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Abstract

Soil moisture stress and infertility are major biophysical constraints which limit crop production
and food security in marginalized areas. Marginal areas are mainly associated with low rainfall
which is insufficient to support crops until maturity is reached. The use of insitu rainwater
harvesting methods such as planting pits, tied ridges, mulching, Zai pits and half-moon can be a
solution to reduce moisture stress. This alone cannot improve crop yields hence the need to use
integrated nutrient management (INM) of animal manure, biofertilisers, mineral fertiliser and
composts to improve soil fertility, structure and increase water retention ability. Combining
rainwater harvesting with INM has the potential to mitigate effects of climate change, improve
crop yields and meet food demand in marginal areas. Various nutrient sources used as INM can
restore soil health, increase microbial population, nutrient mineralisation and improve soil quality.
Use of biofertilisers in agriculture reduces soil toxicity, improve nutrient availability and create a
conducive environment for crop growth and development. Integration of tied ridges with cattle
manure and mineral fertiliser has the potential of increasing infiltration rates, reducing surface
runoff and increase crop yields with 50-150% regardless of soil type. This chapter sought to come
up review the effects of rainwater harvesting methods and INM on soil fertility, moisture stress
and crop yields in marginalized areas.

Keywords: Tied ridges, marginalized areas, integrated nutrient management, soil fertility, soil
moisture.

INTRODUCTION

Food security in semi-arid areas of Sub-Saharan African (SSA) countries has been declining over
the year due to frequent droughts and inadequate mineral fertiliser addition by smallholder farmers
(Bekunda et al., 2010; Chilagane et al., 2020; Bado et al., 2022). Smallholder farmers in these
areas are facing high chances of hunger and poverty enhanced by poor crop production (Bado et
al., 2022). There is need to come up with sustainable crop production strategies which reduce the
effects of climate change and achieve sustainable food production (Swai et al., 2023). Climate
smart agriculture is the most promising farming technique that allows smallholder farmers to
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optimize farm productivities with their limited resources (Kugedera and Kokerai, 2023). Growing
economic and environmental concerns in agriculture promote adoption of climate smart agriculture
where farmers are encouraged to apply low quantities of organic manure. Applying low quantities
of cattle manure (Sileshi et al., 2019), farmyard manure (Mwadalu et al., 2022) and compost
manure (Kedar et al., 2019) restore soil fertility, improve structure, soil health and crop yields
(Mamuye et al., 2021).

Organic manure needs to be coupled with mineral fertilisers to provide immediate supply of
nutrients to crops. Judicious and balanced use of organic manure and mineral fertilizer alongside
other relevant agronomic practices is known as integrated nutrient management which plays a
pivot role in soil fertility restoration and yield improvement (Mugwe et al., 2009a; Kugedera et
al., 2023a). Integrated nutrient management (INM) has been reported to improve soil health,
structure, and water retention. It also improves the infiltration and decomposition of organic matter
thereby enhancing the nutrient availability to the root zone. This promotes microbial activities
which is also important for nutrient cycling (Gram et al., 2020; Tsujimoto et al., 2021; Kugedera
et al., 2023a; Mugwe et al., 2009b; Workineh et al., 2022). Organic matter can be used as mulch
for soil and water conservation since this reduce soil erosion, surface runoff and increase chances
of nutrient recycling. Farmers applying 20 t ha! cattle manure meet requirements for sustainable
farming system in sandy soils (Nyamangara et al., 2005). However, low and erratic rainfall (250-
450 mm) received in many semi-arid areas across SSA cannot sustain crops to maturity hence the
need to harvest rainwater (Itabari et al., 2004; Kugedera et al., 2022). Therefore, the combined use
of INM with insitu rainwater harvesting will facilitate decomposition, increase soil water content
and crop production.

Insitu rainwater harvesting (IRWH) techniques are practices that involve harvesting, storing and
increased infiltration of water in the soil. Various IRWH techniques can be used in semi-arid
regions, but their suitability varies with soil type and labour requirements (ltabari and Wamuongo,
2003; Nyamadzawo et al., 2013, Swai et al., 2023). Commonly used IRWH techniques include
tied ridges, planting pits and infiltration pits in countries like Zimbabwe, Tanzania, Kenya, Burkina
Faso, Rwanda, Mali, Niger and Ghana (Coulibaly et al., 2015; Mahinda et al., 2018; Nyagumbo et
al., 2019; Chilagane et al., 2020; Swai et al., 2023). Tied ridges are ridges with cross ties at
intervals and plants are grown between the ridges. Ridges are prepared with ox-drawn mouldboard
plough and cross ties are done using hand hoes at intervals from 5-10 m depending on the farmer
and soil type (Kugedera and Kokerai, 2023; Swai et al., 2023). Tied ridges are more effective in
sandy loam to loam soils in areas with slope variation up to 3 % (Nyakudya et al., 2015). The
practice was reported to increase soil water content and crop yield in Tanzania, Rwanda,
Zimbabwe, Niger and Mali (Itabari et al., 2011; Motsi et al., 2004; Mudatenguha et al., 2014;
Coulibaly, 2015; Gonda, 2015; Nyagumbo et al., 2019). Planting pits are also common in semi-
arid areas although they are prepared on smaller pieces of land due to high labour demand
Chiturike et al. (2023) reported increments in crop yields with the use of planting pits. Same report
was indicated by Kimaru-Muchai et al. (2021) who obtained higher sorghum yields with the use
of INM + planting pits in Kenya. Combining INM and IRWH have the potential of solving soil
fertility, water content and yield issues in SSA and achieve zero hunger. Therefore, the aim of the
study was to assess the effects of combining INM and IRWH techniques on soil moisture content,
fertility and crop yields in semi-arid areas of SSA.
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METHODOLOGY

Data collection

The search of published data was carried out in October 2023 to January 2024 to retrieve paper
from reputable indexes such as Scopus, web of science and google scholar which comprised
experiments on integrated effects of insitu RWH and INM on soil water content, fertility and grain
yields in marginalised across Africa. The search was restricted to combination effects of insitu
RWH and INM on soil moisture, fertility and crop yields in semi-arid/ low rainfall areas in Africa.
The published articles must satisfy the following: (i) articles published in reputable journals under
Scopus and Web of Science (ii) field experiments carried in marginalized areas in Africa, (iii) peer
reviewed and experimental season well indicated, (iv) Experiments must include insitu rainwater
harvesting and integrated nutrient management and (v) published. Search was done following these
keywords; integrated nutrient management/INM, insitu RWH, INM*cereal crops*SSA and insitu
RWH*INM*crop  vyields*Africa, "INM" (Title) or "insitu RWH on soil  water
content™ (Topic) or "INM and RWH on soil moisture, fertility and crop yields (Topic) and "INM
in smallholder farmers" (Topic) and "INM and insitu RWH in marginalised areas". The review
focused on semi-arid areas in SSA where rainfall received is erratic and low, soil infertility and
poor crop yields which can be improved by insitu RWH and INM. The review emphasized more
on low soil fertility areas which have limited water retention ability where improvements can be
done through use of insitu RWH and INM. Many papers reviewed were from SSA, central and
western African countries covering major crops. These areas were selected due to similarities in
crops grown and use of insitu RWH techniques. Many resources constrained farmers in these
countries have adopted insitu RWH techniques and INM to increase nutrient availability, soil water
and grain yield. Many farmers in these countries combine mineral fertiliser, cattle manure and
agroforestry biomass as INM sources. This helps to come up with great base for review and
conclusions.

Three hundred (300) articles were retrieved and were selected using Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRIMSA) as shown on Fig 1. These articles were
evaluated removing duplicates leaving 202 articles. All 202 papers were screened, and 80 articles
failed to meet the criteria. Articles published in predatory journals and conference papers were
removed leaving 122 articles. Furthermore, 50 articles had unmatching treatments, no seasonal
data and some data shown in graphs, were all removed. Finally, 72 articles were involved in this
synthesis.
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Figure 1: PRIMSA chart used for data identification and selection.

RESULTS AND DISCUSSION

Effects of insitu RWH techniques and INM on soil moisture content in marginal areas

Soil water content in marginal areas can be improved by adoption of insitu RWH techniques such
as ridges, planting pits and infiltration pit. These techniques collect rainwater, hold it and recharge
soil moisture. The use of insitu RWH techniques in Zimbabwe was reported to increase soil water
content in marginal areas receiving little rainfall (<450 mm per season) from as low as 5.4 % to
8.3 % on sand soils (Nyagumbo et al., 2019). Tied ridges in Ethiopia increased soil moisture
content from <160 mm m to an average of 230 mm m in sandy clay loam soils (Milkias et al.,
2018). Planting pits are commonly known as Zai pits in Mali, Niger and Ghana were reported to
have high soil moisture content of 9.26% on 0-20cm depth compared to 7.28% and 7.92% under
conventional and tied ridges in Mali (Coulibaly, 2015). In Zimbabwe, the use of planting pits
shows higher soil moisture content (13.6%) in sandy soils compared with 6.88% and 10.2% from
conventional and tied ridges (Kugedera et al., 2018). Soil water content vary with soil depth in all
insitu RWH techniques for example findings by Coulibaly (2015) who indicated that planting pits
had 15.12% compared with 9.5% and 12.63% from conventional and tied ridges respectively.

Combination of compost and chemical fertilisers has the potential of increasing soil moisture
content because compost manure improves soil porosity, structure and water retention ability.
Studies done in Niger showed that application of 2.5 t ha* compost manure and 0.1t ha™* compound
D improve soil moisture content from 6.88% with no NPK to 7.28% with NPK (Gonda, 2015).
Increasing NPK fertiliser above 100 kg ha* reduce soil moisture content from 7.28% to 6.85%
with good rains and maintaining soil moisture content at an average of 3.5% with low rainfall.
Combination of Zai pits and INM in Mali was reported to increase soil moisture content up to
16.73% from 20-40cm and 10.19% at 0-20cm deep on sandy-loam soils (Coulibaly, 2015). In
Kenya, conservation agriculture of mulch and 60 kg N ha™* from cattle manure + NPK fertiliser
reduce evaporation of water in the field, increase infiltration rates and lower surface runoff hence
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increasing soil moisture content and water use efficiency (Oduor et al., 2023). A summary of
combined effects of insitu RWH and INM on soil moisture is shown in Table 1.

Table 1: Integrated effects of insitu RWH and INM on soil moisture content in semi-arid

areas
Country Results Reference
Mali Integration of tied ridges and Zai pits with cattle manure and Coulibaly (2015)

mineral fertiliser increased soil moisture content from
7.06% to 8.06% and 10.19% at 0-20cm depth and to 14.08%
and 16.73% at 20-40 cm depth respectively. Zai pits + INM
were more dominant and had higher water storage of 47.62
mm in the 0-20cm at 45 days after planting.

Kenya Combination of Zai pit with cattle manure and 30 kg N ha* Kimaru (2017)
increased soil moisture content in sorghum fields and this
sustained crop to maturity. Integration of Zai pits with
Tephrosia + 30 kg N ha? also increased soil moisture
content and maintained water storage

Ethiopia Biomass from Leucaena was mixed with 50% NPK (150 kg Kebede et al. (2012)
hal) improved soil structure, aggregate stability, porosity
and water retention ability thereby more soil water was
gained.

Kenya Animal manure + 30 kg N ha! added to planting pits Kebenei et al. (2023)
increased soil water content which was 23% higher than
conventional tillage treatment.

Zambia Integration of improved fallow with mineral fertiliser Kwesiga et al. (2005)
increased soil water retention and infiltration rates. This
increased soil moisture content by more than 50%.

Kenya Combination of animal manure, N fertiliser and tie ridges Oduor et al. (2023)
has the potential of increasing soil moisture content. The
combination improves soil structure, water retention and
increase infiltration rates.

Tanzania Tied ridges were combined with cattle manure, mineral Kilasara et al. (2015)
fertiliser and Minjingu Mazao to increase soil structure,
water retention ability and soil water content in marginal
area of Tanzania.

Niger Zai pits were integrated with organic and inorganic fertiliser Fatondji et al. (2006)
with the intention of increasing soil water content, fertility
and pearl millet grain yield. The treatment increase
infiltration rates, soil water holding capacity and plant
available water in rooting zone.

Zimbabwe Soil moisture content improved with tied ridges + Leucaena Kugedera et al. (2022d)
biomass and NPK fertiliser leading to increased crop yield
even though 2019/20 cropping season received low rainfall.

Effects of INM on soil fertility in semi-arid areas

Integrated nutrient management practices are set of soil fertility management where farmers
combine organic and mineral fertilisers. The use of INM has been regarded as one of the best soil
fertility managements (SFM) practice which smallholder farmers in semi-arid areas can adopt to
improve nutrient availability, regulate soil pH, increase cation exchange capacity (CEC) and soil
organic carbon (Mugendi et al., 2003; Mugwe and Otieno, 2021; Odour, 2022; Kugedera et al.,
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2023c; Kugedera and Kokerai, 2024). Farmers usually combine organic manure such as cattle
manure, compost and farmyard manure with small quantities of mineral fertiliser (NPK) at planting
to boost basic cation availability (Kimaru-Muchai et al., 2021). This has the ability of improving
soil structure hence increasing soil nutrient retention ability. Studies done in SSA, central and West
Africa showed that the use of INM improve soil CEC, total nitrogen and base saturation (Mugwe
etal., 2019; Sebnie et al., 2020; Mamuye et al., 2021; Workineh et al., 2022). The use of INM also
use of legume tree biomass such as biomass transfer and hedgerow intercropping which are all
combined with reduced quantities of mineral fertilisers. The use of INM has the possibility of
reducing concentrations of toxic substances in the soils, for example addition of lime + compost
reduce concentration of exchangeable aluminum in Ethiopia (Workineh et al., 2022). Combining
biochar with N fertiliser have capacity improve cation exchange capacity and nutrient availability
(Xia et al., 2020). Integration of organic and inorganic nutrient sources improve nutrient
availability hence increasing crop yields. Organic nutrient sources contain several nutrients which
are supplemented by application of inorganic fertilisers since quality of organic sources vary. This
combination replenishes soil fertility by regulating pH, increase CEC and base saturation (Mugwe
et al., 2009a, 2009b). Table 2 show contribution of INM on soil fertility.
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Table 2: Effects of insitu RWH, INM and their combination on soil fertility parameters in
semi-arid areas

Treatment Region Parameters Effects (+ or -) References
1tha?lime + 3 tha? Ethiopia Available P 11 mg kgt (+) Workineh et al. (2022)
compost Exch. AIF* 0.75 cmol (+) kgt (-)

Total nitrogen (%) 0.21 % (+)
2.5tha! Leucaena biomass  Zimbabwe Total N (g kg-%) 2.3 g kgi(+) Kugedera et al. (2023b)
+ 2.5 tha cattle manure Exch. Calcium (g kg-1) 0.101 g kg-1(+)

pH 6.0 (+)
5tha? Leucaena + 50 kg Zimbabwe pH 6.1(+) Kugedera et al. (2022c)
NPK Sodium cmolc kg 0.082 cmolc kg (-)
260 kg N hat+15.5tha? China Organic matter (g kg?) 14.8-16.1 g kgt (+) Wang et al. (2023)
biochar
Mineral fertiliser + manure Namibia Total nitrogen Increase (+) Hirooka et al. (2021)
5 tha* Tobacco leaf scarp Zimbabwe Mineral N (mg g% 10mgg? (+) Dunjana et al. (2020)
+ cattle manure Available P (mg kg) 21.5mg kg? (+)
Leucaena + 30 kg N hat Kenya Exch. K (g kg?) 0.3 g kg*(-) Mucheru-Muna et al.
Carbon (g kg 16.7 g kg'*(-) (2007)
Total N (g kgt) 2.3gkgi(+)

Plant biomass + manure + Kenya Total N Increase (+) Mugwe et al. (2007)
inorganic fertiliser pH Increase (+)
Organic + inorganic Zambia Total N Increase (+) Mafongoya et al. (2006)
fertiliser
Cattle manure + Zai pit + Kenya Organic carbon 1.6 % (+) Kebenei et al. (2023)
30 kg N ha't
2500 kg ha! Cattle manure Kenya Potassium (kg kg?) Increase (+) Maluki et al. (2020)

+ 250 kg ha'NPK Carbon (kg kg?) Increase (+)

Effects of insitu RWH techniques and INM on crop yields in marginal areas

Soil moisture and nutrient imbalances are common challenges which causes low grain yield in
marginal areas (Bekunda et al., 2010; Swai et al., 2023). Cereal base production is one of the
important enterprises with many farmers across the world growing maize, wheat, rice, sorghum
and millets as staple crops (Xia et al., 2020; Kugedera et al., 2022c; Kugedera and Kokerai, 2023;
Kugedera et al., 2023c; Wang et al., 2023). Crop production can only be increased to highest level
through combination of RWH techniques and INM which address soil moisture and nutrient stress
simultaneously (Kugedera et al., 2023a; Kubiku et al., 2022a). in countries like Kenya,
combination of Zai pits with Tithonia (Tithonia diversifolia) biomass + 30 kg ha® N fertiliser
improved grain yield of sorghum from 190 kg ha* to 1430 kg ha?® (Kimaru-Muchai et al., 2021;
Kugedera et al., 2023c). This was similar to study by Kubiku et al. (2022b) where use of tied
contours + 5 t ha® cattle manure + 70 kg ha N fertiliser raised sorghum grain yield from 400 kg
ha?! to 1340 kg ha! in Zimbabwe (Kugedera et al., 2022a). Grain yield of sorghum was also
increased in Tanzania with the use of tied ridges +N fertiliser + farmyard manure from less than
1000 kg ha* to 5120 kg ha! in sandy clay loam soils (Mahinda et al., 2018). Other insitu RWH
techniques such as ripper ploughing, ridging and infiltration pit showed increasing maize grain
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yields under INM in countries like Tanzania (Swai et al., 2023), Zimbabwe (Motsi et al., 2004;
Nyamadzawo et al., 2015; Nyakudya et al., 2015; Kugedera et al., 2020) and Ethiopia (Asaye et
al., 2022). Combining INM and insitu RWH has the ability of increasing nutrient absorption and
plant growth leading to increased crop productivity (Sher et al., 2022). Nutrient sources used in
INM improve soil water retention, reduce leaching and increase nutrient availability in the plant
root zone (Kugedera et al., 2023b). Integrated nutrient management increase crop productivity
when combined with insitu RWH due to positive synergistic association of water and nutrients
(Kimaru-Muchai et al., 2021; Kugedera et al., 2023b). Summary of crop yields as influence by
insitu RWH and INM are in Table 3.
Table 3: Interactive effects of insitu RWH and INM on crop yields in semi-arid areas of

Africa

Treatments Region Season Crop Grain yield References
(kg ha'!)

Tied ridge + N fertiliser + Tanzania 2015/16 Sorghum 5730 Mahinda et al. (2018)
farmyard manure
Zai pit + Tithonia diversifolia + Kenya 2013/14 Sorghum 3960 Kimaru-Muchai et al.
30 kg N ha'l (2021)
Tied ridge + 30 kg N hal + 5t ha Kenya Long rain Maize 4100 Ndung’u et al. (2023)
! cattle manure 2016
Planting pit + 2.5 t ha! cattle Zimbabwe 2020/21 Maize 1486 Kugedera & Kokerai
manure + 25 kg NPK ha? (2023)
Tied ridge + 2.5 t ha' cattle Zimbabwe 2020/21 Maize 1642 Kugedera & Kokerai
manure + 25 kg NPK ha? (2023)
Tied ridge + 7.5 t ha cattle Zimbabwe 2021/22 Maize 6538 Kugedera & Kokerai
manure + 100 kg NPK hat (2023)
Planting pit + 7.5 t ha cattle Zimbabwe 2021/22 Maize 4980 Kugedera & Kokerai
manure + 100 kg NPK hat (2023)
Tied ridge + 2.5 t ha' + 20.5 N Mali 2013 Pearl 1026 Coulibaly (2015)
+23 P20s millet
Zai pit + 2.5t ha! + 20.5 N +23 Mali 2014 Pearl 1151 Coulibaly (2015)
P20s millet
Tied ridge + mineral fertiliser +  Tanzania 2014 Sorghum 640-2605 Kilasara et al. (2015)
farmyard manure + Minjingu
Mazao
Tied ridge + 5 t ha' farmyard Kenya Long rains Maize 810 Mwende et al. (2019)
manure + cowpea intercrop for N 2015
Tied ridge + 10 t ha Farmyard Kenya 1997-2003 Maize 2536.8 Gichangi et al. (2007)
manure + 20 kg N ha't
Ripping + 5 t ha' Farmyard Kenya 2007 short Maize 1710-2950 Kathuli and Itabari
manure + 20 kg N ha! rains (2012)
Ripping +Farmyard manure + N Tanzania 2015/16- Sorghum 5730 Mahinda et al. (2018)
fertiliser 2016/17 1820
Zai pit + cattle manure + mineral Niger 2004/5 Pearl >500 Fatondiji et al. (2006)
fertiliser millet

Lessons and future directions

Insitu RWH and INM has the possibility of increasing soil water content, nutrient availability and
plant productivity. The acceptance of rainwater harvesting and nutrient management by farmers in
semi-arid areas has been reported to improve food security, reduce poverty and lower food prices.
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Combination of insitu RWH techniques such as planting pit and tie ridges are labour intensive and
require more evaluation at different rates of INM to determine value cost ratio. Reviewed results
show that application rates of manure less or equal to 2500 kg ha™* and 100-150 kg ha* inorganic
fertiliser have higher value cost ratio which guarantee high profits to smallholder farmers in high-
risk climate areas. Besides increasing soil moisture, fertility and yields, insitu RWH and INM has
the potential of improving agronomic and rainfall use efficiency. For future studies, there is need
to evaluate the effects of insitu RWH and INM on rainfall use efficiency, yield sustainability,
returns on investment and agronomic efficiency. There is need to determine INM rates which
provide smallholder farmers in high-risk climates with higher yields which are sustainable at good
agronomic efficiency and high return on investment so that they take farming as a business. This
will equip these farmers with adequate information necessary to avoid dependence on food aid,
input aid and improve their standards of living through farming as a business.

CONCLUSIONS

Semi-arid areas are characterised by sandy loam soils (Nitisols/Luvisols) which have low nitrogen
content and are dry most of the times due to low and erratic rainfall received in these areas.
Growing seasons have been shortened affected many farmers as received rains does not sustain
crops to maturity, hence the use of nutrient and water management strategies. Planting pits and
tied ridges proved to be major insitu RWH techniques which improve soil water content, lower
water loss by surface runoff and store water making it available to all crops without being affected
by slope as in case of infiltration pits. Application of cattle manure and mineral fertiliser integrated
with organic nutrient sources which include compost, farmyard manure and agroforestry biomass
can be a promising technique to restore soil fertility, reduce land degradation and improve crop
yields. Insitu RWH makes water available to crops which can be used for absorption of nutrients,
photosynthesis and growth leading to higher yields. Combining insitu RWH and INM proved to
be a sustainable agricultural option which improve soil and water conservation, improve crop
productivity and reduce food shortages especially in semi-arid areas.
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