAP per planting pocket has recently been
put in doubt by Bielders and Gerard (2015). They found that
36% of 279 demonstration plots had a VCR less than 1 (neg-
ative return). Even where control plots had a relatively good
yield (more than 400 kg ha−1), 55% of the experimental plots
had a VCR below 1. They suggested that micro-dosing with
reduced rates may offer better results. They also found that the
response to micro-dosing was stronger when crops were sown
later in the season.

The effect of micro-dosing is also dependent on rainfall.
Micro-dosing increased yields of sorghum by 330 kg ha−1 in
the Sahelian zone (400–600 mm of rainfall) and by
491 kg ha−1 in the Sahelo-Sudanian zone (600–1000 mm of

rainfall) (Tabo et al. 2006). It therefore appears that micro-
dosing can be used more efficiently in the wetter areas of
semi-arid West Africa.

Sorghum appears to respond better to micro-dosing than
pearl millet. In the North Kordofan State of Sudan, 0.3 g of
fertilizer per pocket increased pearl millet yields by 33% and
sorghum yields by 50% (Aune and Ousman 2011). Sorghum
also appears to respond to larger doses than pearl millet. With
sorghum, rates up to 0.9 g of fertilizer per pocket increased
yields, while with pearl millet there was no yield increase
beyond 0.3 g of fertilizer per pocket.

Investments in seed priming combined with micro-dosing
are more profitable and less risky than investments in micro-
dosing alone (Aune et al. 2012; Aune and Ousman 2011).
Without seed priming, micro-dosing rates (of 0.3, 0.6 and
0.9 g per pocket) increased yields above a control by 24%,
whereas the yield increase was 132% with primed seeds
(Aune and Ousman 2011).With pearl millet, the yield increase
was 18 and 55% for unprimed and primed seeds, respectively.

An advantage of the application of low doses of fertilizer is
that it reduces labour pressure. When small quantities like
0.3 g of fertilizer per pocket are used, it is possible to mix
the fertilizer and seed together in a 1:1 ratio and put the mix-
ture into the soil in one go. An additional advantage is that it is
possible to do this using a mechanized planter. When applying
larger fertilizer rates, it is necessary to apply seeds and fertil-
izer in separate operations or to use planters that have separate
hoppers for seeds and fertilizer.

A question with regard to micro-dosing is which type of
fertilizer is best. When larger micro-dosing rates are used
(more than 2 g per pocket), it is advisable to use DAP, as the
price per kilogram of phosphorus is higher with NPK fertil-
izers (Bielders and Gerard 2015). However, when seed and
fertilizer are mixed, it is recommendable to use NPK, in order
to reduce the risk of burning the seeds (Aune et al. 2007).

2.3 Mechanized sowing, fertilizer application and weeding

Both manual and mechanized sowing are practiced in semi-
aridWest Africa. Planters pulled by draught animals are avail-
able, and simple motorized planters have been developed by
the Institut d’Economie Rurale (IER) in Mali. In 2016, an
animal-drawn planter cost only 110 euro, while a motorized
planter cost about 800 euro. When sowing small grains such
as sorghum and millet, farmers typically take a pinch, using
the thumb and the index finger, applying on average 11 sor-
ghum or 35 millet seeds per pocket (Coulibaly 2010). Manual
sowing results in a high variation in the number of seeds
applied per pocket. Mechanical planters deliver a more uni-
form planting density, planting depth and number of seeds per
pocket. At a planting density of 25,000 pockets per hectare,
mechanized planting can be done in one fifth of the time
required for manual sowing (Coulibaly et al. 2010). To plant

Table 1 Effects of fertilizer rate per pocket and pockets per hectare on
application rate of fertilizer in kg per ha

Pockets per hectare

5000 10,000 25,000

0.3 g fertilizer per pocket 1.5 3 7.5

2 g fertilizer per pocket 15 20 60

6 g fertilizer per pocket 30 60 150
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by hand, an average-sized farm of 4 ha in the Sahelo-Sudanian
zone of Mali takes 48 man-days with this planting density.
Mechanical planters also make it possible to time the sowing
more accurately.

As we have seen, if fertilizer rates in the order of 0.3 g per
pocket are used, seeds and fertilizer can be mixed together in
the hopper of the planter, allowing for the simultaneous appli-
cation of seed and fertilizer. This does not harm the seeds if
small doses of fertilizer are used (if higher-rate adaptations of
the planter are required). In mechanized sowing, no manual
handling of the seed treated with plant-protection agents is
needed.

Planters can also be used for weeding if fitted with tines.
Weeds are commonly removed manually, but this is a labori-
ous process leading to delays. Within the rows, manual
weeding is still needed, even when mechanized weeding is
used to remove the weeds between rows. The parasitic weed
striga (Striga hermonthica) is a serious problem in semi-arid
West Africa, particularly in areas with infertile soils. The use
of fertilizer micro-dosing helps to reduce the problem with
striga infestation as it appears that a fertilized crop outgrows
the striga (Aune et al. 2007).

2.4 Tillage and water harvesting methods

Tillage has been shown to increase yields by creating a rough
seedbed that can protect the seedling, reducing bulk density
and crust formation, and promoting root development (Klaij
and Hoogmoed 1993). The benefits of tillage are generally
more pronounced in heavier-textured soils (Pingali et al.
1987).

Water harvesting is particularly important when dealing
with soils prone to crust formation. Zaï can be of use here. A
zaï is a planting basin (pit) with a diameter of 20 to 40 cm and
a depth of 10 to 20 cm (Roose et al. 1999). Manure and com-
post are often put inside the zaï, in order to create a water- and
nutrient-rich micro-environment. The zaï was originally devel-
oped in the Yatenga region of Burkina Faso, and was later
introduced to Mali and Niger. On a degraded alfisol in the
Yatenga region in Burkina Faso, the zaï basin alone increased
yield of sorghum compared with flat planting by 90 kg ha−1

over 2 years. Zaï with 3 t of manure per hectare gave an in-
crease of 474 kg ha−1 and zaï with NPK (10 kg N ha-1 and
20 kg P ha−1) an increase of 619 kg ha−1 (Roose et al. 2008). So
it is not enough just to dig the zaï; nutrients are needed in the
form of organic manures or mineral fertilizers (Fatondji et al.
2006; Sawadogo et al. 2008). The digging of zaï is a laborious
process, taking about 300 h per hectare (Roose et al. 2008).
This, together with the limited availability of manure, is a con-
straint on its adoption (Wildemeersch et al. 2013). Other water-
harvesting structures such as stone bunds and tied ridges can be
used to reduce run-off and to concentrate water in the vicinity
of the plant. Tied ridging is particularly effective on loamy soils
(Kouyaté et al. 2000).

2.5 Organic inputs

In order to ensure the long-term sustainability of agriculture in
semi-arid West Africa, it is imperative that as much organic
matter as possible be recycled. This helps to maintain and
improve the chemical, physical and biological properties of
soils (Buerkert et al. 2000). The major organic inputs are
farmyard manure, compost, crop residues and mulch from

Table 2 Response of pearl millet and sorghum to different rates of micro-dosing of single super phosphate (SSP), NPK (15-15-15 or 17-17-17) and
diammonium phosphate (DAP)

Fertilizer in g per pocket and kg/ha Country Crop Yield increase
in kg/ha

Yield increase
in %

Agronomic
efficiency

Source

1.3 g SSP, 13 kg SSP/ha Niger Millet 380 64.8 29.2 Muehlig-Versen et al. 2003.

0.3 g, 5 kg NPK/ha Mali Millet 122 55.7 24.4 Aune et al. 2007

4 g NPK, 80 kg NPK/ha Mali Millet 491 79.4 6.1 Tabo et al. 2006

2 g DAP, 20 kg DAP/ha Niger Millet 230 61.4 11.5 Tabo et al. 2006

6 g NPK, 60 kg NPK/ha Niger Millet 394 90.3 6.6 Hayashi et al. 2008

0.3 NPK, 10 kg NPK/ha Sudan Millet 104 31.3 10.4 Aune and Ousman 2011

2 g DAP, 20 kg DAP/ha Niger Millet 69 28.7 3.5 Bielders and Gerard 2015

2 g DAP, 20 kg DAP/ha Niger Millet 329 40.0 16.5 Ibrahim et al. 2015a

2 g DAP, 20 kg DAP/ha Niger Millet 548 107.5 27.4 Ibrahim et al. 2015b

0.3 g DAP or NPK, 7.5 kg DAP or NPK/ha Mali Sorghum 281 40.9 37.5 Aune et al. 2007

0.6 g NPK. 25 kg NPK/ha Sudan Sorghum 282 68.7 11.3 Aune and Ousman 2011

4 g NPK, 125 kg/ha Burkina Faso Sorghum 317 63.1 2.5 Tabo et al. 2006

4 g NPK, 120 kg/ha Mali Sorghum 567 83.0 4.7 Tabo et al. 2006
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trees or decaying roots from previous crops. Under the current
free grazing system, most of the carbon inputs to the soil come
from farmyard manure, compost and decaying roots. The use
of manure is compatible with mechanization. Crop residues
are very suitable for soil amendment, but because of their high
value as fodder, farmers are reluctant to put them to this use.
The value of crop residues depends on the milk and meat
price, the availability of farmyard manure, their role in feeding
traction animals and in ensuring the survival of animals
(Turmel et al. 2015).

The quantity of manure is limited, and its quality is highly
variable (Harris 2002). Recommended application rates are in
the order of 3 to 5 t ha−1 (Harris 2002). The effects of manure
application can last several years (Schlecht and Hiernaux
2004; Bielders and Gerard 2015). Manure is either applied
directly by animals grazing on crop residues or collected from
the kraal and transported to the field. Improved manure man-
agement can be part of an intensification process set off by
population pressure or the loss of grazing land (Harris 2002).
An important issue in precision farming is how to increase the
quantity and the quality of manure and how to make use of it
in the most efficient way. More manure can be made available
through a better integration of crop and livestock production,
improved fodder production and improved collectionmethods
(Harris 2002). The quality of the manure can be increased by
improving the fodder quality, by using bedding material under
the animals to capture more of the urine and by protecting the
kraal from wind and rain (Nzuma and Murwira 2000; Rufino
et al. 2007; Tittonell et al. 2010).

Since manure is a valuable and limited resource, it is ad-
vantageous to apply it bymicro-dosing.When testing the rates
of 1, 2 and 3 t ha−1 of manure by broadcasting or micro-
dosing, it was found that pocket placement of manure gave
88 kg ha−1 more yield than broadcasting (Ibrahim et al. 2015).
Pocket-placed manure stimulated root development. The best
treatment was found to be 2 t ha−1 of manure applied as 200 g
per pocket in combination with 20 kg DAP ha−1 (placed in
pockets).

Although it is difficult to practice mulching with crop res-
idues in semi-arid West Africa, it can contribute to improved
soil quality and, with that, to larger yields (Buerkert et al.
2000). Using crop residues as mulch (2 t ha−1) increased
yields by more than 60% (Rebafka et al. 1994). The use of
crop residues as mulch can become more realistic if crop
yields are increased (Valbuena et al. 2015), if alterative fodder
sources are developed or if motorized traction replaces trac-
tion animals (Baudron et al. 2015).

In semi-aridWest Africa, crops are typically grown in park-
lands with scattered trees. These trees provide multiple eco-
nomic and ecological benefits. Economically important trees
include Adansonia digitata, Faidherbia albida, Vitellaria
paradoxa and Parkia biglobosa (Bayala et al. 2015). The
effect of the presence of trees on crops like pearl millet is

well-established. In Niger, it was found that the millet yield
under the canopy of F. albida was 36% greater than outside
the canopy (Kho et al. 2001). Faidherbia albida has a reverse
phenology: the tree drops its leaves at the beginning of the
rainy season, limiting the shading effect. The integration of
trees on farmland cannot be defined as precision farming, but
it contributes to make precision farming more sustainable.

During the last 10 years, there has been an increasing in-
terest in use of the indigenous shrubsGuiera senegalensis and
Piliostigma reticulatum for mulching. These shrubs have deep
roots, and therefore hardly compete with food crops for water.
They have unpalatable leaves that are not eaten by grazing
animals. The shrubs can be pruned at the start of the rainy
season; their stems and twigs can be used as firewood. In
Senegal, plots planted with G. senegalensis produced
212 kg ha−1 more millet (Dossa et al. 2012) than plots without
the shrub. The response to fertilizer also increased when the
shrub was present. The disadvantage of shrub-based systems
is that mechanization becomes difficult if there is a dense tree
stand.

2.6 Location- and time-dependent management of farm
resources

Studies on local practices of soil fertility management in Niger
and Mali show that farmers apply manure to specific places
and soil types, relying on their own knowledge of plant indi-
cators (Osbahr and Allan 2003; Krings 1991). For example,
farmers are aware that soils are more fertile in the vicinity of
F. albida trees, termite mounds and old livestock pens.
Farmers also take into account climatic conditions during the
season. Research results now start to appear from the drylands
of West Africa that can help farmers achieve a targeted man-
agement of farm resources. This means that informed deci-
sions can be made about the order in which the crops are
sown, the alternation of crops, the timing of the sowing of
different crops and the application of fertilizer with regard to
the condition and needs of specific fields and crops.

The sowing order is an important issue, as different crops
have different optimal sowing times. When testing three dif-
ferent sowing times in southern Mali, it was found that grain
yields of maize and sorghum were lower when sowing was
delayed to July, while for millet the opposite was the case
(Traoré et al. 2014). The first two plantings of sorghum pro-
duced on average an 88% higher yield than a later planting.
Sorghum and maize suffer more from delayed sowing than
millet, and therefore should be sown first. For all of these
cereal crops, the stover yield was greater the earlier the sowing
date.

Farmers normally do not have the financial resources to
apply fertilizer to all of their crops. Sorghum and groundnut
appear to respond better to micro-dosing than pearl millet and
cowpea. In the North Kordofan state of Sudan, the largest
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VCRs for sorghum, groundnut, pearl millet and cowpea
(attained with the help of micro-dosed fertilizer) were 11.9,
9.1, 6.6 and 1.8 respectively (Aune and Ousman 2011;
Ousman and Aune 2011). In Mali, sorghum also responded
better to micro-dosing than pearl millet (Aune et al. 2007).

The question on which soil type to apply fertilizer is also
important with respect to resource allocation. Results from
Niger indicate that if farmers do not have sufficient resources
to apply mineral fertilizer on all of their fields, they can best be
applied to fields with high productivity (often infields close to
the homestead), and not to fields with poor productivity
(Fofana et al. 2008; Lamers et al. 1998). The risk of nutrient
mining will also be lower with micro-dosing in infields, be-
cause farmers apply most of the farmyard manure to such
fields. Recovery of fertilizer phosphorus was almost twice as
high on infields than on outfields. In Niger, farmers target
farmyard manure to soils of poor fertility and soils with hard-
pans (Schlecht and Buerkert 2004). Studies in Niger and
Burkina Faso showed that the risk of a negative return on
micro-dosing decreased as the average yield increased
(Buerkert et al. 2001). Bielders and Gerard (2015), on the
other hand, found that the increase in grain yield was higher
on plots where the control yield was below 400 kg ha−1. The
high-yielding control plots in this study were mostly manured
plots, which may explain the weak response to micro-dosing.
Manured plots can receive in the order of 10 t ha−1 manure,
which is well above the requirements for plant nutrient supply
(Bielders and Gerard 2015). We conclude that the return on
micro-dosing is best on sites with relatively good fertility such
as infields, except when they are well-manured; in that case,
they do not benefit from micro-dosing.

The response to fertilizer may also depend on the crop
rotation. In the cotton production area of southern Mali, inter-
crops of maize and cowpea performed better after maize or
cotton to which fertilizer had been applied (Falconnier et al.
2016). Maize in intercrop with cowpea produced the same
yield as the sole maize crop, with the cowpea providing an
added benefit.

Making use of weather forecasting is an important element
of precision farming in large-scale agriculture. Weather fore-
casts allow farmers to choose the right timing of farm opera-
tions, from deciding on a land contract to the selling of crops.
Knowledge of weather conditions may also influence deci-
sions on which crops and varieties to grow, on planting den-
sity and rates of organic and mineral fertilizer application and
on crop protectionmeasures (Hansen 2005). Seasonal weather
forecasts are available in West Africa through PRESAO, the
Climate Outlook Forum for West Africa. This forecast gives a
probability estimate indicating whether the cumulative rainfall
in the coming season is expected to be below, near or above
the long-term norm. Decadal weather forecasts are provided
by the European Centre for Mid-term Weather Forecasts
(ECMWF). Weather forecasts can be provided to farmers by

radio, by SMS and by extension agents. A simulation exper-
iment gauging the response of Senegalese farmers to decadal
and seasonal forecasts showed that decadal forecasts were
most useful to them (Roudier et al. 2014). When farmers ad-
justed their activities to weather forecasts, yields increased in
one third of the cases, while losses were observed in only a
few cases. Farmers responded to the forecasts by changing the
sowing dates, the crop varieties and the use of manure and
mineral fertilizer. The importance of weather forecasts is ex-
pected to grow in the future.

The above management decisions can be grouped into stra-
tegic (long-term decisions), tactical (decisions covering a crop
rotation period of 2 to 5 years) and operational decisions (day-
to-day decisions) (Bouma et al. 1999). Decisions at all three
levels are relevant for precision farming in semi-arid West
Africa (Table 3). Examples of strategic decisions include
choices relating to the cropping system, the grazing manage-
ment, the degree of mechanization and the source of traction
power. Decisions at the tactical level include choices relating
to crop rotation, the intercropping system and pest and weed
management. Among operational-level decisions are those
concerning the timing of farm operations and the rates and
types of input depending on the development of the season.
The decisions taken at the strategic level and tactical level
dictate what kind of management decisions are possible at
the operation level. For example, farm operations can be timed
more adequately if farmers have access to traction power and
mechanization.

3 Broader implications of precision agriculture

The technologies applied in precision agriculture, such as seed
priming, seed treatment, micro-dosing, manuring and water
harvesting, provide cost-efficient methods to increase yields
in semi-arid West Africa. They help to increase yields by
ensuring a more uniform crop establishment and promoting
root development. When assessing the sustainability of these
methods, it is important to consider their environmental, eco-
nomic and social dimensions. Micro-dosing has been
questioned on the grounds that it can lead to nutrient mining
(Camara et al. 2013). However, we should not be focusing on
the nutrient balance alone, but consider the broader impact of
micro-dosing in the farming system as the sustainability of a
technology also depends on the profitability, affordability and
feasibility for the farmers. Micro-dosing can be considered as
an entry point for agricultural intensification. For the farmers,
it makes most sense to use the fertilizer rates with the best
return to their investment. Measured against this yardstick, a
fertilizer rate of 0.3 g per pocket is clearly superior to a rate of
6 g per pocket (Aune et al. 2007). However, over time there
will be a need for increased fertilizer rates. When farmers in
other parts of the world have started to use fertilizers, they
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used fertilizer rates that were affordable and profitable. A re-
cent evaluation report of micro-dosing and seed priming in
Mali shows that yields increased from 50 to 100% in farmers’
fields (Djiga 2015). In this way, farmers created a production
surplus that enabled them to buy more animals and donkey
carts. This in turn increased the amount of manure, and made
the manure easier to transport. Food security improved and a
positive spiral was set in motion, leading to more production
and increasing food security. We argue that the long-term sus-
tainability of a practice depends on its ability to create a sur-
plus, which can outweigh short-term problems such as a neg-
ative nutrient balance.

Integration of grain legumes into the cropping system ei-
ther as an intercrop or in rotation has been advocated. They
increase farmers’ incomes, and provide fodder and inputs by
the fixation of gaseous nitrogen. However, farmers continue to
plant grain legumes sparsely (Schlecht et al. 2006). The culti-
vation of grain legumes is often labour-demanding. When
planting groundnuts with a row spacing of 40 cm, there is
25 km of row per hectare. Manual sowing of groundnut is
therefore often delayed. Increasing mechanization will facili-
tate the expansion of the cultivation of groundnuts and other
grain legumes, and thereby contribute to a more positive nu-
trient balance.

4 Conclusion

Precision farming in semi-arid West Africa focuses on
selecting and treating seeds to allow for fast and secure crop
establishment and on creating a micro-environment offering
favourable growing conditions for the sown seeds. We have
described the different techniques involved, from the selection
of large seeds, via seed priming and seed treatment with a
combined fungicide-insecticide, to the application of micro-
doses of mineral fertilizer and manure. Ideally, these methods
should be combined with mechanized sowing and weeding in
order to enable timelier farm operations and more uniformity
in the spacing of plants, sowing depth and the number of seeds
per pocket. Precision farming can become evenmore effective
if attention is paid to the resources available to the farmer, soil

variability and the ability of different crops to make efficient
use of improved soil conditions. Crop yields and the return on
farmers’ investments can be improved by better farmmanage-
ment and by rationally determining the sequence in which the
crops are sown, the position of different crops within a rotation
cycle, the choice of land type (infields or outfields) for specific
crops and the targeted micro-dosing of manure and fertilizers.
When applying these techniques together, a substantial agri-
cultural intensification can be realized, with greater land and
labour productivity and greater efficiency. Despite the re-
search advances on technologies relevant for precision farm-
ing in West Africa, the need remains for research on how to
efficiently allocate farm resources in time and space and how
best to combine technologies that are both yield enhancing
and labour saving.

Precision farming can be considered as a starting point for a
sustainable intensification in semi-arid West Africa. Different
technologies can be combined in a “starter-pack”, such as
intercropping with grain legumes, top-dressing of fertilizer,
additional manure application, mulching and agro-forestry,
and the package can be adapted to the opportunities and re-
sources of individual farmers. Agricultural research in Africa
has for too long focused on yield-enhancing technologies.
Farming is often associated with drudgery; a focus on
labour-saving technologies may increase the attractiveness
of a career in agriculture for the next generations ha-1.
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