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Abstract

Climate change is progressively advancing, and is affecting the entire globe, with some areas more
vulnerable than others. Among them, the sub-Saharan Africa, with a very low adaptive capacity,
mainly relies on one economic sector: agriculture. Due to its high climate-dependency, agriculture is
at elevated risk. In this frame, models are essential for the projection of future climate change
scenarios, and for the development of adaptation strategies, fundamental to tackle the adversities
induced by climate change. Maize is the most produced staple crop in the sub-Saharan Africa, and
partly guarantees food security. However, climate change is projected to lower maize yields,
negatively affecting an entire region which already suffers high levels of famine. In this study, two
maize varieties based on their sowing date, early and late, are modelled under the RCP8.5 scenario
using climate data retrieved from CORDEX for temperature, precipitation and evapotranspiration,
from 1951 to 2100. The simulations are set in three sites in Kenya with diverse climate conditions,
soil profiles and biomes. Early and late maize yields and biomass was simulated using the crop model
AquaCrop, developed by FAO. In parallel, important temperature-dependent maize development
thresholds was specifically analyzed. The results indicated lower early maize biomass and yields in
a future climate change scenario. Furthermore, the limitation of AquaCrop of only simulating year-
by-year was discussed. It is therefore suggested to run model simulations on a longer time span in
order to better project future climate change impacts. In addition, the late sowing maize variety
resulted the most suitable option for adaptation, able to guarantee sufficient yield amounts. This study
can contribute to the work of assessing climate change derived social implications in the sub-Saharan
Africa, such as future food security and migrations.
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1. Introduction

1.1 Climate change

Climate change has progressively gained attention in the past decades. It is challenging to explain
what it actually is since many levels need to be considered. It is triggered by both natural and human
forcings as reported by the IPCC (Cubasch et al., 2013). Certainly, the Earth is subjected to natural
variations that occur on different temporal and spatial scales (Cubasch et al., 2013). However,
currently a very relevant part of alterations is induced by human actions that modify the Planet’s
energy budget. Concretely, it is caused by changes in emissions of gases such CO», CH4 and N>O and
aerosols, which in turn, result in different atmospheric concentrations, therefore leading to imbalances
on different levels (Cubasch et al., 2013). Solar radiation plays a significant role in regulating the
Earth’s climate. There is a radiative balance between incoming solar shortwave radiation and
outgoing longwave radiation. If altered, it is usually by natural fluctuations of solar cycles, which
modify the incoming shortwave radiation. However, human actions have progressively started
contributing to the alteration of the radiative balance. Another relevant aspect in terms of alterations
is related to surface albedo. It is defined as the fraction of solar radiation reflected by a surface or
object (IPCC, 2013). Therefore, changes in vegetation or land surface properties can modify the
surface albedo. They can be either natural or human induced. For instance, seasonal changes are
responsible for snow disappearance, thus resulting in lower albedo (natural induced). An example for

the human induced is represented by deforestation, which results in vegetation loss, leading to a
higher albedo (Cubasch et al., 2013).

Two concepts are also relevant while considering climate change and human actions; land cover,
defined as the biophysical aspects of the Globe’s surface, and land use, which is purpose for which
humans use the land (Hu et al., 2019). Human activities are leading to continuous modifications of
land through two alteration actions. When the modification affects the categorical properties, it takes
the name of land use change or land cover conversion (Hu et al., 2019). A concrete example for land
use change is forestry to cropping, while for land cover conversion is from forest to grassland. When
the modification touches the actual properties of land, it takes the name of land use intensity change
and land cover modification. Respectively, an example is the change in intensity of treatment for a
cropland (from strong to weak thinning), and for land cover modification is from an intact to a
degraded forest (Hu et al., 2019). These modifications certainly affect the Earth’s energy balance,
without considering all the different impacts that they can have, from a global to a local scale, in long
and short terms. However, what is also important to know in this frame is that, even though it is
happening on a global scale, some areas result more vulnerable than others (Niang et al., 2014).
Therefore, this factor rises a relevant concern, especially when it affects countries that are not
sufficient in terms of development and economic growth. Among the different ones, the sub-Saharan
Africa has been reported as one of the most affected areas by the climate change impacts (Serdeczny
et al., 2016).

1.2 Future climate projections over Africa

Observations have shown an average surface temperature increase (0.5°C or more) in the African
continent over the past 50 years (Niang et al., 2014). Over the coming century, future trends project
some of the fastest temperature increase in Africa (Niang et al., 2014; Serdeczny et al., 2016). Under
the RCP8.5, the average annual temperature is projected to increase by 2°C or more in most African
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land areas until mid-21* century, and by 4°C or more by the end of the century (Niang et al., 2014).
In respect to precipitation, the absence of observational data for many African areas and, if present,
their discrepancies, represent a relevant constraint. However, for the areas whose rainfall data is
sufficiently provided, annual precipitation decreases have been observed in the eastern and western
Sahel region in northern Africa over the past century. Increases have been registered in eastern and
southern Africa (Niang et al., 2014). In respect to future rainfall trends, the CMIP5 (Coupled Model
Intercomparison Project Phase 5) showed an intervariability of scenarios for the different areas of the
continent. Under the RCP8.5, decreases in the average annual precipitation will be very likely in the
Mediterranean region of northern Africa and in southern Africa for the mid and late (excluding South
Africa, which will show slight precipitation increases) 21% century. Differently, in central and eastern
Africa increases in mean annual precipitation are projected during mid-century (RCP8.5) (Niang et
al., 2014).

Climate change, whether induced by natural or human forcings, can modify the occurrence or
intensity of extreme weather and climate events, or both (Cubasch et al., 2013). The African
continent, depending on the geographical area, is extremely subjected to climate extremes such as
heatwaves, floods and droughts, whose frequency and strength have been enhanced by climate change
(Serdeczny et al., 2016; IPCC, 2014c). In northern Africa, the number of heat wave days is expected
to increase over the 21% century (Niang et al., 2014). For western Africa, the number of extreme
rainfall days is forecast to increment. Eastern Africa, depending on the area, will see an enhancement
of droughts and heavy rainfall. Regarding the southern Africa, more hot days and hot nights are
expected together with a reduction of cold days and cold nights (Niang et al., 2014). Higher heat wave
probabilities, combined with lower precipitation rates, are expected to be due to alterations in El Nifio
phenomenon, known as El-Nifio Southern Oscillation (ENSO). Severe drought events are expected
to affect the southwestern regions (Niang et al., 2014).

1.3 Africa and vulnerability

The African continent, especially the sub-Saharan Africa, is particularly vulnerable to climate change
due to the overall low development, strong deficits in infrastructures, weak political settings and
extreme poverty (Welborn, 2018). The World Bank (n.d.) designates it as the status of living on less
than $1.90 per day, and the majority of people in extreme poverty (around 490 million people) live
in the sub-Saharan Africa (Welborn, 2018). The future poverty increase represents a relevant
constraint, especially facing climate change, as the number of people in extreme poverty is expected
to reach the 590 million by 2040, and to slightly decrease by 2063 (Welborn, 2018). The vulnerability
increases considering that on a demographic level, Africa has experienced the highest population
growth in the past decades, and this trend will not slow down. Currently, the SSA is populated by
roughly 1.6 billion, and will reach a population of 2 billion by 2050, and 4 billion 2100 (World Bank,
n.d.; Serdeczny et al., 2016). Out of the total SSA population, 237 million people are undernourished
(FAO and ECA, 2018). Africa’s vulnerability also arises from another aspect. In fact, economically,
it is highly dependent on climate-related activities (Serdeczny et al., 2016). The situation is
dramatized by the fact that Africa has a low capacity to adapt to climate change (Welborn, 2018).

1.4 Agriculture in the SSA

Agriculture represents one of the most relevant sectors for a country’s economy in the SSA. The
region mainly relies on this economic sector with 65 % of the continent’s labor force employed in it
(Serdeczny et al., 2016). The SSA’s agriculture is mainly rain-fed. As a matter of fact, 90% of the
SSA staple food production comes from rain-fed systems (Cooper et al., 2008). Thus, this feature
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makes it extremely vulnerable to climate change considering the future precipitation trends and,
overall, that this sector primarily relies on the environment and its biophysical characteristics (Pereira,
2017; Niang et al., 2014). In addition, the sub-Saharan’s agriculture presents very limited
technological inputs, financial capital and infrastructures, together with the fact that it is mainly for
subsistence, dominated by smallholder farms (Pereira, 2017). Regional armed conflicts negatively
affect the sector, representing a relevant constraint for its development (Kidane et al., 2006). The SSA
has a significant amount of free land, which however cannot be used because of physical constraints,
inadequate field management, political assets and lack of education (Kidane et al., 2006). These
factors, together with drought stress, low and non-suitable field management, low soil fertility, pests,
diseases and weeds are responsible for low yields in the region (Cairns et al., 2013). The SSA has
experienced an economic stagnation until the mid 1990s. From that moment, a fairly significant
production growth occurred, accounting for crops and livestock (also including fisheries and
aquaculture) (OECD, 2016). Differently from other cases, e.g. Asia whose growth was driven by
intensification, growth increases in the SSA occurred through area expansion and cropping systems’
intensification (OECD, 2016). There are strong imbalances in terms of the regions and production,
since the western Africa accounts for the majority of the total production (60%), while the southern
Africa only for 22% (OECD, 2016). However, the crop sector dominates the agricultural production,
accounting for 96% of the total (Serdeczny et al., 2016).

Maize is the most produced staple crop in the entire SSA, representing 30% of total area assigned to
cereal production (Cairns et al., 2013). Depending on the area, other important staple crops are rice
(eastern and western Africa), potatoes (eastern and central Africa), sweet potatoes (eastern Africa),
cassava (western and eastern Africa) and plantains (eastern and central Africa) (OECD, 2016).
Southern Africa is also known for a large fruits and vegetables production. All these products, maize
in particular, sustain millions of lives in the SSA, guaranteeing the so-called food security (ten Berge
et al., 2019). However, Van Ittersum et al. (2016) describe the SSA as the area with the most minor
cereal self-sufficiency rate. Considering the future population growth that will characterize the SSA,
many concerns are raising in relation to food security (Van Ittersum et al., 2016). Thus, a higher food
demand is expected. By 2050, it is forecast to increment by 60% on a global level, in respect to the
years 2005-2007 (Alexandratos and Bruinsma, 2012). By contrast, in the SSA it is expected to
increase by 300% because of the fast population growth trend (Van Ittersum et al., 2016). Next to
food demand, another issue is related to food availability. Therefore, the concern rises since climate
change is expected to lower food availability and agricultural productivity, resulting in less affordable
and available nutritious food, not enough to sustain all the lives (Serdeczny et al., 2016). The theory
for which climate change will negatively affect maize production by lowering it is shared by many
authors such as Blanc (2012), Cairns et al. (2012) and Lobell et al. (2011). However, Hachigonta et
al. (2013) report the simulations on maize, millet and sorghum for the years 2010 and 2050 from a
model called IMPACT (International Model for Policy Analysis of Agricultural Commodities and
Trade). It projects a maize production increase for 2050.

1.5 Adaptation strategy: early and late maize varieties

As afore mentioned, different crops are cultivated in the SSA region, with maize being one of the
most significant in terms of spread and production. Many studies, such as from Schlenker and Lobell
(2010), Blanc (2012), Akpalu et al. (2008) have shown a decrease in maize yield through the use of
global and regional climate models. Thus, in a World ruled by uncertainty and instability derived
from climate change, it is essential to find some strategies able to tackle the issue. Therefore, when
talking about climate change, three words always appear: mitigation, adaptation and resilience. The
reason derives from the current knowledge on climate change, and the consequent necessity to take
concrete actions towards its risks and impacts (Denton et al., 2014). Essentially, these practices are
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used to slow down this powerful change (mitigation), to adapt to an altered condition (adaptation)
and to build up resistance to it (resilience). Since the sub-Saharan Africa is responsible for only 3.6%
of the global CO; emissions (Cairns et al., 2013), in this frame it is more reasonable to focus on
adaptation measurements rather than on mitigation strategies.

Many adaptation strategies are available. The literature suggests the most suitable maize variety in
respect to a specific location and condition (Mabonga, 2017; Iken and Amusa, 2004; Cairns et al.,
2013; Bello et al., 2012). The need derived from climate variabilities induced by climate change, e.g.
in precipitation, which lead to an alteration of planting dates, preferring early or late planting
(Mabonga, 2017). Therefore, a variety can be either early or late, depending on its genetics, sowing
date, or both features (Iken and Amusa, 2004). An example of an early variety only related to its
genetics is provided by Cairns et al. (2013), who mention recent genetic experiments on early maize
varieties aimed at enhancing their drought and heat tolerance. While an example of the combination
of both genetics and sowing date is given by Bello et al. (2012), who base their study on early planting
drought tolerant maize varieties. However, early maize varieties can also only be related to their early
sowing date. In this regard, considering that maize is particularly sensitive to droughts in its flowering
phase, early planting is preferred since it would avoid a possible drought condition that comes along
with the climate condition (Morris, 2001). The environment in which the crop grows is indeed very
significant, and can also affect the crop’s yield potential (Asghar et al., 2010). Furthermore, Mati
(2000) supports the theory for which the planting date significantly influences maize yields.

Nevertheless, depending on the area, different planting dates can be employed. For instance, a study
carried out in Nigeria by Bello et al. (2012) suggested early sowing maize varieties as a possible
adaptation strategy in opposition to late maize varieties. The early sowing date (around the beginning
of March) corresponds to the onset of the rainy season, before it is at its peak and, consequently, the
harvesting date comes earlier. The advantage of planting earlier is that food stocks are still available
for the month of July. In fact, usually by then, they are already depleted by the dry season that
characterizes the area. In contrast, the late type is planted in between July and August, during the
second rain cycle, which usually ends with a final drought, differently from the first cycle. A study
based in Nigeria by Iken and Amusa (2004) showed that the optimum planting time corresponds to
the start of the rainy season. In addition, a study set in Ghana by MacCarthy et al. (2018) shows lower
maize yields due to late planting (third week of July). Dahmardeh (2012), through an experiment in
Iran, proved that a planting date on August 5% had more significant results in term of yields than a
planting in July. However, from these different studies it is evident that the most suitable maize type
needs to be selected in relation to the geographical location, considering climate conditions and other
specific factors such as soil type, moisture and fertility (Cairns et al., 2013; Ramirez-Cabral et al.,
2017; Mati, 2000). In order for a maize crop to properly grow, it is essential to consider the right
establishment for the crop in terms of time and location, nutrition, disease and pest control, an
adequate field management, harvesting method and storage (Iken and Amusa, 2004).

1.6 Why are models used?

In a frame of threat and necessity to face the possible impacts of climate change, climate modelling
plays an essential role for the prediction of future climate trends. The Intergovernmental Panel on
Climate Change (IPCC) elaborated four representative concentration pathways (RCPs), each
distinguished by their total radiative forcing pathway (IPCC, 2014c). In ascending order, the RCP2.6,
4.5, 6 and 8.5 range from the mildest to the strongest (IPCC, 2014c). RCPs have been largely
employed in the research world since, once fed into climate models, they simulate the climate
responses to altered forcings in terms of temperature, rainfall and all the variables available from the
model. Significant uncertainties can often characterize models. For instance, according to Rowell
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(2012), there are higher uncertainties in precipitation projections rather than temperature projections.
This is related to a constraint in precipitation modelling due to its elevated spatial and seasonal
dependence, which is higher than temperature projections (Orlowsky and Seneviratne, 2012). Many
more can be listed in relation to different input parameters, depending on the model. However, once
the output is generated, a clearer, hypothetical global or regional scenario can be drawn. Therefore,
it is an useful tool for manifold actors ranging from researchers to policy-makers (Adnan et al., 2017).
In parallel, crop models exist and, once fed with climatic data, allow the simulation of agricultural
productivity as a function of variabilities induced by climate change (Adnan et al., 2017). Considering
the level of vulnerability of the agricultural sector, crop models play a very significant role for future.
Recently, the crop model AquaCrop developed by FAO has been employed in the research world. It
is able to simulate crop yields under climate change scenarios (Steduto et al., 2012; Farahani et al.,
2009; Ngetich et al., 2012). Therefore, the model results particularly useful in decision-making
processes and strategies such as climate impact assessments and adaptation strategies (Greaves and
Wang, 2016).

1.7 Study aim and hypothesis

Climate change will have major global implications, and very adverse for the highly vulnerable
agriculture in the sub-Saharan Africa. Therefore, studying the possible climate impacts, and relative
strategies able to ameliorate the condition, is fundamental. The aim of this study is to analyze how
climate change will affect maize yields in the sub-Saharan Africa in a case study of Kenya. Because
of the area’s vastness and relative high climate variability, three locations in the state of Kenya were
selected for the models simulations. Each site has different climate conditions, soil profiles and
biomes. Therefore, it is possible to capture a high variability of conditions and, consequently, how
climate change will affect agriculture in different areas. The study will be executed using two distinct
pathways. On one side, simulations will be run with the crop model AquaCrop for early and late
maize in the three locations both under irrigation and field management conditions, and without, over
the time range 1951-1955, 2015-2019 and 2091-2095 under the RCP8.5. The crop model allows the
simulation of maize yields and biomass (Steduto et al., 2012). In parallel, important temperature-
dependent maize development thresholds will be specifically analyzed.

The research is based on two hypotheses: 1) climate change will lead to lower maize yields. 2) early
sowing maize varieties result more suitable than late sowing maize varieties in adaptation strategies
since they allow a higher yield production. Furthermore, the suitability of AquaCrop in analyzing
maize production under climate change scenarios with only year-by-year simulations will be
discussed.



2. Background

2.1 Cereals in nutrition

From the Gramineae family, cereals, basically edible seeds, have characterized the human diets for
many centuries (McKevith, 2004). Globally, different types of cereals exist, but maize, rice and wheat
account for the highest consumption (94% of the total cereal consumption) (Ranum et al., 2014). The
consumption patterns change by country, with rice being preferred in Asia, and wheat in central Asia,
the Middle East, North and South America, and Europe. Maize is mostly used in southern and eastern
Africa, Central America, and Mexico (Ranum et al., 2014). Cereals represent a relevant source of
nutrition for humans, in terms of both macro (fount of carbohydrates, proteins and fibers) and
micronutrients (e.g., vitamin E, zinc, magnesium) (McKevith, 2004). Their nutritional content also
depends on how the cereal is treated after the harvest. In fact, the macro and micronutrients are mainly
concentrated in the outer part, thus if removed during the milling, they have less nutrients (McKevith,
2004).

2.2 Cereals and food security

In recent years, the word “food security” has appeared. Its definition has been modified multiple times
throughout the second half of the 1900, to finally reach its complete and globally shared declaration
in 1996. The World Food Summit (FAO, 1996) defined it as when all people, at all times, have
physical and economic access to sufficient, safe and nutritious food to meet their dietary needs
and food preferences for an active and healthy life. In the SSA region, food production, import and
food aids mostly guarantee this condition (Kidane et al., 2006). Maize, rice, wheat and other minor
coarse grains are produced in the SSA, with maize being the most significant in terms of quantity.
These cereals partly guaranteeing the so-called food security (OECD, 2016). The word “partly” is
used since, according to Kidane et al. (2006), considering the future population growth, the overall
poverty and low economic development, cereal production is still not enough to fully support the
current and future SSA population. In order to meet the food demand, many countries started to
import around 25% of cereals (Kidane et al., 2006). Nevertheless, some parts of the region are found
in a chronic undernourishment condition (Kidane et al., 2006). The situation can be worsened by
drastic changes affecting the climate and climate extreme events and, consequently, agricultural
outputs (Kidane et al., 2006).

2.3 Maize in general

Maize (Latin name, Zea mays), also known as corn, is a staple crop that originated around 7,000 and
10,000 years ago in Mexico, as archeological evidence supports (Ranum et al., 2014). Some other
theories and evidences show other geographical origins such as the Himalayan region, and in the high
Andes of Ecuador, Bolivia and Peru (Ranum et al., 2014). Different indigenous tribes brought maize
from its original location to other parts of Latin America and the Caribbean, and successively to the
United States and Canada. It reached Europe only when the European pioneers époque started, and
later on it was taken to Asia and Africa (Ranum et al., 2014). However, from its initial domestication,
in more recent years maize started being object of genetic modifications and new, complicated
methodologies (Ranum et al., 2014). In recent times, according to FAOSTAT (2017), the United
States are the largest maize producers, followed by China and Brazil.



From a nutritional perspective, maize has a lower protein content than rice and wheat, but it furnishes
higher energy levels in terms of Kcal/g. Maize is also rich in micronutrients such a different B
vitamins and minerals. However, it is low in calcium, folate, and iron, and lacks in vitamin B12 and
vitamin C (Ranum et al., 2014).

There are different types of maize, depending on the kernel, which is the actual maize seed. One of
its most important and distinguishable features is the color, and it ranges from yellow to white, red
and black (Ranum et al., 2014). In the United States, for instance, yellow maize is the most used,
while the white kind is more spread in the African continent. In addition, the variety is also shaped
by the endosperm, determined by its size and composition. It can result in different types such as
dent, flint, waxy, flour, sweet, pop, indian, and pod corn (Ranum et al., 2014). As science progressed,
genetically modified (GM) herbicide-resistant maize types have been introduced. This innovation
raised two different attitudes among the public opinion: opponents and supporters. Even though the
topic will not be further developed, it had to be mentioned in relation to maize production, especially
since in some countries GM maize crops became the most commercialized in the market. In the

United States, for instance, 85% of the total maize crops are genetically modified (Ranum et al.,
2014).

2.4 Maize growth

Maize is a C4 plant. Differently from Cs plants, these types developed an alternative photosynthetic
process in response to the arid and warm environmental conditions that they grow in, resulting very
tolerant to it (Crafts-Brandner and Salvucci, 2002). Thus, it still allows them to efficiently establish
a high photosynthetic rate when temperatures are elevated, and to avoid the process of
photorespiration. During the Calvin cycle, they produce a four-carbon sugar which can take more
COsz to the RuBisCO enzyme (Crafts-Brandner and Salvucci, 2002).

According to FAO (n.d.), maize growth develops on four stages: initial, crop development, mid-
season and late season. In terms of phases, the initial stage comprehends the emergence, which
corresponds to the very first beginning of the cycle, and it is part of the establishment phase, of usually
a length of 15 to 25 days. The vegetative stage of the crop development occurs at 25-40 days, followed
by the mid-season stage. During this phase, flowering occurs, with a duration of 15 to 20 days. The
late season stage comprehends the yield formation (35-45 days), and ripening (10-15 days) (FAO,
n.d.).

Among the different cereals, maize has the highest yield growing potential which is very susceptible
to the environment in which it grows (FAO, n.d.; Asghar et al., 2010). However, its growing
conditions depend on certain climatic conditions. Maize is cultivated in climates that range from
temperate to tropic. It requires a daily mean temperature of above 15 °C, and frost-free (Du Plessis,
2003). The length of the growing season depends on temperature (FAO, n.d.). According to the
different temperature ranges, when the mean daily temperatures are above 20°C, early maize varieties
require 80 to 110 days to mature, while medium varieties take a longer time, 110 to 140 days. On the
other hand, during the growing season, when temperatures are below 20°C, the cycle takes a longer
length (FAO, n.d.). Maize is very sensitive to frost, thus low temperatures do not pose optimal
growing conditions. Consequently, when the daily mean temperature is between 10 and 15°C, maize
is mostly cultivated for forage purposes. In fact, cooler conditions affect negatively the seed set and
the grain maturity (Du Plessis, 2003). Maize only germinates above 10°C, while the most optimal
temperature is between 18 and 20°C. On the other hand, if the crop is sensitive to frost, it is instead
extremely tolerant to hot and dry atmospheric condition. The only requirement is that the plant
receives sufficient water, and that temperatures do not exceed 45°C (FAO, n.d.).
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Radiation is another important factor for maize growth (FAO, n.d.). However, for the crop to develop,
it is necessary that light penetrates only five or six leaves above the cob. Water largely affects the
crop growth. A medium maturity grain crop usually requires between 500 and 800 mm of water,
depending on the climate (FAO, n.d.). Sowing methods and spacing (usually between the rows there
is 0.6 and 1 meter) can vary. In respect to the soil profile, maize grows on any type. However, it is
preferable to not be very dense clay and very sandy, otherwise it turns into a constraint for the crop
growth. The texture classes of loamy sand, sandy loam and sandy clay loam, defined in the official
soil textural classification, are the most suitable for maize growth because of their adequate air and
moisture levels (Du Plessis, 2003; USDA, 1987). Therefore, since maize is sensitive to waterlogging,
the soil should be well- aerated and drained (FAO, n.d.). Maize requires high levels of fertility. Thus,
adequate nitrogen levels are fundamental for the crop growth (Shiferaw et al., 2011). Maize grains
take up to around 200 kg/ha N for the highest producing varieties. Fertilizer can boost maize yield by
40/45% (Asghar et al., 2010). Overall, the most general and basic requirement for maize growth is
that soil fertility is maintained (FAO, n.d.). In respect to salinity, maize crops are fairly sensitive to
it, as yields decrease when soil salinity increases.

2.5 Maize consumption

As the latest data available shows, 1,134,746,667 tonnes of maize have been produced in 2017,
accounting for the entire globe (FAOSTAT, 2017). Thus, worldwide, maize is produced in relevant
quantities, and the demand is high (Ranum et al., 2014). This derives from the diversification of its
use (Greaves and Wang, 2016). In fact, it can be used for food purposes, as it can be processed into
different products such as flour, tortillas, corn starch, tortillas, and many more (Rouf Shah et al.,
2016). Another relevant part of maize production is designated to livestock and poultry feed. The
majority of the human diets are meat based, thus leading to a high demand of livestock. As they
necessitate adequate nutrition, more maize grains are required, whose prices rise as demand increases
(Shiferaw et al., 2011). The consequent price increase results in less product availability for poor
consumers, as they cannot afford it (Shiferaw et al., 2011). Contemporaneously, the global market
has seen the coupled high demand, and consequent, price rise in the biofuel sector (Klopfenstein et
al., 2013). Since the past decades, maize production has also been employed in the production of
biofuels, especially in the United States (Klopfenstein et al., 2013). In fact, ethanol can be obtained
from maize through some chemical processes (Ranum et al., 2014). In contrast, the biofuel industry
in the SSA accounts for less than 1% of the total global market (OECD, 2016).

Maize has been exported worldwide from its original area, finally reaching the African continent in
relatively recent times (Shiferaw et al., 2011). Nowadays, it represents one of the most important
staple crops for the continent, together with the traditional millet and sorghum crops (Shiferaw et al.,
2011). Thus, its introduction lead to a change in the consumption pattern and eating habits (Shiferaw
et al., 2011). However, the sub-Saharan Africa presents two specific features in relation to maize
production. Firstly, differently from many other countries, maize is produced on a smallholder scale
and mainly for subsistence. Thus, maize acquires the value of a staple crop rather than of a cash crop.
These two terms refer to a crop that, as in the first case, is produced with the prime purpose of
sustaining its own producers. Therefore, they provide to the household’s food security (Oseni and
Winters, 2009). On the other hand, a cash crop is produced with the intention to be sold on the market
(Oseni and Winters, 2009). Another distinctive feature of the sub-Saharan Africa (except for some
areas in west Africa) is the preference for white maize instead of the yellow type, which represents
96% of the world maize trade (Shiferaw et al., 2011). According to Ranum et al. (2014), this
preference also derives from the perception of the social status, since yellow maize is connected,
among the popular opinion, to food-aid programs, and is associated with poverty. Besides this, it is
simply a matter of tradition: in the African continent, local populations are used to eating white maize
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rather than yellow (Ranum et al., 2014). In terms of numbers, 25 million hectares are occupied by
maize cultivations in the sub-Saharan Africa (Shiferaw et al., 2011). As mentioned before, it is
primarily under a smallholder system. Differently from high income countries where a relevant part
of maize production is assigned to livestock feed (70%), in the sub-Saharan Africa only 18-20% is
designated to animal food, and more than two thirds to human nutrition (Shiferaw et al., 2011).

2.6 Climate sensitivity

Maize crops are very susceptible to rainfall and temperature variability (MacCarthy et al., 2018;
FAO). Many studies have focused on those parameters, both considered singularly and combined.
Regarding temperature, some authors find it as the main variable affecting maize yields. Liu et al.
(2008) found the optimal maize growth temperature at 25°C. When this threshold is crossed, Lobell
et al. (2011) found that under optimal rain-fed conditions a 1% yield reduction occurs per each degree
over 30°C. Under drought conditions, there is a 1.7% decrease. On the other hand, some authors have
found the highest dependency of maize yields on precipitation. A survey-study carried out by
Rivington and Koo (2011) analyzed different crop models and the crops’ answer to climate
variability, discovering that precipitation variations influence crop yields the most. In this regard,
Waha et al. (2013) observed that a 30% in maize yield reduction is triggered by a reduction in wet
season precipitations. Differently, a shorter wet season, under the condition that mean precipitations
are not modified, does not affect maize yields (Waha et al., 2013).

The influence of these two climate variables can also be analyzed jointly since maize production in
SSA is influenced by an interdependence between precipitation and temperature (Blanc, 2012). In
their research, Cairns et al. (2012) proved that the coupled increased temperature and decreased
rainfall negatively affects maize growth and production. Maize also needs be mentioned in relation
to COs. As a Cyplant, one of its features is to be significantly indifferent to CO; increases (Yavas and
Unay, 2015). However, Chijioke et al. (2011) found higher CO, concentrations beneficial for maize
growth and development by a higher photosynthesis stimulation. Considering the future projected
CO; increases (Niang et al., 2014), Yavas and Unay (2015) did not detect reduced maize growth in a
condition of coupled CO> and temperature increases under adequate irrigation conditions, but
negative effects were visible with reduced irrigation.

Maize can be subjected to different stresses. Among them, the crop is extremely sensitive to heat
stress during the reproductive phase, and to droughts during its flowering phase (Dupuis and Dumas,
1990; Cairns et al., 2013). On the other hand, cold conditions represent a relevant stress for maize as
a Csplant (Steduto et al., 2012). In addition, Cakir (2004) found moisture stress as a significant
constraint for maize development. Even though the crop can tolerate water deficiency during the
vegetative and ripening stages, it can be very adverse in the tasseling phase (part of the flowering
stage). For this reason, according to FAO (n.d.), in conditions of water shortage due to low rainfall
and limited irrigation supply, the flowering and yield formation stages should be the prioritized ones.
Overall, water stress represents an extremely relevant concern, with water shortage negatively
affecting maize growth and yield production by lowering it (Steduto et al., 2012). Water stress arises
from the absence of water and irrigation, especially when there is no water in the root zone, and plant
processes get directly affected (Steduto et al., 2012). The root zone should always be watered,
especially after sowing. For this reason, adequate irrigation practices are fundamental. Factors such
as irrigation depth and frequency can optimize maize yields (Du Plessis, 2003). Therefore,
considering the levels of maize sensitivity to the climate and high exposure to stress, their detection
is crucial to increase its resilience (Leng and Huang, 2017).



2.7 Crop models

Undoubtedly, crop models play a relevant role by allowing the simulation of crop production in
response to climate change conditions (Bassu et al., 2014). Process-based crop models suit better than
empirical models in a climate change study context since they take into consideration the responses
of physiological processes of crop development. Simultaneously, they account environmental and
management parameters (of a variable nature), and the response of crops to climate variations (Bassu
et al., 2014). Crop models also allow the planification and development of adaptation strategies to
climate change and impact assessment (Bassu et al., 2014). Many crop models exist and are created
with diverse purposes and objectives. Some models might be better than others at simulating future
responses, as some might be more efficient in representing past rather than future conditions (Bassu
et al., 2014). For this reason, it is important that the uncertainties related to each model are reported,
together with the use and purpose of the model. Thus, it is possible to decide what model suits a
research, and the actual studied condition, better (Bassu et al., 2014). Some authors such as Bassu et
al. (2014) and Tao et al. (2009) report the necessity to consider different outputs of multiple models
since one model is not enough to capture all the actual and relevant processes.

In relation to maize, many models are able to simulate it in relation to different climate scenarios and
time spans. Bassu et al. (2014) furnish an elaborated analysis on how different maize models respond
to climate change factors. MacCarthy et al. (2018) suggest a holistic approach accounting the soil-
water-management interactions for maize crops. General Circulation Models (GCMs) are useful
when simulating changes in the climate on a global scale, and have been largely employed in this
field. Tesfaye et al. (2015), for instance, have modelled maize in the SSA under climate change
scenarios in order to see its possible outcomes using the model CERES—maize, feeding it with
climatic data from two GCMs (MIROC and CSIRO). However, lately, Regional Climate Models
(RCMs) have been largely employed. They are driven by GCMs, which create the boundary
conditions for the area that the RCM will model. Differently from GCMs, regional climate models
provide more detailed information at a higher spatial resolution, and on a smaller scale, considering
the local forcings (Lennard et al., 2018). This main advantage gets translated into the possibility to
see the change in interannual variabilities that characterize the area at a local scale (Arnell, 2003).
This feature explains why they are primarily employed in the formulation of mitigation and adaptation
strategies.

FAO developed a crop model called AquaCrop which is able to simulate attainable and actual crop
yields in response to environmental stresses and climate change scenarios (Steduto et al., 2012;
Farahani et al., 2009; Ngetich et al., 2012). This model is particularly suitable in conditions of water
scarcity, disadvantaging factor for crop production. Therefore, it suits studies focused on the SSA
region, as it is one of the main water scarcity areas on the Planet (Ngetich et al., 2012). The literature
highlights its accuracy, simplicity and robustness, together with its relatively small number of input
parameters (Farahani et al., 2009; Greaves and Wang, 2016; Wamari et al., 2007).

2.8 Adaptation strategies

Adaptation strategies are manifold and of different natures. For instance, many authors such as Cairns
et al. (2013), Holden and Fisher (2015), Bello et al. (2012) suggest the need for drought-tolerant crop
varieties facing the progressive, and forecast, water limitations. Different authors also propose the
adoption of early or late sowing maize varieties (Holden and Fisher, 2015; MacCarthy et al., 2018;
Dahmardeh, 2012). An adaptation practice can also concern farming practices. Therefore, the
introduction of efficient farming practices is also suggested, even though low education levels of
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smallholder farmers might result in a constraint for their application (Holden and Fisher, 2015).
However, practices aiming at reducing water run-off and evapotranspiration, e.g. residue retention
and mulching, together with adequate artificial irrigation practices are proposed. In addition, since
maize requires determined levels of soil fertility, they can be increased by the adoption of fertilizers
and manure (MacCarthy et al., 2018). Weed management is also mentioned as a relevant part of
management practices (MacCarthy et al., 2018). In this frame, irrigation practices are also suggested.
However, the type of agriculture practiced in the sub-Saharan Africa is still quite traditional in
comparison to the modern agricultural practices. When considering irrigation practices, flood
irrigation methods are employed, since it does not require much economic investment and specific
knowledge (Kori et al., 2017). However, this type of method leads to a higher water wastage.
Therefore, the usage of more modern methods such as the sprinkler and drip methods can improve
irrigation efficiency, even though they present higher costs and maintenance, that smallholder farmers
cannot afford (Kori et al., 2017). Considering the smallholder system that characterizes the SSA, in
a study based in Kenya, Bryan et al. (2013) suggest another practice that fits the setting: agroforestry.
Even though it has been existing for many centuries, only recently it has gained more attention. FAO
(2015) defines it as a dynamic, ecologically based, natural resource management system that, through
the integration of trees on farms and in the agricultural landscape, diversifies and sustains production
for increased social, economic and environmental benefits for land users at all levels. However, as
Bryan et al. (2013) remark, in order for it to work, a minimum level of knowledge and investments
are necessary, together with a solid social network.

3. Material and methods

3.1 Aquacrop

In this study, the crop model AquaCrop version 6.1 developed by FAO is employed. It is retrievable
from http://www.fao.org/aquacrop. AquaCrop is a dynamic model, and it simulates attainable and
actual crop yields as a function of water consumption and of environmental conditions, including
climate change scenarios (Steduto et al., 2012). However, it does not consider the effects of diseases
and pests. Its main functioning is based on the following equation:

B = WP .XTr (1)

where B is the  biomass  produced cumulatively in kg per m?

WP is the water productivity parameter (either in kg of biomass per m? and per mm, or in kg of
biomass per m? of water transpired), and Tr represents the crop transpiration either mm or m? per unit
surface.

The second equation on which AquaCrop is based is represented by:

Y = HI . B )
where Y is the yield, B is biomass and HI is the harvest index, which is the ratio of yield to biomass.
The harvest index modifies the part of biomass that will be harvestable (Steduto et al., 2012).
AquaCrop only accounts for the partitioning of biomass into yield, and not for the partitioning among

the different plant organs. This is due to the high complexity of the partitioning processes, therefore
it avoids possible uncertainties that arise from them (Steduto et al., 2012).
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Hence, AquaCrop’s functions are based on equation (1) and (2), and it is characterized by a set of
model components: climate, crop, soil and management. The model runs on different climate
parameters which can be chosen from maximum and minimum air temperature, evapotranspiration
(ETo) and rain. In addition, each run is fed with CO; concentrations which can be selected according
to different scenarios or external data. AquaCrop can simulate various crops (e.g., potato, maize,
tomato and many more) which have already been calibrated by the FAO developers. The model
includes the crop’s subcomponents such as phenology, canopy cover, rooting depth, crop
transpiration, soil evaporation, biomass production and harvestable yield. When considering the
specific crop parameters, a full or limited set can be selected. Overall, the model can consider the
crop’s development, response to stress such as water stress (e.g., sensitivity or tolerance of canopy
development to water stress), temperature (pollination, crop development and transpiration affected
by heat or cold stress), salinity (tolerance or sensitivity to low or excessive salinity levels and the
crop’s response to it in canopy cover and stomatal closure), and soil fertility (the crop can be sensitive
to it and, if considered, a local calibration can be done). In AquaCrop, it is possible to select the
canopy development and growth in calendar days or growing degree-day (GDD). The GDD principle
considers the crop’s growth in relation to a temperature threshold for which, when above it, the plant
starts growing. Therefore, that “exceeding” number is calculated for the GDD value (Ojeda-
Bustamante et al., 2004). In more simple words, it is the sum of temperature above the specified limit.
In this study, the limit was set at 8°C (GDD8)(Table 1). Therefore, Furthermore, the model can
consider the crop’s growth stages (according to FAO) in relation to calendar days. AquaCrop
considers management practices such as irrigation and field management. In respect to irrigation, it
can simulate both under rain-fed and irrigation conditions. Under management conditions, sprinkler,
surface or drip can be selected, each characterized by a specific time schedule, depth and quality of
the water. Otherwise, AquaCrop can simply simulate with an automatic schedule. In respect to field
management, it is relatively limited to only a few aspects. AquaCrop considers the soil’s fertility for
the crop growth (it can be naturally fertile or induced by fertilization), the mulching of the soil aimed
at reducing soil evaporation, and the use of small dykes to pond water or the control of surface runoff.
The model does not directly simulates fertility effects on crop growth (Steduto et al., 2012). Weed
management is also part of field management options, and its degree can vary (e.g. it can be optimal,
moderate or non-present). In addition, different soil profiles and groundwater values can be selected.
AquaCrop can vertically subdivide the soil up to 5 layers of variable depths. Despite the number of
layers, also called horizon, AquaCrop always accounts for 12 soil compartments.

In parallel, another set of simulations was run using the program Matlab, currently widely employed
in climate impact assessments. It can be used for multiple purposes as it can create models, develop
algorithms and analyze data. In this study, a Matlab script was created and run with the ultimate
purpose to provide detailed information regarding the exceedance of temperature thresholds for maize
growth, as defined in AquaCrop, over the time range 1951-2100 (divided into 30 years-time spans).
Three grid cells, corresponding to the three sites, with specific climate data, as in AquaCrop, such as
temperature, precipitation (in mm), evapotranspiration (in mm/day) and CO: concentration (RCP8.5)
were used as input to the script. In respect to temperature, there were maximum air temperature in °C
(Tmax), minimum air temperature in °C (Tmin), and their mean (Tmean). Different maize growth
parameters are set, and are listed in Table 1.
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Table 1. List of maize growth parameters set.

Maize growth parameters Equation Unit
sowing date Calendar day
base temperature below

which the crop does not Tmean<8§ °C
progress

base temperature above

which the crop does not Tmean>30 °C
progress

minimum temperature

below which pollination Tmin<10 °C

starts to fail (cold stress)

maximum temperature
above which pollination Tmax>40 °C
starts to fail (heat stress)

Growing cycle, set in:
- total length

- from sowing to emergence GDD8=80 GDD
- sowing to flowering GDD8=880
- from sowing to maturity GDD8=1700

The employment of both modelling tools resulted in complementary information. As a matter of fact,
AquaCrop generated outputs in terms of maize yields and biomass. The Matlab script was run to
analyze the occurrence of weather events exceeding important temperature dependent thresholds on
maize development (Table 1). Therefore, the final biomass and yields can be related to the exceedance
of developmental thresholds and general trends in temperature, precipitation and evapotranspiration.
In addition, it is a matter of temporal scale simulation. AquaCrop only simulates for 15 years, each
divided in three time slots thus resulting into the following: 1951-1955, 2015-2019, 2091-2095.
Differently, the simulations run in Matlab are on a longer, and continuous, time scale which covers
from 1951 to 2100. In order to better capture the on-going trends, time periods were of 30 years each
(section 3.2). Therefore, this feature gives a more complete and less fragmented knowledge of the
on-going dynamics.

3.2 Climate data

Both AquaCrop and Matlab were fed by the climate data retrieved from the Coordinated Regional
climate Downscaling Experiment (CORDEX) which involves several meteorological institutes and
equally diverse RCMs (regional climate models) (CORDEX, n.d). This regional climate downscaling
technique is a new experiment promoted by the World Climate Research Program (WCRP). It
presents 14 different regions (domains), and the African domain was selected for this study. For every
domain, the area is covered of grid cells with a spatial resolution of approximately 50x50 km. As a
regional climate model (it can also be called regional climate downscaling), its driving data comes
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from different RCMs which, in turn, retrieve it from different GMCs, and generates simulations for
each selected RCP scenario (Giorgi et al., 2009). Essentially, GCMs can simulate climate change
scenarios on very large scales (Arnell, et al., 2003). Thus, they are suitable for climate projections on
a global scale. However, this feature implies that they are not able to fully capture regional and local
climate variabilities (Paeth et al., 2011). Therefore, RCMs are crucial for local and regional impact
assessments and planning since they are able to simulate on smaller scales (Arnell et al., 2003).
Therefore, this choice suits better this research. An advantage of RCMs is their ability to capture the
principal climatological rainfall features. However, their accuracy depends on the specific model,
season and region (Nikulin et al., 2012; Paeth et al., 2011).

In this study, the climate data was retrieved from the domain AFR44 whose data was obtained by the
RCM RCA4 by SMHI which, in turn, was driven by the GCM CanESM2 (developed by the Canadian
Center for Climate, CCC). Data for temperature, ETo and precipitation was used for the time period
1951-2100. In this study, the simulations were divided into 30 year climate periods: 1951-1980, 1981-
2010, 2011-2040, 2041-2070, 2071-2100. CO; concentrations were distributed from AquaCrop, and
represented the RCP8.5 scenario for the future time period. Three grid cells in Kenya were used,
corresponding to three sites characterized by different climates, biomes and soil profiles (Table 1,
Fig. 1). One site is located on the coast at latitude 3°54'24.19"S and longitude 39°44'59.44"E. The
site situated in the Central area is at latitude 1°24'9.16"S and longitude 37° 3'25.45"E, and at 1635m
of altitude. Last, a site localized in the shrubland of the northern part is at latitude 3°0'23.86"N and
longitude 39° 1'31.32"E.

North

Central
N

A

Legend

Studied s pots

Name

Coast
o

©  Coast

0 75 150 300 Kilometers
ST Y |

Map produced by Alessia Signorelli

Figure 1. Map of Kenya showing the location of the three studied sites.
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3.3 Data treatment and analysis

With AquaCrop, Maize GDD yields and biomass were simulated for both early and late sowing maize
in three sites in Kenya, with and without irrigation and field management practices.

CLIMATE
PARAMETERS

CROP:
MAIZE GDD

SIMULATIONS
FEATURES

Maximum air temperature (Tmax)
Minimum air temperature (Tmin)
Reference evapotranspiration

- Without any irrigation

practice and field Each of the three locations

has a specific soil profile

Sowing date:
-1st of March for Early Maize

. management
R(:i-r:?r«,)lll -1st of August for Late Maize - With irrigation practice and (see Table 2)
CO, (RCP8.5) field management

Figure 2. Diagram showing the conceptual steps for running AquaCrop for each of the three sites and time
periods (1951-1955, 2015-2019, 2091-2095).

The climate parameters were Tmax, Tmin, ETo, rainfall, CO> concentrations according to observed
trends and to the RCP 8.5 scenario. The already calibrated Maize GDD crop was selected, inserting
March 1% as sowing date for early maize, and August 1 for late maize. During its development, the
crop was not under water, temperature, salinity or soil fertility stress. Due to the model limitation of
simulating only year by year, the simulations were run for each of the years ranging from 1951-1955,
2015-2019 and 2091-2095. Two kind of simulations were run. The first one without any kind of
irrigation practices and field management. While the second one had optimal irrigation and field
management conditions. A sprinkler wetting 100% of the surface was employed as irrigation method.
While as field management practices, soil fertility was selected as a not limiting factor for biomass
production, the soil was 100% covered by mulches (derived from organic plant materials), field
surface practices were preventing runoff, and weed management was perfect. The soil profile could
be chosen. ArcMap was employed to detect the exact soil type for each of the three sites. Firstly, the
sites were localized with Google Earth, and the coordinates/points were saved as a kmz file.
Successively, in ArcMap, a shapefile of the country of Kenya was inserted, together with the shapefile
of the soil type according to the FAO (1974) soil classification. The second step represented the
conversion of the kmz file to layer in order to detect precisely which kind of soil characterized each
of the three locations and listed in Table 2.
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Table 2. Data of the coordinates, soil profile and biome of the three locations in Kenya.

Coordinates Soil profile Biome

Coast location ~ Latitude: 3°54'24.19"S | Luvisol ferric (AquaCrop | Tropical,  subtropical

Longitude: 39°44'59.44 | as clay) moist broadleaf  forest
HE

Central area Latitude: ~ 1°24'9.16"S | Vertisol eutric (AquaCrop | Tropical,  subtropical
Longitude: 37° | as sandy clay loam) grassland, savanna,
3'25.45"E shrubland

Northern part Latitude:  3°0'23.86"N | Leptosol lithic (AquaCrop | Desert and Xeric
Longitude: 39° | as sand, low depth) shrubland
1'31.32"E

Each simulation generated various outputs, but only crop development and production were analyzed.
In specific, the analysis concerned the modelled biomass (to/ha) and yield (to/ha). Boxplots were then
produced.

A statistical analysis was performed for both the simulated yield and biomass, and the climatic
forcing's, through a two-way ANOVA test. Essentially, this technique allows to check if the results
are significant (McDonald, 2014). It is based on one dependent variable, and two or more independent
variables. In this case, when the two-way ANOVA test was performed for the AquaCrop output on
biomass, biomass was the dependent variable. The independent variables were represented by the site
(Central, North, Coast), the time period slot (1951-1955, 2015-2019, 2091-2095) and the type (early
or late sowing maize). The same procedure was executed for the AquaCrop yield output. In this case,
yield was the dependent variable, while the just afore mentioned were kept as independent variables.
Another test was performed for harvest DOY (dependent variable), and site, time period slot and type
as independent variables. Furthermore, another two-way ANOVA test was performed for biomass
and yield in relation to the presence or absence of treatments (irrigation practice and field
management). In this case, biomass, in one test, and yield, in a second test, were dependent variables,
while treatment and type (early and late maize) were the independent variables. Furthermore, the two-
way ANOVA test was executed for the average temperature during the early and late maize growth
(Tmeangrowns). As dependent variable, it was tested to check the significance with the type (early
and late maize), time period (1— 1951-1980, 2— 2011-2040, 3— 2071-2099) and site (Central,
North, Coast).

4. Results
4.1 Aquacrop results

4.1.1 Biomass

The results from the AquaCrop model simulations of early maize biomass vary substantially among
the three sites characterized by different bioclimatic conditions under climate change effects (Fig.
3A). The simulations were performed under management effects (irrigation and field management).
The early maize biomass for Central decreases by almost Sto/ha during the future scenario, in respect
to the past simulated trends. For North, they are relatively low and do not show a significant change
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during the different time periods. For Coast, the biomass values are significantly high (around 13
to/ha) for the time periods 1 and 2, and are projected to decrease considerably to less than 10 to/ha
during 2091-2095. Decreases in early maize biomass, without management effects, are projected in
the future scenario for each site (Fig. 3B). In Central, from an initial average value of around 5 to/ha,
an increase is visible for the middle period (2015-2019), while a decrease is projected during the third
time period. Similarly to the results for North in Fig. 3A, the overall biomass in North, without any
kind of treatment, results quite low (< 5 to/ha) for the three time periods. In respect to Coast, the
average biomass decreases from the initial high value (around 12 to/ha) of 3.1 to 3.3, when the value
is projected to drop under 10 to/ha. Slight early maize biomass increases are notable for the
simulations with treatment (Fig. 3A) in respect to the early maize simulations without (Fig. 3B). The
most evident are for sites 1.1 and 1.2 (Fig. 3A), which have higher values in respect to the sites 1.1
and 1.2 (Fig. 3B). Site 2.1 (Fig. 3A) has higher values than site 2.1 (Fig. 3B). However, overall, for
the remaining sites, there is not a remarkable difference in biomass values under or without treatment.

The results from the AquaCrop model simulations of late maize biomass vary substantially among
the three sites characterized by different bioclimatic conditions, under climate change effects (Fig.
3C). The simulations were performed under management effects (irrigation and field management).
For Central, biomass decreases substantially from the time period 1 to time period 2. It is projected
to slightly increase during time period 3, but not reaching the simulated values from time period 1.
In North, a progressive biomass increase occurs and is projected over the three time periods. The
maximum value is projected to reach 5 to/ha. In respect to Coast, an elevated biomass of around 17
to/ha is simulated for time period 1. The value drops under 15 to/ha for time period 2, and is projected
to increase of just a few to/ha in time period 3. Decreases in late maize biomass, without management
effects, are projected in the future scenario for each site (Fig. 3D). For Central, from a 10 to/ha
biomass, a decrease occurs during the time period 2015-2019, and is projected to rise for the last time
period with a similar value as the initial one. For North, a progressive increase occurs in time period
1 and 2, and is projected for time period 3. Coast shows an initial final biomass average of around 16
to/ha for the first time period. A significant drop characterizes the second time period, while a slight
increase is projected in time period 3. Overall, there is not a significant difference in the biomass for
the simulations under and without treatment. However, more in detail, a small increase can be noticed
for site 1.1 (Fig. 3C) in respect to site 1.1 (Fig. 3D), and for site 3.1 (Fig. 3C) to site 3.1 (Fig. 3D).

Late maize has significantly higher biomass than early maize (Table 3). Furthermore, the biomass
changed significantly with site differences, where the highest biomass was found in the Coast site
and the lowest in the North site (Table 3, Fig. 3). Time period (Table 3) nor treatment (Table 4) had
a significant effect on the simulated biomass.
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Figure 3. The boxes show first quartile, median and third quartile, and the whiskers (also called inner fences)
show maximum and minimum. The outliers are identified with a circle, when they are not within the inner
fences, and with a star, when they are extreme outliers and represent values which are triple the box’s height.
A) Boxplots of early maize with irrigation and field management. B) Boxplots of early maize without irrigation
and field management. C) Boxplots of late maize with irrigation and field management. D) Boxplots of late
maize without irrigation and field management. On the x axis, the three chosen sites, 1 corresponds to Central,
2 to North and 3 to Coast, simulated for three time periods (.1 — 1951-1955, .2 — 2015-2019, .3 — 2091-
2095, future projections under the RCP8.5 scenario). On the y axis, biomass values expressed in to/ha.
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Table 3. Two-way Anova test for biomass, yield and harvest DOY (as dependent variables) against type (early
and late maize), site (Central, North, Coast) and time period (1951-1955, 2015-2019, 2091-2095)(all three as
independent variables). The numbers represent the F value.

Type Site Time period
Biomass 7.21 ** 8.37 ** 0.55 ns
Yield 2.21 ns 9.61 ** 2.57 ns
Harvest DOY 1152 #** 1.52 ns 6.70 *

Note: Significances are indicated by the following key: * p < .05, **p <.01, ***p < .001, ns = not significant.

Table 4. Two-way Anova test for biomass and yield (as dependent variables) against treatment (irrigation and
field management), type (early and late maize) and the combination of treatment and type (all three as
independent variables). The numbers represent the F value.

Treatment Type Treatment x Type
Biomass 1.14 ns 12.8 *** 0.01 ns
Yield 0.4 ns 2.6 ns 0.08 ns

Note: Significances are indicated by the following key: * p < .05, **p < .01, ***p < .001, ns = not significant.

4.1.2 Yields

The early maize yield for each site varies substantially during the three time periods under treatment
conditions (Fig. 4A). In respect to Central, from a 1 to/ha yield average for the first period, there is a
> 4 to/ha increase, and a projected final drop to < 1 to/ha in time period 3. All three periods for North
show a yield value of 0. For Coast, from an average value of 4 to/ha, an increase occurs during the
time range 2015-2019, and is projected to terminate with the same initial value for time period 3. The
early maize yield simulated without treatment changes in each site, and under different time periods
(Fig. 4B). Central shows a yield value under 2 to/ha during the three time ranges, with a slight increase
from time 1 to time 2, and a projected drop in time 3, which corresponds to a future climate scenario
characterized by higher temperatures (see Fig. 12). North has yield value of 0 over the three time
ranges, while Coast shows a significant variability. During time period 1, the average yield reaches 8
to/ha, and it drastically drops to around 2 to/ha during the time period 2015-2019. A small increase
to almost 4 to/ha is projected for time period 3. Overall, average yields under treatment are higher
than average yields under treatment, for each of the three sites and time periods.

The late maize yield for each site varies substantially during the three time periods under treatment
conditions (Fig. 4C). A significant average value is found in Central for the first time period, even
though a drastic drop occurs in the time period 2. For the years 2091-2095, the late maize yield is
projected to be lower than 2 to/ha. For North, in each time period, the average yield value corresponds
to 0. In respect to Coast, initially the average yield is slightly beyond 8 to/ha, and it decreases during
the time period 2 to less than 4 to/ha. Time period 3 is projected to produce a 4 to/ha yield. The late
maize yield for each site varies substantially during the three time periods without any kind treatment
conditions (Fig. 4D). Central is characterized by an initial, relatively low average yield of around 5
to/ha. A drop in terms of quantity occurs during time period 2, when the average value reaches almost
1 to/ha. A slight increase, but still lower than 2 to/ha, is projected during time period 3. North does
not show any final yield over the three time periods. Coast, with an initial average value of around 8
to/ha for the first time period, reaches and is projected to reach respectively for time period 2 and 3,
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around 2 and 3 to/ha. Late maize yields resulting from non-included and included treatment do not
seem to differ significantly (Fig. 4C/D).

Overall, a higher yield production can be observed for late maize in respect to early maize for all the
three sites (Table 3), even though the statistical analysis does not show a significant correlation
between type and yield due to the model simulation of one site (North) resulting in almost no yield
production. The site differences have a significant impact on yield (Table 3). Neither treatment nor
time period are significant for yield (Table 3 and 4).
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Figure 4. The boxes show first quartile, median and third quartile, and the whiskers (also called inner fences)
show maximum and minimum. The outliers are identified with a circle, when they are not within the inner
fences, and with a star, when they are extreme outliers and represent values which are triple the box’s height.
A) Boxplots of early maize with irrigation and field management. B) Boxplots of early maize without irrigation
and field management. C) Boxplots of late maize with irrigation and field management. D) Boxplots of late
maize without irrigation and field management. On the x axis, the three chosen sites, 1 corresponds to Central,
2 to North and 3 to Coast, simulated for three time periods (.1 — 1951-1955, .2 — 2015-2019, .3 — 2091-
2095, future projections under the RCP8.5 scenario). On the y axis, yield values expressed in to/ha.
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4.2 Maize response to temperature, evapotranspiration and precipitation

The number of days with temperature above 30°C during early and late maize growth is projected to
gradually increase under the RCP8.5 scenario for North and Coast (Fig. 5). In North, a progressive
increase of heat days is simulated during early maize growth. During late maize growth, a slight
increase is projected from the year 2087. Central does not show any trend, while Coast shows a
progressive increase for early maize from around 2010. During late maize, only a very small increase
is visible in the last time period. The number of days below 8°C during early and maize growth are
none. Therefore, it does not result significant (Appendix, Fig. Al).

Develop Heat
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Figure 5. Number of days with temperature above 30°C during early (blue line) and late (orange line) maize
growth for each year ranging from 1951 to 2100 under the RCP8.5 scenario. The first graph represents the
North site, the second graph the Central site and the third one, the Coast site.

The day of the year (DOY) during which the flowering and maturity stage starts for early and late
maize is projected to vary during the years (Fig. 6). In respect to early maize (blue line), in all the
simulated sites, the start flowering day is projected to progressively begin a few days earlier as years
advance. This earlier-trend is particularly pronounced for Central, in which early maize’s flowering
stage is projected to start almost 20 days earlier compared to the initial starting date. The same trend
is observed for late maize in all sites, with the Central being the one with the most accentuated early-
start flowering trend (around 20 days earlier compared to the initial starting date).

The maturity stage is projected to be reached earlier by both early and late maize. Considering early
maize, North shows a very slight change for which maturity starts earlier. By 2100, it is projected to
start around 5 to 6 days earlier. The variation is more pronounced for Central, representing a 40 days
earlier start by 2100, while in Coast is projected to be almost unvaried (just a few days difference by
2100). In respect to late maize, it varies its maturity day by 2 to 3 days in the first location. In Central,
it is projected to reach around a 30 days early maturity start by 2100 in comparison to 2050. Coast
shows a 10 days early maturity start by 2100.
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Figure 6. Day of the year (DOY) during which the flowering stage (dotted line) and maturity (continued line)
starts for early (blue line) and late (red line) maize, for each year ranging from 1951 to 2100 under the RCP8.5
scenario. The first graph represents the North site, the second graph the Central site and the third one, the
Coast site.

Evapotranspiration trends during early and late maize growth (from sowing to maturity) in each site
are not projected to vary substantially (Fig. 7). All sites show a continuous, steady intervariability of
values during a future climate change scenario.
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Figure 7. Evapotranspiration (in mm) trends during early (blue line) and late (orange line) maize growth
(from sowing to maturity), for each year ranging from 1951 to 2100 under RCP8.5 scenario. The first graph
represents the North site, the second graph the Central site and the third one, the Coast site.

Precipitation trends during early and late maize growth (from sowing to maturity) are projected to
vary during a future climate scenario (Fig. 8). Overall, the rainfall trends do not substantially vary
during early and late maize growth for North and Coast. However, during both early and late maize
growth, a visible, progressive precipitation decrease is observed from the year 2000 and projected to
continuously decrease until 2100 in Central.
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Figure 8. Rainfall (in mm) trends during early (blue line) and late (orange line) maize growth (from sowing
to maturity), for each year ranging from 1951 to 2100 under RCP8.5 scenario. The first graph represents the
North site, the second graph the Central site and the third one, the Coast site.

A few days are projected to be above 40°C during the crop’s flowering (Fig. 9A). During late maize
growth, none are projected, while during early maize growth a few are projected only in two sites.
The North is projected to have a few days above 40°C between 2094 and 2098. Coast is projected to
have a few days above 40°C during flowering between 2092 and 2094. Days below a 10°C air
temperature during the crop’s flowering, in early and late maize growth, are only projected in Central
(Fig. 9B). Both early and late do not encounter any in North and Coast. In Central, during early maize
growth, days below 10°C have been observed during flowering from 1951, and are projected in
climate future scenarios until 2047. Afterwards, they are only projected to single years. In respect to
late maize, a high variability of cold days (below 10°C) have been observed from 1951, and are
projected to stop by 2041.
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Figure 9. A) Days during which the air temperature is above 40°C (condition for which pollination starts to
fail due to heat stress) during the crop’s flowering, in early (blue line) and late (orange line) maize growth,
for each year ranging from 1951 to 2100 under RCP8.5 scenario. The first graph represents the North site,
the second graph the Central site and the third one, the Coast site. B) Days during which the air temperature
is below 10°C (condition for which pollination starts to fail due to cold stress) during the crop’s flowering, in
early (blue line) and late (orange line) maize growth, for each year ranging from 1951 to 2100 under RCP8.5
scenario. The first graph represents the North site, the second graph the Central site and the third one, the
Coast site.

Temperature (in °C) during the entire growing cycle of early and late maize is projected to increase
in a future climate scenario, in all sites (Fig. 10). Temperature values differ during the respective
growth of early and late maize since they are planted in two different periods. In North, temperature
is projected to increase by 4°C during both early and late maize growth by 2100. In respect to Central,
temperature during both early and late simulations does not highly differ, only by 1°C or so. However,
from 2030, it is projected to progressively increase by 5°C until 2100. Looking at Coast, a progressive
temperature increase is projected during both early and late maize growth. For early maize, it is
projected to increase by almost 3°C by 2100. It will reach almost 30°C. Considering late maize, a
3°C increase is projected, by reaching an average temperature of 27°C by 2100.
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Figure 10. Temperature (in °C) during the growing period of early (blue line) and late (orange line) maize
(from sowing to maturity), for each year ranging from 1951 to 2100 under RCP8.5 scenario. The first graph
represents the North site, the second graph the Central site and the third one, the Coast site.

Temperatures during the entire maize growing cycle are projected to increase during the last time
period, with type being highly significant (Table 4). Only three time periods were considered for the
statistical analysis: 1951-1980, 2011-2040, 2071-2099. Time period has in fact a highly significant
impact on temperature as it resulted from the ANOVA test (Table 5). The site has also a high
significant impact on temperature, together with its interaction with type (Table 5).

Table 5. Two-way Anova test for Tmeangrowns (as dependent variables) against type (early and late), time
period (each of 30 years, 1 comprehends 1951-1980, 2 comprehends 2011-2040, 3 comprehends 2071-2099),
site (Central, North, Coast) and the interaction of type and site, all four as independent variables (non-
significant interactions not shown). The numbers represent the F value.

Type Time period Site Type x Site

Tmeangrowns 180.93 *** 136.97 *** 1991.23 *** 72,85 ***

Note: Significances are indicated by the following key: * p < .05, **p < .01, ***p < .001, ns = not significant.
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5 Discussion

5.1 Key findings

The results showed a relatively high late maize yield production, both under and without irrigation
and field management, in a future climate change scenario. Early maize yields are projected to
decrease in a future climate change scenario. In addition, during early and late maize growth,
temperatures were projected to increase by 4°C in all three sites, whereas precipitation were
projected to decrease only in the Central site. Evapotranspiration trends did not show any trend.
Early and late maize flowering and maturity stages were projected to start earlier in a warmer
climate, together with a higher number of days exceeding the developmental threshold of 30°C
during early and late maize growth. Furthermore, during early maize flowering, days during which
the air temperature is above 40°C are projected in Coast and North. Only in Central, days during
which the air temperature in current climate is below 10°C during early and late maize flowering
are projected to progressively decrease and disappear in a climate change scenario.

5.2 Kenya case

In Kenya, agriculture is mainly rain-fed and, consequently, is very dependent on precipitations.
Kenya is characterized by two rainy seasons: from March to June (long), and from October to January
(short). However, the precipitation amounts differ from area to area as reported by Amissah-Arthur
et al. (2002). In fact, the highest are in the highlands in the western part, and the lowest in the northern
and southern lowlands. Since rainfall amounts can be very low, and this condition can persist on a
continuous temporal scale, these areas are the most subjected to droughts. The coastal zone is
characterized by high precipitation amounts (Amissah-Arthur et al., 2002). In agricultural terms, these
conditions get translated into favorable, and not, locations for agricultural production. Hence, the
highlands and coastal zone are the areas with the highest cropping production and population rate.
While the arid and semi-arid northern and southern regions are not suitable for agricultural
cultivation. Therefore, the literature supports the results obtained which show the highest observed
and projected yield production in Coast, and the lowest in the North (Fig. 4). However, the results for
Central do not project as high yields as expected according to the literature. In this site, a progressive
rainfall decrease is projected in a future climate change scenario (Fig. 8), accompanied with a
decrease in biomass growth and yield production (Fig. 3 and 4). Similarly, Waha et al. (2013)
observed maize yield reductions due to lower precipitation rates. Therefore, decreased rainfall can be
an explanation, and cause, of lower maize yield (Fig. 4).

The North site encounters for biomass growth (Fig. 3), but not for yield production (Fig.4). The reason
lies within its location. It is an area not suitable for agricultural production as Amissah-Arthur et al.
(2002) also report.

Precipitation trends present a very high interannual variability induced by the so-called ENSO
phenomenon. The large variation among years in biomass and yields explains the outliers (Fig. 3 and
4). It is characterized by a dual nature of events, el Nifio (warming) and la Nifa (cooling). With a 2
to 7 years occurrence, it initially takes place on the Peruvian coast with a water surface warming.
However, from a local phenomenon, its impacts extend worldwide (Rojas et al, 2014). As literature
supports, el Nifio and la Nifia cause major impacts in Kenya, which manifest through droughts and
heavy rainfall, resulting in agricultural losses (Rojas et al, 2014; OCHA, 2016). However, a study by
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Amissah-Arthur et al. (2002) shows that the impacts of the ENSO phenomenon vary from area to
area in Kenya which induces a high variability and, at times, can represent a source of uncertainty.

Evapotranspiration is also a relevant aspect for maize growth (Djaman et al., 2013). It is the
combination of the water that evaporates from the soil (evaporation) and from the crop (transpiration)
(Blanc, 2012). Adequate levels of evapotranspiration result in high maize yields (Djaman et al.,
2013). Evapotranspiration values show a high variability (Fig. 7), which is a typical feature of the
region (Seneviratneet al., 2010). In this study, the results for the modelled evapotranspiration levels
during early and late maize growing cycle do not show substantial present, and future, trends or
possible changes (Fig. 7). However, it can be said that Central, located at 1635m of altitude, shows
lower values in respect to the other two sites. This is related to an elevation factor since, according to
Fisher et al. (2015), evapotranspiration and, consequently, moisture stress, have the tendency to be
higher at low altitudes. Therefore, they suggest the adoption of drought tolerant varieties at low
altitudes, and of non drought-tolerant varieties at higher elevations. Furthermore, an interesting aspect
related to the Central site and elevation can be observed in Fig. 9. The North and Coast site are at low
altitude which might be the reason for which days below 10°C during the early and late maize
flowering stage have not been observed and projected (Fig. 9B), while days above 40°C during a
future climate change scenario have been simulated during early maize flowering (Fig. 9A). On the
other hand, the Central site is at 1635m, possible reason for which a significant number of days below
10°C during the early and late maize flowering stage (Fig. 9B) have been observed. A future trend
shows their progressive decrease until their disappearance during a climate future scenario dominated
by higher temperatures (Fig. 8).

Temperatures during early and late maize growth are projected to rise by around 4°C under the
RCP8.5 scenario (Fig. 8), resulting in lower maize yields (Fig. 4). By comparing the average each
site’s final (both early and late) maize yield under the past and current scenarios to future projections,
yields are evidently lower (Fig. 4) as well as biomass growth (Fig. 3). Anyhow, many studies, such
as by Thornton et al. (2011) and Lobell et al. (2011), have shown maize yields decreases caused by
higher temperatures. During early maize growth, temperatures are projected to reach 30°C in the
North and Coast sites, conditions that challenge the crop’s growth. In fact, even if maize as a plant
can bear warm temperatures, 30°C represent the threshold for which, if crossed, production starts
decreasing (Lobell et al., 2011). Another significant aspect is related to the start flowering and
maturity DOY. As temperatures are projected to progressively increase, early and late maize
flowering and maturity stages will be reached earlier (Fig. 6). Therefore, a higher amount of hot days
during maize growth are projected to occur in a future climate change scenario, especially during
early maize growth (Fig. 5). However, this trend seems to affect only the North and the Coast sites.

Temperature and precipitations can also be analyzed as a combined effect as many other studies have
done. In this regard, Cairns et al. (2012) observed a negative maize growth and production induced
by the coupled increased temperature and decreased rainfall. Therefore, this theory can prove the
projected lower maize yields of this current study (Fig. 4) in combination to higher projected
temperatures (Fig. 10) and decreased precipitation (Fig. 8) for the Central site. However, this
explanation cannot be applied for the other two sites since they do not show significant future
precipitation variations (Fig. 8), but only in terms of temperature (Fig. 10).

Studies have identified suitable soil profiles for maize growth (Du Plessis, 2003; FAO, n.d.).
Considering the three sites and biomass growth (Fig. 3), the highest production occurred and is
projected to occur in the Coast site whose soil texture is clay. If not too dense, it can represent a
suitable soil type for maize growth (Du Plessis, 2003). According to Du Plessis (2003), the soil profile
of sandy clay loam is one of the most adequate for maize growth. It characterizes the Central site, in
which a relatively high maize growth has been observed and projected, but not as high as the Coast
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site (Fig. 3). The North site is covered by a low depth, sandy soil, feature that does not suit particularly
maize growth according to Du Plessis (2003), and therefore results quite low in comparison to the
other two sites (Fig. 3). According to the soil classification by FAO-Unesco (1974), the leptosol lithic
type, which characterizes the North site, often contains relevant quantities of gravel. This feature
negatively affects the maize’s root development in the soil and, therefore, its overall development
(Grewal et al., 1984). Furthermore, as Grewal et al. (1984) observed, gravels lead to a lower soil
nutrient’s content and water holding ability, which resulted in reduced rainfed maize yields.

Generally, irrigation systems and field management of different types are employed in the agricultural
sector to enhance yield production. However, due to the lack of education and economic funds, they
are rarely employed in the sub-Saharan Africa agriculture which is mainly rain-fed (Folberth et al.,
2013). In this study, two types of simulations were run with and without treatment (irrigation and
field management). Undoubtedly, the runs with treatment showed higher biomass values than the
ones without (Fig. 3), but not of a significance difference. There is not a proper explanation for this
since the literature highly supports irrigation measurements and field management, and observes
positive yield enhancements (Bryan et al., 2013; Cairns et al., 2013). In a study, Mukhtar Iderawumi
and Friday (2018) obtained successful results from employing weed management. However, this
result suggests a higher maize production dependency on temperature rather than on precipitation.
Otherwise, improved irrigation would have resulted in significantly higher maize yields.

5.3 Model limitation and improvements

Overall, AquaCrop is highlighted for its robustness and accuracy (Greaves and Wang, 2016). The
crop model is relatively simple and intuitive. According to Ngetich et al. (2012), AquaCrop is very
suitable for simulations in the SSA facing climate change scenarios, and for the formulation of
adaptation strategies and management practices. This is enabled by its feature to simulate under
irrigation and field management conditions, which allows the comparison of final yields with or
without any kind of treatment. AquaCrop is suitable for the simulation of data directly collected from
the field since it offers the possibility to insert very specific soil and crop features. However, in this
study, a relevant limitation has been observed. Even though the literature does not provide any
information about it, the 6.1 version of AquaCrop only simulates year by year. Thus, this feature
makes it difficult to provide a complete overview of maize production in the long-run under climate
change scenarios. Surely, a significant improvement could be done by enlarging the model’s ability
to simulate on a longer temporal scale. In fact, it is not too optimal to run manually, each at a time,
all the simulations.

In addition, as another future improvement for this study, land cover and land use changes (LCLUC)
should be included in the modelling frame. According to Moore et al. (2014), precipitation trends in
East Africa are found to be influenced by LCLUC. Human induced changes in biophysical surface
properties have impacts and cause alterations on different metereological scales. In this frame, it is
significant to note this in relation the long-rain season. As a matter of fact, its alterations have been
found to be partly induced by LCLUC (Moore et al., 2014). Therefore, according to Moore et al.
(2014), LCLUC should not be excluded from agricultural projections, and can help in a more
complete understanding of climate change impacts. However, due to their large spatial resolutions,
GCMs are not able to capture this factor, while only some RCMs are able to since they operate on
finer scales (Moore et al., 2014; Niu et al., 2018; Paeth et al., 2011).
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5.4 Model support and food security

Despite high interannual variabilities, this study is enough to develop an impact assessment for
future effects derived from climate change on agriculture. A projected future scenario dominated by
higher temperatures and projected lower maize yields, at least for the early variety, will most likely
lead to certain social implications. Even though there are manifold, this study only considers two.

Climate change is likely to lead to migrations (Barrios et al., 2006). Considering the future adverse
effects of climate change on agriculture, and considering that most of the agricultural activities take
place in rural areas, migrations towards urban areas are projected to occur on a higher frequency.
Urban areas offer job positions in many other sectors beyond agriculture, therefore they represent a
safer, and more attractive, choice (Marchiori et al., 2012). In addition, according to Marchiori et al.
(2012), this step would lead to a second migration, outside of the country borders. Two dynamics
are specific of the SSA urbanization trend. Currently, a significant fraction of the land is being
converted for urban purposes, and the urbanization trend which takes place in the SSA results very
chaotic (Moore et al., 2014; Myers and Murray, 2006). Therefore, considering these features, and a
projected migration rate increase, adaptation strategies that can maintain a sufficient agricultural
production are fundamental. In this way, a continuous, and higher, rural-urban migration could be
mitigated.

Furthermore, considering the projected yield trends, food security will be adversely affected.
However, in order to obtain a more complete assessment, information regarding the actual social
side should be considered. For instance, how many people there are, and the age categories. How
much food is actually needed in terms of quantity. How the political setting is, if the area is under
conflict or not. The basic concept behind guaranteeing food security is that it needs to assure
sufficient food and, especially, adequate nutrition which is at the base for a good health condition.
The definition of food security (see section 2.2) includes its basic, four dimensions of availability,
stability, access, and utilization (Schmidhuber and Tubiello, 2007). Briefly, the first refers to food
availability, and its subdimensions of agro-climate and socio-economic factors on which
agricultural production depends on. Stability refers to the singular person who is at an elevated risk
of losing, either for a limited time or permanently, the resource to access to sufficient food. The
access dimension is related to the actual access to a mean which can guarantee the acquisition of
nutritious food (Schmidhuber and Tubiello, 2007). The last dimension comprehends all the aspects
of nutrition. Therefore, not only in terms of quantity, but also quality of what the product contains
and how is made from/with. There can be a sufficient amount of food, but if the quality is
inadequate and affects the individual’s health, then it is counter-productive. This brief excursus
shows the complexity behind food security. This concept encompasses many spheres. Therefore,
when considering food security, an interdisciplinary approach is needed.

5.5 Adaptation strategy

The results from this study show higher yields for the late maize variety, based on the sowing date,
in comparison to the early maize variety (Fig. 4). Therefore, in a future climate change scenario, late
planting maize varieties are more suitable for adaptation strategies in the three studied sites since they
guarantee a relatively high yield production. However, the most suitable maize variety as adaptation
strategy is highly dependent on the specific location for which it is addressed. In fact, the factors of
temperature and precipitation need to be considered, and affect the choice of the variety. For this
reason, the literature suggests both early and late maize varieties, both on a genetic and sowing date
perspective, as possible adaptation strategy. For instance, Bello et al. (2012) propose early drought
tolerant maize in opposition to late maize types. MacCarthy et al. (2018) observed lower yields due
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to the late maize planting. On the other hand, the literature also recommends late maize varieties
(based on genetics, sowing date, or both) as adaptation strategies. In a study, Amissah-Arthur et al.
(2002) suggested late planting (October) in Kenya. Another study set in Kenya by Wamari et al.
(2007) suggests planting in May and June to enhance crop yields. It needs to be remarked that
education is also essential when a new variety is introduced. For instance, a significant number of
farmers in Kenya started employing early maize types after receiving an adequate level of on-topic
education, with positive results (Mabonga, 2017). Differently, if the farmer does not know specific
information regarding its planting and growth, the outcome will be negative (Opiyo et al., 2015). An
adequate political, economic and social asset can facilitate the introduction of new varieties.
Economic funds are especially significant since maize varieties are can be produced through genetic
processing (Opiyo et al., 2015). However, varieties can also only depend on their sowing date.

6 Conclusion

This study was conducted to assess the effect of climate change on agriculture in the SSA using
Kenya as a case study. Fur this purpose, the crop model AquaCrop, developed by FAO, was employed
to model early and late sowing maize varieties under climate change scenario (RCP8.5) for the three
time periods 1951-1955, 2015-2019, 2091-2095. The runs were executed both with and without
treatment (irrigation and field management). Final modelled biomass and yield were obtained as
result. In parallel, important temperature-dependent maize development thresholds were specifically
analyzed. The results from AquaCrop showed lower early maize yields in a future climate change
scenario, and relatively higher late maize yields. Nevertheless, a statistical test was performed and
did not show a significant correlation between type (variety) and yield, but did show a significance
for biomass and type (variety). This was due to the model simulation of one site (North) resulting in
almost no yield production. Despite high interannual variabilities, AquaCrop model simulations
covering 5 years are considered sufficient to develop an impact assessment for future effects derived
from climate change on agriculture. However, as future improvement, enlarging the AquaCrop
temporal simulation scale would be suitable, considering that the version 6.1 can only simulate year-
by-year. In addition, for future studies, land cover and land use changes (LCLUC) should be included
in the employed RCM, and by which the AquaCrop model would be forced with.
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Figure Al. Number of days below 8°C during early (blue line) and late (orange line) maize growth
for each year ranging from 1951 to 2100 under RCP8.5 scenario. The first graph represents the
North site, the second graph the Central site and the third one, the Coast site. The two lines overlap
since during both early and late maize growth days below 8°C are not projected to occur.
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