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Complex controls and non-linear responses of the climate system to global
warming make it difficult to have clear-cut predictions of future precipitation
amounts and timelines. It is, however, evident from current observations
that some predictions of unusually high rates of flooding and droughts are
occurring and threatening food security in sub-Saharan Africa (SSA). The
impact of climate change is immense on SSA though it contributes the
least to climate change globally. Crops face lots of growth challenges which
reduce their productivity under drought and flood conditions. SSA must
prepare agricultural soils for the anticipated climate variabilities, to ensure
sustainable food availability. The effort to adapt soils to climate change must
be a concerted one, using technologies from various facets of science.
Stakeholders must adopt water-smart strategies that maintain proper soil-
water balance. They should focus on manageable inherent soil properties that
control the susceptibility/adaptability of cropping systems to climate change.
Conservation agriculture techniques that target improving soil organic matter
and maintaining soil life; protecting the soil from compaction and erosion;
reducing soil disturbance; enhancing soilinfiltration and groundwater recharge
capacity, must be applied to our soils. A number of these techniques equip
the soils to be better sinks of excess water in flood-prone areas and improve
water-holding capacities in drought-prone ones. Governments, farmers, and
all stakeholders must also invest in both simple and complex water harvesting/
re-directing infrastructure which conserve water for future use. Water-efficient
irrigation systems must be employed by farmers during water scarcity. Most
importantly, gaps between research, industry, farmers, and governments must
be bridged to for easy flow of information on improved technologies and quick
adoption of climate change mitigation strateqgies.

drought, floods, soil-water balance, conservation tillage, conservation agriculture,
efficient irrigation
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1. Introduction

Climate change refers to any change in the climate over
time, due to natural variability and/or human activity (IPCC,
2007). Such changes in the climate are identified by changes
in the mean and/or variability of climatic properties which
persists typically over decades or longer (IPCC, 2007). Global
warming is the long-term heating of the earth’s surface observed
since pre-industrial period (1850 to 1900) primarily due to
fossil fuel burning and human activities (NASA-GISTEMP,
2022). The activities increase concentrations of greenhouse gases
that trap re-radiated heat energy in the earth’s atmosphere
(NASA-GISTEMP, 2022). Global warming and climate change
cause unexpected water stresses (floods and droughts) that
limit agricultural productivity (Surendra and Awais, 2019; Bai
et al, 2022). To meet global food demand in the face of
climate change, the soil must be managed to be productive
even under these unexpected conditions. Proactive risk-based
soil conservation measures should be employed to enhance the
resilience and capacity of the soil to droughts or floods. Usually,
such management approaches are often overlooked until a
crisis unfolds. Consequently, reactive responses give rise to
implementation challenges where interventions are isolated, and
the mitigation strategies underperform (FAO, 2021). A holistic
approach that targets soil and water conservation, including
improving soil water holding, water budgeting, development
of water harvesting structures and groundwater recharge and
promotion of micro-irrigation, must be integrated into our
agricultural systems (Bhattacharyya et al, 2020). Awareness
must be created to enlighten policy and decision-makers about
the urgency with which these management approaches must be
adopted, especially in Ghana and sub-Saharan Africa, because
these regions of the world are / will be severely hit by
climate change, even though they contribute the least to it
(United Nations, 2019; IPCC, 2022). Figure I shows areas at
risk of climate change on the African continent, which calls
for immediate interventions. Though predictions in this map
were made in 2007, they hold true to time, particularly for
Ghana. Increased frequencies of unexpected droughts in the
northern parts of the country (Jarawura, 2014; Adonadaga et al.,
2022) and floods in the South (Tengan and Aigbavboa, 20165
Ansah et al,, 2020) are shreds of evidence of the predictions in
the map. If soil water resources are not used sustainably, sub-
Saharan Africa stands the risk of intensified food insecurity,
poor economic growth and poverty. In 2022, about 12% of
the population (123 million people) of sub-Saharan Africa are
reported to be acutely food insecure and malnourished (IMF,
2022). The lack of resilience to climate change, global cereal
shortages and fuel price hikes due to the war in Ukraine and post
COVID 19 challenges continue to exacerbate food insecurities
in SSA. Currently, Ethiopia and Kenya are suffering some of the
most severe droughts in recent history and food insecurity in
these countries increase by 5-20% points at every drought event
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(IMF, 2022). In the recent past, climate change has decreased
diary yields by 10-25% in South Africa (FAO, 2015). The future
looks bleak for SSA, with severe climatic events worsening food
shortages in given countries or import sourcing countries; and
surging severe consequences for economies (IMF, 2022). There
is an urgent need to build the resilience of our agricultural
systems to climate change while various stakeholders take
charge to strengthen the crumbling economies. In light of the
afore-mentioned challenges, the objective of this review is to
highlight several soil and water conservation measures that
adapt cropping systems to climate change. These measures have
yielded crop productivity benefits in some parts of Africa and
elsewhere. To better understand the effects of climate change
on agriculture and mechanisms behind the measures, the review
further assesses crop growth challenges under flood and drought
conditions, and factors that influence the susceptibility of
cropping systems to water stresses. Soil and water conservation
measures outlined in the review are necessary interventions
to mitigate climate change and make SSA food secure. The
review also emphasizes on feasible water harvesting strategies
and water-efficient irrigation methods that use conserved water
resources judiciously. It also provides solutions to bridge the
disconnection between researchers, governments and farmers
for easy flow of climate change adaptation information and
quick adoption of improved strategies.

2. Review methodology

We used the recently updated PRISMA guidelines (Page
etal., 2021) adopted by Kleppel and Frank (2022) as framework
for this review. According to the guidelines, we searched and
compiled research and review articles describing the effect of
climate-change facilitated water stresses on crop growth, yield
and food security; and of soil and water conservation measures
implemented to mitigate the water stresses.

Literature was searched in peer-reviewed articles, other
journals, books and trusted websites with aims, scopes
and focuses on soil conservation, soil fertility, agronomy,
crop physiology, climate-smart cropping systems, agricultural
mechanization, engineering water harvesting infrastructure and
efficient irrigation in agriculture. In our search, we accessed
original research results published by researchers to demonstrate
the effect of precipitation anomalies (unexpected droughts and
floods) on crop growth and the coping mechanisms adopted by
plants to tolerate such anomalies, which consequently reduces
yield. We also accessed research results authored by researchers
for professional consumption, on the effect of soil conservation
and efficient use of conserved water on crop productivity.
Additionally, information in extension service factsheets and
international reports of the Food and Agriculture Organization
(FAO), United States Department of Agriculture (USDA),
United Nations, Intergovernmental Panel on Climate Change

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1091665
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Brempong et al.

10.3389/fsufs.2022.1091665

SENEGAL
S

BURKINA
FASO

Africa's aridity:

[J] Hyper-arid

[J Arid

[[] Semi-arid

[] Dry subhumid
Moist subhumid

[ Humid

Areas at most risk
from climate
change

GU!‘{ 0)‘

Guinea

FIGURE 1

africa- prepares-for-impact- of- climate- change.

Map of Africa showing countries at risk of climate change facilitated water stresses. Source: http://kenvironews.wordpress.com/2007/08/31/

(IPCC) and local government agencies among others were
used. We ensured that literature that were not necessarily peer-
reviewed, but intended for only farmers and the general public
were authored by writers who were knowledgeable in their
disciplines, and that their information were technically correct
according to existing scientific literature. In total, this review is
based on 78 published sources.

Conventional search engines and research databases such
as google, google scholar, researchgate and web of science were
used to search for literature. Search terms like drought OR
flood; crop yield AND drought; crop yield AND flood; climate
change AND soil conservation; soil conservation measures pdf,
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drought AND water harvesting infrastructure; flood AND water
re-direction infrastructure, among others were keyed in to
search for literature. We also accessed our personal libraries and
the CSIR-Crops Research Institute library repository for books
related to the review topic.

3. Crop growth challenges under
flood and drought scenarios

Under flood conditions, agricultural soils become water-
logged, accompanied by associated anaerobic conditions
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TABLE 1 Dry weight of stems and leaves, reproductive organs (floral buds, flowers, and fruits), and roots of cape gooseberry (Physalis peruviana L.)
subjected at an age of 2 months to waterlogging of different durations at 50 days after waterlogging started.

Duration of waterlogging (days) Dry weight (g)
Stems and leaves Reproductive Roots Total dry
organs biomass
0 52.09% 7.82% 27.44% 87.35%
2 49.79% 7.50 26.21% 83.50°
4 35,540 4.31° 12.98° 52.83"
6 26.59° 2.49b¢ 10.01° 39.10%
8 21.23¢ 1.33¢ 6.70° 29.25¢

Adapted from Aldana et al. (2014).

Means with different letters in the same column indicate a significant difference according to Tukey’s test (P < 0.05).

prevailing in the soil system. Poor soil aeration affects
respiration processes of plant roots and soil microbes, leading
to reduced root elongation, reduced mineralization rates, water,
and nutrient uptake, carbon dioxide accumulation, reduced
plant hormone synthesis, and many other negative effects
(Li et al., 2019a). Under such conditions, water and nutrient
transport through the plants are affected (Abuarab et al., 2019);
crop growth declines are accompanied by yield reductions or
total crop failures. Anaerobic conditions slow down organic
matter decomposition and mineralization rates due to reduced
soil redox potential (Dorau et al., 2018) and microbial activity
(Abuarab et al, 2019). Flooded soils are prone to nutrient
leaching beyond the root zone (Engelstad et al., 1985). Flooding
reduces soil temperature below the optimum range (25-35°C),
causing a reduction in nitrification rates and making NOj; less
available to plants (Havlin et al., 2014). Flooding increases the
pH of acid soils by reducing Fe3T to Fe’t and decreases the
pH of alkaline soils by facilitating the formation of HyCO3
compounds due to CO; accumulation. As a result, native
acid/alkaline tolerant crops growing in such areas begin to
fail. Anaerobic soil conditions favor methanogenesis and
denitrification processes leading to increased greenhouse gas
(CH4 and N, O) emissions (Schlesinger and Bernhardt, 2013),
which are major pathways for carbon and nitrogen losses from
the soil and soil organic matter degradation. Crop nutrient
uptake and utilization are thus affected. Flooding promotes
soil compaction which further destroys the soil structure
through the breakdown of aggregates, deflocculation of clay,
and destruction of cementing agents (Rodriguez et al., 2016).
Flooding in coastal areas results in seawater intrusion into arable
lands, creates high water tables and increases the salinity of soils
(Mahmoodzadeh and Karamouz, 2017) which inhibits nitrogen
uptake by crops. The increased chloride concentration in the
soil (from the salts) also tends to poison many plants to death.
This may give an advantage to salt-tolerant weeds which further
undermine target crop yields. Flooding also causes increased
runoff velocities and erosion which carry soil nutrients off-site. It
makes farm operations with heavy machinery difficult (Adesina,
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2018). Previous studies have estimated the effects of floods on
agricultural production in real-time. Cape gooseberry plants
submerged in floods for more than 0, 2, 4, 6, and 8 days showed
symptoms of chlorosis, epinasty, necrosis, and abscission of
leaves due to oxygen deprivation in root zones and reduced
growth rate and dry matter accumulation after 4 days (Table 1;
Aldana et al,, 2014). Flooding banana plants for 1, 3, 5, 7, 14, and
24 days induced morphological, molecular, and biochemical
changes in their roots which reduced growth and productivity
(Teoh etal., 2022). In this study, anaerobic conditions created by
flooding redirected the use of photosynthates and energy for the
excessive development of adventitious roots and aerenchyma
with lots of gas spaces (Figure 2). It also led to the induction
of stress adaptation mechanisms such as ethylene production,
basic helix-loop-helix, myeloblastosis, plant signal transduction,
and carbohydrate metabolism.

Many agroecosystem models are unable to effectively predict
the depressing effect of excessive rainfall and flooding of
cropping systems on crop yields. On the contrary, they often
overestimate yield under flood scenarios (Li et al., 2019b). It
is therefore important to estimate real-time flooding effects to
find solutions to potential climate change-induced floods. Li
et al. (2019b) observed up to 34% reduction in maize yield
compared to up to 37% reduction in yield under extreme
wet and extreme dry conditions, respectively, in different
places in the United States, though models predicted increased
yield under flood scenarios (Figure 3). This implies equal
degrees of devastation of both climate change extremes on
cropping systems.

Under the scenario where global warming leads to drought,
there could be massive soil degradation and famine (FAO,
2021). Seasonal or continuous droughts impact agroecosystem
carbon and nitrogen cycles. Drought conditions accompanied
by increased temperatures reduce the communities of soil
bacteria and microbiota functions beneficial to organic matter
decomposition. This may result in up to a 93% decline in
the rate of organic matter decomposition (Toth et al., 2017).
In their study, fungi were found to be less sensitive to
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FIGURE 2
Adventitious root and aerenchyma formation. (A) The number of adventitious roots in well-watered and waterlogged banana plants. The mean
aerenchyma score of (B) 5cm from the root tip and (C) 5cm from the root base. The results represent the mean =+ standard error of the mean of
nine independent biological replicates with three technical replicates each. Different capital letters indicate a significant difference between time
points within well-watered samples. Different lowercase letters indicate a significant difference between time points within waterlogged
samples. Asterisk (*) indicates a significant difference between well-watered and waterlogged samples at the same time point (p < 0.05).
Adapted from Teoh et al. (2022).

drought and increased temperatures. However, whether the
anticipated drought conditions due to climate change would
increase beneficial fungi communities perpetually or not is not
known. Water is the main soil solvent by which nutrients
are supplied to both microbes and plants; hence a lack of it
limits nutrient availability to these entities (Bista et al., 2017).
Under drought conditions, little to no crop responses to farm
inputs like fertilizer are observed because water limitation
makes nutrients less available to crops. Drought dries the soil
and increases its susceptibility to wind erosion, leading to
loss of soil and soil nutrients. Plants are less productive in
areas subjected to prolonged droughts. Drought reduces the
rate of photosynthesis and enhances autotrophic respiration
in crop plants leading to cavitation and/or carbon starvation
in plants and consequent death of the plants (Chandregowda
et al, 2022). The higher predicted temperatures associated
with droughts would also place high transpiration demands
on crops leading to their wilt and eventual death if the
conditions persist. Severe drought (< 30% field capacity)
was reported to reduce wheat dry biomass by 50% even
with adequate fertilization (Kulczycki et al, 2022). Thus
drought poses lots of economic losses to farmers and especially
those in sub-Saharan Africa who are financially constrained
(Gilbert, 20205 Lottering et al., 2020). Different crops are
sensitive to droughts occurring at different stages of growth.
Drought at the seedling stage of maize growth leaves perpetual
devastating effects that transcend jointing, heading, and grain-
filling stages (Song et al., 2019). Song et al. (2019) found
that drought imposed on seedlings of maize led to lower leaf
area, reduced leaf chlorophyll concentration, and lower unit
kernel weight due to reduced intercepted photosynthetically
active radiation (IPAR) and radiation-use efficiency (RUE) that
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occurred throughout the maize growing season, compared to
drought imposition at jointing, heading and grain filling stages
(Table 2).

Brempong et al. (2022) also observed very poor common
bean yield of 15 to 100 kg/ha, compared to the mean 437 kg/ha
yield commonly obtained in sub-Saharan Africa, when water
stress of 16 and 40% field capacity (FC) and sufficient water at
80% field capacity were applied at first flower stage, even though
soil nutrients were not limiting (Figure 4).

The standardized precipitation evapotranspiration index
(SPEI), the standardized precipitation index (SPI), the palmer
drought severity index (PDSI), palmer Z index, (Z index SDI),
the palmer hydrological drought index (PHDI), the palmer
modified drought index (PMDI), and the standardized palmer
drought index (SPDI) are drought indices used to estimate the
effect of drought on crops yields (Pena-Gallardo et al., 2019).
In a study, Pena-Gallardo et al. (2019), using the above indices,
found that the magnitude of the effect of drought on wheat and
barley yield depended on the region, period of the year, and
the drought timescale and magnitude. Since these factors are
difficult to precisely predict, soils and cropping systems must be
adequately prepared for climate change. Aside from crop growth
challenges, animals may suffer higher disease and pest incidence
in flooded areas and feed shortages in drought areas.

4. Factors influencing susceptibility
of soils to floods and droughts

Soil infiltration and permeability are major factors
influencing the soil-water balance (Veerapan and Sayed, 2020)
and the susceptibility of the soil to water stresses. Those factors
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FIGURE 3

Maize yield response to precipitation anomaly from simulations of 12 global crop models participated in the AgMIP (green solid line and shaded
area) compared with the observed response (black solid line). The green solid line shows the multi-model median response and the shaded area
shows the model's interquartile range. The AgMIP global crop model data are from the historical simulations of 1981 to 2010 without irrigation,

driven by AQMERRA with the default setting. Adapted from Li et al. (2019b).

TABLE 2 Variables of maize growth and yield under water stress (HighIRR and LowIRR) during different maize growth stages and FulliRR during the
maize growing season from 2013 to 2016.

LAl max  Canopy height Biomass Unit Kernel Kernel per Yield
(cm) (kg/ha) weight (g) spike (kg/ha)

FulllRR 3.4 216 17,353 0.277% 5442 7,768
HighIRR | SDS 2.5¢4 195 10,664 0.221%¢ 433¢ 4,945¢
JTS 3.0 193 12,5915 0.245b¢ 462° 5,588¢

HDS 3.1% 211 14,276% 0.255% 458° 6,212°

GPS 3.0% 205 14,193% 0.238" 485° 5,822

LowIRR | SDS 2.1¢ 172 8,678 0.205¢ 368¢ 3,573¢
JTS 2.7>¢ 162 9,145 0.224b<d 3664 3,868¢

HDS 2.7b¢ 184 10,071¢ 0.240° 3744 4,455%

GPS 2.7b¢ 185 10,711b¢ 0.221><4 4560 4,676%

Adapted from Song et al. (2019).

FullIRR is full irrigation (exact water requirement), HighIRR is high irrigation, and LowIRR is low irrigation. SDS is for the seedling stage stress, JTS is for the jointing stage stress, HDS is
for the heading stage stress, and GFS is for the grain-filling stage stress.

Different lower case letters (a,b,c,d,e,f) attached to the numbers represent differences in means of LAI, canopy height, biomass, unit kernel weight, kernel per spike, yield.
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Adapted from Brempong et al. (2022).
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Mean grain yield (kg/ha) affected by fertilizer treatments across 16, 40, and 80 % field capacities moisture. Control is no amendment; FRAC is
full-rate compost; FRG is full-rate glycine mix fertilizer; HRAC is half-rate compost. Error bars represent standard errors of the fertilizer
treatment means. Different lowercase letters on top of the bars represent significant differences at least significant difference of 5% probability.

are in turn affected by soil characteristics like texture, structure,
porosity, and organic matter content. Flood-prone soils are often
characterized by heavy clay texture; poor drainage and poor
organic matter content (Adesina, 2018). These characteristics
cause a reduction in the soil’s pore spaces, biological activity,
and the soil’s ability to contain fluids (water and air). Such
soils are highly susceptible to compaction and erosion which
further increase flood cycle frequency. Soil compaction often
results from soil compression by heavy machinery (frequent
tillage especially on wet soil), humans, animals (uncontrolled
grazing), and vehicular traffic. Deforestation and land clearing
uncovers the soil and increases the erodibility of the soil,
especially on steep slopes. Clearing the forest on steep-sloped
lands can increase soil erosion by 5 to 20 times that of flat
terrains (Khodadali et al., 2021). Soil compaction increases
soil bulk density while decreasing porosity (Chakraborty and
Mistri, 2017). Compaction also creates a physical resistance
to soil water retention and root growth. Water erosion is
another culprit which sediments streams and rivers, causing
them to overflow their banks, clog waterways and fill soil pores,
increasing the susceptibility of land to flooding.

Plant available water holding capacity (PAWHC) of soil
determines its vulnerability to droughts (Shao et al., 2018).
PAWHC is the difference in soil water content between field
capacity and permanent wilting point. Soil factors that affect
the soil-water balance also affect soil erodibility. Soil erodibility
depends on the particle size distribution and their interaction
with organic matter. Sandy soils with less organic matter have
weak aggregate stability and therefore erode more than fine-
textured soils in high-intensity rains (Dumbrovsky et al., 2019).
However, sandy soils have larger macropores which allow them
higher permeability than fine-textured soils. Hence in less
intensive rains, sandy soils are slower to erode than fine-textured
soils because their infiltration rate is much faster and runoff
generation is slower. Very dry soils are also susceptible to
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wind erosion. This implies that the soil should have the right
particle size distribution, structure and organic matter content
to balance permeability and erodibility.

5. Soil and water conservation
measures that maintain productive
soil-water balance in the face of
water stresses

From the above scenarios, maintaining a good soil-
water balance in the face of climate change-facilitated water
stress (floods and droughts) demands improvements in soil
permeability, texture, structure, porosity, and organic matter
content to reduce the soil’s susceptibility to compaction and
erosion. Thus, the right soil conservation practices should be
aimed at reducing soil compaction and erosion (water and
wind) and improving general soil health. The practices should
be aimed at improving the water-holding capacity of soil,
promoting aggregate stability, and general improvement of soil
health. Measures should also be put in place to conserve excess
water received through precipitation and/or redirect excess
water which may flood cropping systems. The flow chart in
Figure 5 summarizes some must-do-practices that could prepare
the soil for climate change-induced water stresses (Singh et al.,
2016). In this chapter, soil and water conservation measures
prescribed in the flow chart are discussed.

5.1. Land treatment

Soil conservation measures have been proposed in the flow
chart under the “land treatment” section (Figure 5). Some simple
land treatment or preparation methods prescribed under this
section include planting across the slope to reduce runoff
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Must-do practices to prepare the soil and cropping systems for climate-induced water stresses. Adapted from Singh et al. (2016).
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velocities and loss of nutrients due to erosion; and making ridges
and raised beds in wet areas and furrows and sunken beds in
dry areas to maximize soil moisture. Common soil conservation
measures that could also be adopted include, the addition of
organic amendments, use of suitable farm implements, reduced
tillage practices, contour farming, grassing waterways, crop
rotation, strip cropping, cover cropping and agroforestry among
others (Diop et al., 2022).

5.2. Use of suitable farm implements

Agricultural machinery which supports soil conservation

performs minimum or zero tillage operations during
preparation of favorable seedbed conditions for satisfactory
crop establishment. Agricultural mechanization in the past
included direct drilling machines that negatively impacted soil
micro-environments. Today, agricultural machinery have been
designed with controlled traffic measures for cost-effective and
energy-saving seeding without tilling the soil unnecessarily.
Such equipment include sub-soilers, no-till plant drill, zero-till
drill, strip-till drill, happy seeder, roto-till drill, rotary slit
no-till drill among others (Patel et al,, 2018). Selecting the
most appropriate machinery based on specific field conditions
is important to soil and water conservation. Thus conditions

causing a lack of crop productivity must be assessed and
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addressed accordingly. For example, no-till and zero-tillage
practices may not have significant benefits on deep-rooted crops
on land with compacted sub-soils (between 30 to 56 cm below
the soil surface) (Becker et al., 2022). In this case, sub-soiling
is required before the subsequent implementation of soil
conservation measures to avoid future compaction. Before using
sub-soilers, the soil should first be dug to about 76 cm when it is
saturated, and then tested for compaction with a penetrometer
(Weilli, 2015). Compacted sub-soil layers restrict water and
root movement in the soil. A penetrometer test determines
the depth of compaction to inform whether to use simple
tillage (for surface compaction) or sub-soiler (for compaction
beyond 30 cm depth). Sub-soiling is best done when the soil
is dry. A sub-soiling expert should be contracted to do this.
During the process, ground contours should be followed to help
improve soil permeability and reduce erosion in susceptible
areas. Sub-soiling compacted soils improves water retention and
reduces soil susceptibility to floods and droughts. Additionally,
heavy machinery should not be used on wet or flooded soils
as it causes compaction, makes farm operations difficult, and
wastes lots of energy. It is recommended that tillage operations
are done when the soil is semi-dry. To determine if the soil is in
working condition, simply pick a ball of soil and poke it. If it falls
apart in your hand, the soil is dry enough to be tilled. Otherwise,
it is too wet to be tilled. Also, sandy soils in drought-prone areas
should not be tilled too frequently as they are already loose
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and do not pose compaction threats. These examples are to wit
that appropriate farm operations may require the services of
an expert or very experienced farmers if soil conservation is of
interest. Images of some soil conservation equipment are shown
in Figure 6.

5.3. Reduced tillage practices

Conservation agriculture is defined as minimal soil
disturbance, diversified crop rotations, and surface residue
retention that reduce soil and environmental degradation
and sustain crop production. Reduced tillage practices are
classified under conservation agricultural practices. Repetitive
conventional tillage is a major cause of soil aggregate destruction
and organic matter breakdown which leads to soil nutrient loss
through greenhouse gas (CO,, CHy, and N»O) emissions (Bista
et al,, 2017). Reduced tillage practices reduce organic matter
degradation. They decrease the over-reliance on frequent tillage
and focus on other measures that prevent soil surface crusting
and compaction. The practices include no-till, strip tillage, ridge
tillage, mulch tillage, and shallow tillage among other variants
(Bista et al., 2017). Images of reduced tillage practices are shown
in Figure 7.

In no-till agriculture, the soil is left undisturbed by tillage.
No-till is usually established after one or few tillage operations
after which crop residues are left annually on the soil surface
to protect the soil and add organic matter after decomposition.
The bed of residue intercepts rainfall intensity, improves
infiltrations, protects the soil from erosion and consequent
nutrient loss, and increases soil organic matter content. In
drought-prone soils, the soil cover reduces excessive evaporation
from the soil surface. Some soil and crop yield benefits have been
recorded with the no-till practice. After a 2 year experiment,
Yang et al. (2020) found higher soil N and P levels of 4,757
and 2,429 kg/ha respectively in the top 20 cm soil layer under
no-till, compared to 4726kg N/ha and 2,412kg P/ha under
conventional tillage. No tillage also reduced the risk of obtaining
wheat yields below 1,000 kg/ha and 1,500 kg/ha by 95 and 33.3%,
respectively in dry areas of Syria (El-Shater et al., 2020).

In strip tillage, there is a minimum tillage disturbance only
at the seed rows which allows improvement in water infiltration
around the crop root zone. Strip tillage is best practiced in poorly
drained soils that are susceptible to flooding. In ridge tillage,
shallow raised beds or ridges are made on the soil on which crops
are grown. Ridge tillage provides better drainage in wet soils and
reduces the tendency for the soil to flood. In dry or drought-
prone soils, rainwater is stored behind the ridges, improving the
soil's water storage capacity. Ridge tillage increased mean soil
water content by 20% compared to conventional tillage under
semi-arid conditions in Ethiopia (Bekele, 2020).

Mulch tillage is a typical conventional tillage practice but
leaves crop residues on the soil which is turned in before every
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growing season. It adds organic matter to the soil and reduces
water and wind erosion. The organic matter addition allows
the soil to hold more water in drought-prone areas. Shallow
tillage is more like mulch tillage, except that the tillage is
done at shallower depths with lighter instruments like knives,
coulters, or small forward-facing discs. The residue left on the
surface adds organic matter to the soil after decomposition, and
improves its water-holding capacity in drought susceptible areas
(Telkar et al., 2017).

Though reduced tillage practices have demonstrated many
soil and crop benefits, there is still a knowledge gap on the
minimum number of years they should be practiced before the
next conventional tillage, so that sub-surface soil compaction
does not become the next limiting factor to crop growth. Norton
et al. (2016), observed increased maize yields in 4 years under
strip tillage and residue cover in Kenya. However, they observed
yield declines after the 4th year, due to sub-soil compaction; and
recommended that conventional tillage be done at the end of
every 4 years of practicing strip tillage to prevent compaction
related yield declines. Similarly, Salem et al. (2020) found higher
soil bulk density and higher soil penetration resistance in sub-
soil layers under minimum tillage compared to reservoir tillage,
which alludes to the fact that there should be a cut-off year when
the soil is loosened again or at least, sub-soiled.

Grassed farm waterways with grass or a permanent
vegetative cover also allows surface water to move across
farmlands without causing significant soil erosion. It prevents
the formation of gullies and carries runoff water from the farm
without causing flooding. Grassed waterways are conducive for
flood-prone areas because they reduce compaction, and improve
infiltration and the water-holding capacity of the soil.

6. Cropping systems that enhance
soil and water conservation

6.1. Contour farming

Contour farming is the practice of performing farm
operations like tillage near or on the contours of the field and not
up or down the hill. It is an effective conservation measure that
reduces rill development when surface runoff impounds in small
depressions (Gathagu et al., 2018). Thus, it minimizes erosion
and stores rainwater behind ridges made on the contours. It is
effective at conserving water in drought-prone areas.

6.2. Strip cropping

Strip cropping is a crop rotation system in which two or
more crops are grown in alternating strips on the same field. The
strips are wide enough that they can be managed independently
but narrow enough that the strips interact. Legumes are often
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Soil conservation equipment. Source: google images.
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FIGURE 7
Images of reduced tillage practices. Source: google images.
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included in the alternating crops to improve soil nitrogen levels.
The crops are closely planted in the strips such that runoff water
is impeded and soil is filtered through the strips. In effect, the
strips serve as natural dams for water storage (NWRM, 2015),
allowing water to percolate slowly into the soil. It is highly
effective in drought-prone areas to conserve water. Images of
cropping systems are shown in Figure 8.

6.3. Crop rotation

Crop rotation is the practice of growing dissimilar crops in
sequential seasons in the same space. The rotation traditionally
includes a legume crop which serves as green manure, adding
nitrogen and organic matter to the soil. Soil structure could
be improved in crop rotation by alternating deep and shallow-
rooted crops, which benefits the conservation of soil water in
drought-prone areas. Rotating rice with winter crops (wheat,
potato, green manure and oilseed rape) produced rice yields of
7.2 to 7.48 Mg/ha compared to 5.93 Mg/ha in mono-culture rice
alone fields (Chen et al., 2018). Spring wheat yield was increased
by up to 30% under no-till in wheat-turnip-pea rotations and
13% under conventional tillage, compared with mono-culture
wheat (Jalli et al., 2021).

6.4. Cover cropping

A cover crop is any living ground cover planted to improve
soil fertility, protect the soil from erosion, maintain water quality
and help manage weeds and pests. They may act as green
manures, improving soil organic matter, and live / residue
mulches, conserving soil moisture or catch crops, and reducing
nutrient leaching after harvesting the cash crop. After a 12-
year study, cover crops were found to increase soil organic
carbon (SOC) under no-till, chisel plow and mouldbaord plow
practices, though no-till retained the highest SOC (Olson et al.,
2014). Type of cover crops included in the cropping system is
equally important. Legumes are usually recommended as they fix
nitrogen and may serve as an extra source of income. A negative
yield effect on the main cash crop may be observed if the right
cover crop is not selected. A yield decline of 12.6% in maize was
observed in Illinois when maize followed wheat cover crop in
rotation compared to no cover crop (Adeyemi et al., 2020).

6.5. Agroforestry

Agroforestry is the intentional integration of trees and/or
shrubs into crops and/or animal farming systems for their
economic, environmental, and social benefits (USDA, 2021). In
an agroforestry system, the leaves of the trees intercept rainwater,
and the stems soak some of it and allow the water to trickle down
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slowly, improving the infiltration rate into the soil. This reduces
runoff velocities and volumes which results in floods. The ability
of the trees to also intercept some of the solar radiation reaching
the soil and reduce soil evaporation is also important to mitigate
drought. The roots of trees create macro-pores in the soil and
improve the permeability and water-holding capacity of the soil.
This allows the soil to hold more water and reduce flooding
tendencies in flood-prone areas while it allows the soil to retain
enough water in dry areas. Dead leaves and tree debris serve as
mulch and a source of organic matter to the soil, also improving
soil water holding. For instance, intensifying a maize cropping
system with Faidherbia albida leguminous trees increased maize
yield by 20% and in Southern Malawi, due to general soil
improvement (Amadu et al., 2020).

7. Rainwater harvesting and efficient
use

As described in Figure 5, rainwater harvesting and efficient
use is a very prudent way of conserving water in high rainfall
and flood-prone areas. They range from simple rainwater
catchments such as collecting water in containers to complex
engineered infrastructure. In a broader sense, the water
distribution in such areas could be controlled by putting up
water control structures that reduce runoff, waterlogging, and
breaking steep slopes where water can pick up speed and
cause erosion. Such infrastructure includes drop structures,
flood bed stabilizers, water spreading weirs, dikes, sluices,
river embankments, and drainage ditches among others. Drop
structures transition runoff water between levels to reduce
runoff velocity and associated soil displacement. Flood bed
stabilizers prevent uncontrolled runoff. Water-spreading weirs
reduce erosion and promote the inundation of valley floors
and the deposition of organic matter and fine-textured soil.
River embankments reduce seepage interflows and flooding of
farmlands. Sluices re-direct farm floods to desired locations.
Dikes are used to drain and retaining excess water for future
use. Drainage ditches are created to channel away excess flood
waters for reuse. Since flood-prone areas have high water tables,
groundwater could be accessed through relatively shallow local
hand-drilled wells or ground-lifting technologies during the dry
seasons. This would extend the cropping season and create more
room for water absorption by the soil during heavy rains. To
help sustain food security and boost the productivity of the
flood-prone areas, retained water in the catchment areas could
be used for aquaculture and fisheries and waste from the fish
would serve as fertilizer for crops. To realize the full potential
of these approaches, the government and other stakeholders
must be willing to invest in such infrastructure. In times of
total crop failures, irrespective of the measures taken by farmers,
some form of relief should be given by the government to
support these farmers. The following are pictures of some water
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management structures for flood-prone areas. Images of flood-
based infrastructure are shown in Figure 9.

Drought-prone areas also require judicious water use
strategies which improve the water-holding capacity of the
soil, improve the water use efficiency of crops, and conserve
water in preparation for drought. Water harvesting/ catchment
structures must be implemented in cropping systems. Structures
like farm ponds can be created to store runoff water on the
farm to augment groundwater; percolation tanks to recharge
groundwater storage; roof water harvesting tanks to harvest
rainwater; wells for artificial recharge through; subsurface dams
to capture the base flow of groundwater; field soil bunds to
slow down run-off and prevent water from moving out of the
field; cemented irrigation channels to prevent seepage losses
and leveling soil and creating of depressions on the soil surface
to retain soil moisture and reduce runoff (Kumawat et al,
2020). Once soil water holding capacity is improved, WUE of
crops, and water conservation practices are applied, the effects
of prolonged droughts would be offset by these practices. The
pictures in Figure 10 are some structures for water conservation
and harvesting in drought-prone areas.

7.1. Efficient use of harvested water
through irrigation
After conserving water in the above manner, water-efficient

irrigation practices should be applied during water scarcity or
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drought. Water-efficient irrigation practices enhance the water
use efficiency of crops. Micro-irrgation systems like drip and
localized irrigation and sub-irrigation systems are very efficient
irrigation systems that supply water specifically to crop roots
(Khan etal.,, 2019). The method of water placement is important
as drip irrigation is more efficient than sprinkler irrigation and
sprinkler irrigation more efficient than furrow/flood irrigation
(Khan et al,, 2019). Approaches like scheduling irrigation based
on evapotranspiration, scheduling irrigation based on soil water
content, and using deficit irrigation are ways to avoid over-
application and wasting water (Shock et al., 2013). Thus, the
amount and timing of irrigation should match actual crop
needs and proper water placement. The amount should be
based on daily crop water requirements and the growth stage of
plants. Some images of efficient irrigation systems are shown in
Figure 11.

Drip irrigation was found to significantly increase the yield
of four cotton varieties at an average of 2,405 kg/ha over the flood
irrigation method (Table 3; Choudhary et al., 2016). In the same
study, drip irrigation realized the highest water use efficiency
ranging from 0.48 to 0.55 kg/m® (Figure 12). Additionally, in a
semi-arid cropping system, potatoes yielded 51.8 Mg/ha tubers,
16.3 kg/m? irrigation WUE, and 374 mm of evapotranspiration
under drip irrigation compared to 32.6 Mg/ha tuber yield, 14.1
kg/m> WUE and 556 mm of evapotranspiration under furrow
irrigation (Akram et al., 2020). In this experiment, irrigation was
scheduled based on evapotranspiration needs. 562 mm of water
was required through furrow irrigation while 374 mm of water
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was required through drip irrigation. These research findings
are indications that with the right irrigation method, conserved
water in the soil and harvested water can be used judiciously to
maximize yield.

8. Organic recycling

Soils of cropping systems must be improved in preparation
for the current and predicted global climate change. Lots of
organic matter must be added to the soil to improve its water-
holding capacity. In some medium-textured soil, the water
holding capacity was increased by 1.03% per 1% increase in soil
organic matter (Minansy and McBratney, 2017). Soil organic
matter has an affinity for water it binds soil particles together
while creating favorable conditions for soil microfauna whose
movement and activity create micro and macropores in the soil,
creating extra room for water holding (Hoffland et al., 2020 ).

A decline in soil organic matter (SOM) results from
the intensive long-term use of the soil for farming without
any organic amendments (manures, composts, crop residue)
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addition. It causes a reduction in the soil’s biological activity
and soil pore spaces, reducing the soil’s ability to conserve fluids
(water and air) (Hoffland et al., 2020). SOM addition could
be achieved through crop rotations (Debele, 2020) that include
high-residue crops and legumes. Residues can be incorporated
into the soil. Cover crops (Debele, 2020), could serve as live
soil cover that intercepts high rainfall intensities, reduces runoft
velocities and erosion, and could also be incorporated into the
soil to add organic matter. When organic amendments are
recycled (added to the soil), the resulting organic matter binds
soil particles together, improves soil structure and texture, and
leaves the soil with more pore spaces. It improves permeability
and infiltration and creates favorable conditions for soil micro-
fauna whose movement and activity create micro and macro-
pores in the soil, creating extra room for water holding (Hoffland
et al,, 2020). It also serves as a substrate and a source of energy
for soil micro and macro-fauna, enhancing their composition,
distribution, and activities. In flood-prone areas, the increased
soil permeability from organic matter addition reduces runoff
volumes and the tendency for the soil to be flooded. In
drought-prone areas, the improvement in soil properties and
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the hydrophilic nature of organic matter (Ankenbauer and
Loheide, 2016; Smith et al, 2017) improves and prolongs
water-holding and reduces the tendency for crops to reach the
permanent wilting point before the next rainfall or an irrigation
intervention during drought.

Improving soil organic matter allows crops to take full
advantage of natural rainfall and irrigation facilities and
improves agricultural water use efficiency (Bhadha et al., 2017).
Proper plant nutrition is indispensable when it comes to WUE
of crops. With no other limiting factor, a well-nourished plant
would produce more biomass and yield per unit of transpired
water compared to an under-nourished plant. This is because
nutrient deficiencies in plants tend to reduce the hydraulic
conductivity of root cortical cells (Coffey et al, 2018). To
make good use of the water taken up by plants, farmers must
endeavor to supply enough nutrients to plants so that the water
is not wasted.

9. Research and implementation
accomplishments, gaps, and future
needs

The need to meet food security demands in the face
of climate change-induced water stresses has directed many
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scientists to research various agricultural techniques that
conserve soil and water, to maximize yield (among others;
Farooqand Siddique, 2015; Bista et al., 2018; Bhattacharyya et al.,
2020; USDA, 20205 Stanojevic, 2021). In high-income countries,
engineering industries are also investing in more complex water-
saving infrastructure for agricultural use (Rodriguez et al,
2021; Kakoulas et al,, 2022). Today, engineering inventions
make it possible to have agricultural machinery designed with
controlled traffic measures for cost-effective and energy-saving
farm operations without tilling the soil unnecessarily (Patel
et al., 2018). In sub-Saharan Africa, some successes have been
chalked in the soil and water conservation research space;
some of which include reduced tillage practices, high organic
residue recycling agriculture, efficient irrigation practices, and
even the improvising of simple water harvesters (Linderhof
et al,, 2022) among others. However, there seems to be a wide
gap between research successes and actual implementation in
farmer fields. This is because studies in the various disciplines
that contribute to the adoption of developed technologies are
highly contextualized and isolated. While scientific research
and developments are focused on replicable documentation
of agronomic conditions, practices, and metrics, it does not
consider socio-economic metrics that affect farmer decision-
making and adoption of the practices (Hermans et al., 2020).
Specific farmer socio-economic conditions may hinder the
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TABLE 3 Effect of different irrigation methods on seed cotton yield (kg/ha) of different cultivars at 5% probability.

Irrigation method

Seed cotton yield (kg/ha)

Variety
Bt (MRC-7017) American (H-1236) Bt (RCH-134) Desi (HD-123)
Flood 2,180° 2,337° 1,836° 1,883°
Furrow 2,426 2,526* 2,024 2,137%
Drip 2,510° 2,671% 2,151% 2,287

Adapted from Choudhary et al. (2016). Different lower case letters (a,b) attached to the numbers represent differences in means of Bt (MRC-7017), American (H-1236), Bt (RCH-134),

Desi (HD-123) cotton varieties.

feasibility of soil conservation techniques on-farm. On the
other hand, isolated socio-economic studies often face doubtful
internal validity due to farmer heterogeneity and biases in
participant selection (Stevenson et al., 2014). It is common
to find studies on conservation agriculture practices alone or
socio-economic studies alone, however, there are very few that
involve farmers in the research and also identify socioeconomic
conditions that affect adoption in the same research (Hermans
et al., 2020).

Need-based research (what forms of conservation research
work where, for whom, and why) and farming systems
research (FSR) must be encouraged to address the adoption

Frontiers in Sustainable Food Systems

15

and implementation problems. We make the following
recommendations to bridge the gap between soil and water
conservation research and adoption by farmers:

- Soils of cropping systems are diverse and dynamic; hence
research should be tailor-made and most often on-farm to
include farmers. Including farmers makes them contribute
to knowledge generation and interpretation, appreciate the
results, and sensitize adoption of the technology.

- Research should integrate ethnographic approaches and local
knowledge to broaden farmer perspectives on the need for
conservation measures (Beach and Larson, 2022). This is
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because resistance to technology may be linked to ethno-
geographic histories.

- During soil and water conservation research, a wide range
of variables within socio-economic and agronomic borders
should be collected and made available to farmer platforms in
lay-man comprehensive, consistent and comparable formats

- Socio-economic studies should ask open-ended questions
about how farmers are going to integrate the new technology
into existing farm practices

- Lastly, management must review and assess the performance
of the technology frequently to encourage and advice farmers
or even correct unforeseen situations that may occur after
implementing the practice.

While adhering to the above recommendations, scientists
should invest more time and resources into bridging the
knowledge gap on the short and long-term impacts of soil and
water conservation technologies on soil physical, chemical and
biological fertility and water cycles in cultivated soils, using
soil physics and hydro-ecology approaches. Scientists should
also research more conservation agriculture practices that
further reduce greenhouse gas emissions and consequent global
warming. All researchers and practitioners associated with soil
and water conservation such as soil scientists, geophysicists,
hydro-ecologists, environmental statisticians, climate scientists,
extension officers, and social scientists should be involved in
this research to see to every step of technology development
and adoption.
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Some studies have observed sub-surface soil compaction
after long-term practices of minimum tillage, which eventually
limits crop yield. There is therefore the need to find
a cut-off year where conventional tillage should be done
once again or the soil sub-soiled to loosen it up, before
minimum tillage practices continue. Since yield is the main
economic product a farmer anticipates, such studies would
help to not let farmers totally abandon soil implemented soil
conservation measures.

10. Conclusion

Climate change imposes water stresses on the world
and sub-Saharan Africa suffers the most from its effect.
Droughts and floods induced by climate change pose threats
to crop growth, yield, and quality; and call for immediate
interventions. In the scope of feasibility, sub-Saharan Africa
must integrate technologies that maintain efficient soil water
balance such as improving permeability, infiltration, and
water holding capacities to maximize yield. Physical barriers
to soil water storage like soil compaction and erodibility
should be amended. Scientists and engineers should help
farmers improvise rainwater catchments in their fields and
better yet, put in collective efforts with governments and
all stakeholders to invest in more complex water harvesting
and re-directing infrastructure. Water harvested through these
techniques should be used efficiently through irrigation for
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crop production. Though many soil and water conservation
research successes have been realized in researcher-managed
fields, socio-economic conditions limiting their adoption must
be considered by researchers to boost their embrace. Farmers
may not easily single out and appreciate the benefits of
soil and water conservation measures because many other
farming practices may have been applied to realize the
yields they observe. However, more research into the long
and short-term impacts of the technologies on soil water
cycles and other far-fetched benefits like reducing global
warming may broaden their perspectives on the need for
such technologies.
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