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Abstract
This thesis explores how climate-smart technologies (CSTs) can enhance the resilience of dryland

agricultural systems in Senegal, improving sustainability, productivity, and smallholder farmer
incomes. It aims to generate science-based knowledge on climate-smart management practices for
pearl millet production in Sub-Saharan Africa through experimentation, modeling, and
participatory extension approaches (PREA). The study focuses on four key areas: first, examining
the role of socioeconomic and institutional support in shaping community responses across three
climate zones in Senegal; second, assessing the performance of micro-dosing fertilization
strategies and plant populations on pearl millet production; third, evaluating the DSSAT model’s
ability to simulate the response of millet varieties to these strategies; and fourth, predicting millet
yields under different fertilization and planting densities scenarios in Senegal’s agroecological
zones (AEZs) under current and future climate. Results show that most farmers recognize climate
threats, with significant impacts from seasonal rainfall deficits (72%), delayed rainfall onset
(88%), frequent dry spells (68%), and prolonged droughts (76%). Key drivers of CST adoption
include access to credit, extension services, government subsidies, and advisor interactions,
providing valuable insights for resilience-building strategies. The findings highlight that organo-
mineral micro-dosing fertilizer (combining Senegal’s recommended mineral rate with 2.5 tons of
organic manure), improved plant populations (25,000 hills/ha), and dual-purpose millet varieties
consistently enhance yields across study areas. Long-term simulations confirmed these
parameters’ effectiveness under both current and future climates. The CERES-Millet model
accurately simulated four millet cultivars (Souna 3, SL 28, SL 423, and Thialack-2) with
acceptable statistical index values. Future climate projection showed a decrease in rainfall across
AEZs (up to 25%) and an increase in minimum and maximum temperatures for the mid-century.
The results emphasized that using Senegal's recommended mineral fertilizer rate alone is more
sensitive to future climate change, with yield declines ranging from 4% to 16% under SSP2—4.5
and from 8% to 33% under SSP5-8.5 by mid-century compared to organo-mineral doses. Higher
planting densities were less sensitive to adverse climate impacts, demonstrating improved resource
use efficiency and water retention compared to low-density practices, which exhibited a higher
yield decline. Simulations indicate 6-17% vyield increases compared to local varieties under
various climate projections across AEZs. The effectiveness of interventions varies spatially, with

northern regions showing higher vulnerability. Dual-purpose varieties, while effective under
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current conditions, are expected to decline by 1% to 13% under SSP2-4.5 and 6% to 27% under
SSP5-8.5 in the future. These findings underscore the role of integrated soil fertility management
(ISFM) and optimal plant density in mitigating climate effects. Smallholder farmers could adopt
ISFM to enhance organic manure application combined with mineral fertilizers for sustainable
productivity. This study highlights the importance of integrating high-resolution climate

projections with agronomic modeling to guide adaptation strategies.

Keywords: Climate change, modeling, climate-smart practices, Pearl millet, micro-dosing, Sub-

Saharan Africa, smallholder farmers
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Résumé
Cette thése explore le renforcement de la résilience des systéemes agricoles semi-arides du Sénégal

face au changement climatique en améliorant la durabilité, la productivité et les revenus des petits
exploitants grace aux technologies climato-intelligentes. Elle vise a fournir des connaissances
scientifiques sur les pratiques adaptées a la production de mil et aux systémes d’utilisation des
terres en Afrique subsaharienne, en combinant expérimentation, modélisation et vulgarisation
participative. L’étude s’articule autour de quatre axes : (i) 1’analyse du role du soutien socio-
économique et institutionnel dans les réponses des communautés aux changements climatiques,
(i1) ’évaluation de I’efficacité des stratégies de fertilisation par microdosage et des densités de
plantation sur la production de mil, (iii) la calibration du modéle CERES-Millet de DSSAT pour
simuler la réponse des variétés a ces stratégies, et (iv) la prédiction des rendements sous différents
scénarios climatiques et pratiques culturales. Les résultats montrent que la majorité des
agriculteurs percoivent les menaces climatiques, avec des impacts majeurs tels que les déficits
pluviométriques (72 %), le retard des pluies (88 %) et les sécheresses fréquentes (68 %) et
prolongées (76 %). L adoption des technologies intelligentes est facilitée par I’acces au crédit, les
services de vulgarisation, les subventions et les interactions avec les agents agricoles, fournissant
des pistes pour renforcer la résilience des communautés. La fertilisation organo-minérale
combinant une dose minérale recommandée avec 2,5 t/ha de fumier organique, des densités
optimales de 25 000 plants/ha et I’usage de variétés a double usage améliore systématiquement les
rendements. Les simulations a long terme confirment I’efficacité de ces parametres sous les climats
actuels et futurs. Le modéle CERES-Millet simule avec précision les performances des variétés
Souna 3, SL 28, SL 423 et Thialack 2. Les projections climatiques indiquent une baisse des
précipitations pouvant atteindre 25 % et une hausse des températures d’ici 2069. L’utilisation seule
de la fertilisation minérale est plus vulnérable aux changements climatiques, entrainant des pertes
de rendement de 4 a 16 % sous SSP2-4.5 et de 8 a 33 % sous SSP5-8.5. En revanche, les stratégies
organo-minérales offrent une meilleure résilience. Une densité de plantation élevée améliore
I’efficacité de 1’utilisation des ressources et la rétention d’eau, atténuant ainsi les effets du climat.
Les variétés améliorées affichent des gains de rendement de 6 a 17 % selon les projections, mais
leur efficacité varie selon les régions, le nord étant plus vulnérable. Les variétés a double usage
pourraient voir leurs rendements diminuer de 1 a 13 % sous SSP2-4.5 et de 6 a 27 % sous SSP5-

8.5. Ces résultats soulignent I’importance de la gestion intégrée de la fertilité des sols et des
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densités de plantation optimales pour atténuer les impacts climatiques. Enfin, cette étude met en
évidence la nécessité d’intégrer des projections climatiques a haute résolution et la modélisation
agronomique pour guider efficacement les stratégies d’adaptation.

Mots-clés : Changement climatique, modélisation, pratiques climato-intelligentes, mil,

microdosage, Afrique subsaharienne, petits exploitants agricoles
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CHAPTER ONE: INTRODUCTION

1.1. Problem or Justification

The effects of past climate trends on crop production are evident across several regions of the
world (Freduah et al., 2019), with negative impacts being more prevalent than positive ones.
Evidence shows that climate change has already adversely affected crop yields (Adiku et al., 2015;
Akinseye et al., 2024), with many regions experiencing adverse effects such as rising temperatures,
increased temperature variability, changes in precipitation patterns, more frequent dry spells and
droughts, intensified extreme weather events, rising sea levels, and the salinization of arable land
and freshwater (FAO, 2016; IPCC, 2021).

Building on this global perspective, Sub-Saharan Africa (SSA), including countries like Senegal,
is particularly vulnerable (Sultan et al., 2023). Specifically, Senegal faces high climate variability
and unpredictable rainfall patterns (Araya et al., 2022). The country’s agricultural sector is heavily
reliant on climate-sensitive activities, which, combined with frequent food shortages, water
scarcity, rapid population growth, and limited resources for climate adaptation, exacerbate the
challenges faced by farmers (Perez et al., 2015). Moreover, crop yields are expected to decline in
areas already experiencing food insecurity (IPCC, 2014). This report presents projections of
changes in crop yields due to climate change over the 21st century, emphasizing the detrimental

impact on rural livelihoods.

In these regions, agriculture depends heavily on rainfed and smallholder farming systems with
limited access to critical resources such as fertilizers, herbicides, machinery, and irrigation
technologies (Haile, 2005; Hansen et al., 2019; Muzari et al., 2012; Namatsheve et al., 2020;
Waongo et al., 2015). The adverse effects of climate change on agricultural production and
livelihoods are anticipated to intensify and vary across different countries and regions (IPCC,
2021). In SSA, these climate-related impacts are further compounded by poor farming practices,
low native soil fertility, inadequate access to improved crop varieties, pests and diseases, high
input costs, ineffective extension services, market access issues, and storage risks (Diouf et al.,
2019; Zagre et al., 2024).

To address low soil fertility and enhance crop yields, the Abuja Declaration 2006 targeted

increasing nitrogen (N) fertilizer application from 8 kg/ha to 50 kg/ha. However, many countries



have not achieved this target (IFDC, 2022). Consequently, research is needed to promote
Integrated Soil Fertility Management (ISFM) practices tailored to specific environmental
conditions. Such practices would enable farmers to maintain yields with fewer resources and

implement climate-smart practices that increase resilience while reducing emissions.

Furthermore, in Senegal, millet is a crucial component of food and nutrition security (Diatta and
Thomason, 2016; Faye et al., 2023; Tounkara et al., 2023; Vieira Junior et al., 2023). It is a staple
crop extensively grown nationwide (Diatta and Thomason, 2016; Faye et al., 2023). It is valued
for its resilience to dry conditions and its ability to maintain greenery with minimal moisture.
Millet also provides both feed and grain, with its spacing allowing for a higher grain-fodder ratio,
making it vital for agricultural practices (Faye et al., 2023; Pilloni et al., 2022). The high domestic
demand for millet, whether for human consumption or livestock feed is a valuable income source
for numerous smallholder farmers in Senegal and beyond (Pasternak et al., 2012). Certain millet
varieties also serve as crucial forage in regions like the Sahel, especially under rainfed conditions
(Faye et al., 2023).

Despite millet's importance, typical Pearl millet yields of 917 kg/ha (FAOSTAT, 2021) still fall
short of the attainable yield of 3500 kg/ha due to challenges such as varying environmental
conditions and high fertilizer costs (IFDC, 2016). Addressing these challenges necessitates more
rigorous monitoring and evaluation of climate service projects, along with the adoption of smart
practices, as rainfed agriculture systems are increasingly vulnerable to climate change impacts
(Moutouama et al., 2022; Partey et al., 2018). Models assessing farm-level yields under different
fertilizer strategies and contrasting environments have proven effective in aiding farmers' decision-
making (Dodds, 2010; Sultan et al., 2019).

Climate and agricultural modeling tools are crucial for evaluating climate change implications and
assisting stakeholders in making informed decisions to mitigate adverse effects (Araya et al., 2015;
Jagermeyr et al., 2021; Lobell and Burke, 2010). These tools offer valuable insights for enhancing
crop forecasting, developing climate variability indices, and supporting agricultural insurance
programs (Jones and Thornton, 2003; Koo et al., 2016). Additionally, the Decision Support
Systems for Agricultural Technology (DSSAT) has demonstrated its effectiveness in simulating
crop growth and development in arid and semi-arid zones, especially when considering weather

uncertainties, fertilization strategies, and optimal sowing windows on yield and profitability



(Adam et al., 2020; Akinseye et al., 2017; MacCarthy et al., 2010; Tovihoudji et al., 2019).
DSSAT’s capability to simulate both single cropping and intercropping systems (Jones et al., 2003)
makes it well-suited for West African farming systems. Various studies have validated the
accuracy of these models, highlighting their utility in optimizing agricultural practices and

mitigating climate risks.

Nonetheless, calibrating these models with local data remains crucial, as this information is often
unavailable. Hence, the latest generation of climate models, CMIP6, now incorporates socio-
economic aspects alongside biophysical factors. This updated focus acknowledges integrating
human activities and natural processes in climate modeling (IPCC, 2021; O’Neill et al., 2017).
CMIPG6 scenarios cover a broader range of greenhouse gas and air pollutant futures than previous
RCPs (IPCC, 2021). It is important to note that some CMIP6 models exhibit high climate
sensitivity, meaning they may produce different projections of future climate change compared to
earlier models (Almazroui et al., 2020; Sang et al., 2021; Wehner, 2020). This underscores the
need for continued research and adaptation strategies to address the climate impacts on crop
production in Sub-Saharan Africa, a region particularly vulnerable to these changes, and to
advance relevant, science-based knowledge.

1.2. State of the knowledge

Research on climate change impacts and adaptation strategies in Sub-Saharan Africa (SSA) has
gained significant attention recently. Several studies have documented the adverse effects of
climate change on agriculture in SSA countries, including Senegal (Adiku et al., 2015; Akinseye
etal., 2012, 2013; Araya et al., 2022; Berg et al., 2013; Falconnier et al., 2020; Sultan et al., 2013,
2019, 2023). Changes in temperature and precipitation patterns directly affect crop yields, soil
health, and water availability (Berg et al., 2013; Thornton and Cramer, 2012). Pearl millet,
renowned for its resilience to drought and poor soil conditions, is vital to food security in semi-
arid regions (Singh et al., 2017; Ullah et al., 2017; Yadav et al., 2017). Furthermore, studies have
explored farmers' coping mechanisms and adaptation strategies in SSA (Diouf et al., 2020; Nyadzi
et al., 2018; Ouedraogo et al., 2018; Totin et al., 2018; Zagre et al., 2024).

Among these, climate-smart management practices, particularly micro-dosing technologies, have
proven effective in improving crop production in arid and semi-arid zones (Akinseye et al., 2023,;

Fatondji et al., 2012; Tabo et al., 2007). Given the rising costs of fertilizers, there is growing
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interest in exploring smart agricultural practices that minimize fertilizer loss in farming systems.
Micro-dosing technology is crucial in this regard (IFDC, 2016). Developed to address low mineral
fertilizer availability and optimize crop uptake, micro-dosing involves point application techniques
that offer multiple benefits (Bagayoko et al., 2011). These include reduced phosphorus fixation,
enhanced early-season growth, and increased infection with vesicular-arbuscular mycorrhiza,
leading to improved nutrient uptake and higher yields of grain and stover (Choudhary et al., 2016;
Olson et al., 2014; Saidia and Kahimba, 2019). Despite its promise, research on integrating micro-
dosing with combined applications of organic and mineral fertilizers remains limited, particularly
in West Africa.

Recent studies have also shown that dual-purpose millet varieties, when combined with optimal
planting densities, can significantly boost yields (Faye et al., 2023; Pilloni et al., 2022). However,
it is worth assessing their adaptability under changing environmental conditions for more adoption
at the farm scale. Furthermore, there is a lack of crop model simulations that evaluate micro-dosing
and fertilization strategies under changing conditions. This study seeks to address these gaps by
assessing the optimal combination of micro-dosing technology with organo-mineral fertilizers

under different millet varieties.

The research aims to generate new insights into the effectiveness of climate-smart agricultural
practices while examining farmers’ perceptions and adaptive responses to climate change. To do
this, crop simulation models were used to evaluate the technologies under elevated atmospheric
CO: and variable seasonal conditions. This modeling approach supports the development of

adaptive management strategies suited to diverse agroecological contexts.

While previous studies have examined climate change impacts on staple crops in SSA, there
remains a paucity of research specifically focusing on pearl millet in Senegal (Akinseye et al.,
2024; Araya et al., 2022). Moreover, most earlier studies relied on projections from the Coupled
Model Intercomparison Project Phase 5 (CMIP5). This study instead uses the more recent CMIP6
projections (Eyring et al., 2016), which provide refined assessments of 21st-century climate
scenarios. By doing so, it offers critical insights into the potential effects of climate change on
pearl millet and evaluates adaptation strategies such as improved varieties, soil fertility

management, and optimized planting density.



Although integrated soil fertility management is recognized as an essential strategy for sustainable
intensification, little research has assessed its effectiveness under projected climate conditions for
pearl millet. This study incorporates organo-mineral micro-dosing, improved plant densities, and
newly released dual-purpose varieties to fill this knowledge gap. Additionally, there is a strong
need for policy-relevant research. This study aims to support evidence-based decision-making by
generating practical recommendations for enhancing the resilience of millet-based systems in

Senegal.

By synthesizing existing knowledge and addressing current gaps, this study contributes to
understanding how micro-dosing and organo-mineral fertilization can enhance adaptation to
climate change. The findings will offer actionable insights for farmers, researchers, and
policymakers, helping guide the implementation of robust and locally appropriate climate-smart

agriculture strategies.

Crop models such as DSSAT have proven valuable for simulating crop responses to climate
change (Feleke et al., 2021). These models incorporate climate, soil, and crop management data to
predict future crop performance under various scenarios (Hoogenboom et al., 2019; Jones et al.,
2003). Studies using such models have provided valuable insights into potential yield changes and
adaptation strategies (Garba et al., 2024; Tovihoudji et al., 2019; Wimalasiri et al., 2023).
Adaptation strategies like drought-resistant varieties, soil fertility management, and optimized
planting dates have been proposed to mitigate climate change impacts on pearl millet production
(Akinseye et al., 2023). Research has shown that combining improved millet varieties with
appropriate soil and water conservation practices can significantly enhance resilience and
productivity (Akponikpe et al., 2014; Ibrahim et al., 2016).

Despite these advances, challenges persist in technology adoption, especially due to limited access
to inorganic fertilizers and underutilization of organic inputs (Raes et al., 2021; Waongo et al.,
2015). With a wide yield gap between farmers' current production and the potential of improved
varieties, this study evaluates the performance of dual-purpose millet varieties under improved
population densities and micro-dosing across Senegal's agroecological zones. Employing a
Participatory Research and Extension Approach (PREA), this research aims to accelerate the

adoption of climate-smart practices (Ajeigbe and Dashiell, 2010), raise awareness of integrated



soil fertility management, and enhance millet cultivation under increasingly variable climatic

conditions.

In summary, this study will contribute new knowledge on the performance of micro-dosing
combined with organo-mineral fertilizers. It will also enhance understanding of farmers' adaptive
strategies to climate change, ultimately providing practical insights for implementing effective

climate-smart agricultural practices in SSA.

1.3. Research hypothesis

v Farmers in the three cluster zones of Senegal have distinct perceptions of climate variability
and its environmental impacts, which influence their coping and adaptation strategies.

v" Micro-dosing fertilization and optimal plant population densities significantly enhance
pearl millet yields at the smallholder level in Senegal.

v' The DSSAT CERES-Millet model can effectively simulate the yield response of pearl
millet to micro-dosing and plant density under current and future climate scenarios.

v Climate-smart technologies such as improved varieties, optimal density, and fertilization
strategies can sustain millet yields under projected climate change in Senegal’s

agroecological zones.

1.4. OBJECTIVES
1.4.1. Overall objective

To assess the impact of climate-smart management practices on the resilience of pearl millet
production in Sub-Saharan Africa using Integrated Soil Fertility Management, crop modeling, and
socio-economic factors to develop practical recommendations for improving productivity under

changing climatic conditions.

1.4.2. Specific objectives
1. To analyze farmers’ perceptions of climate variability and change, their environmental

impacts, and local adaptation strategies in three cluster zones of Senegal.

2. To evaluate the performance of micro-dosing fertilization and plant population density on

pearl millet yields at the smallholder scale.



. To calibrate and validate the CERES-Millet model of DSSAT for simulating the response

of pearl millet varieties to plant density and fertilization strategies

. Tosimulate and project pearl millet yields under current and future climate scenarios using

DSSAT, considering adaptation strategies across agroecological zones in Senegal.



CHAPTER TWO: LITERATURE REVIEW

2.1. Trend and climate change and variability over Sub-Saharan Africa

Sub-Saharan Africa (SSA) is considered to be one of the most vulnerable regions to climate
variability and change (Almazroui et al., 2020; IPCC, 2021; Kouman et al., 2024), which poses
major challenges to agricultural development (Fisher et al., 2015; Stewart et al., 2020; Van
Ittersum et al., 2016). Gaetani and Mohino (2013) observed significant interannual variability in
precipitation in West Africa, with droughts from the 1960s to the 1980s and partial recovery in
recent years. Several studies have highlighted precipitation's uncertainty, temporal and spatial
variability (Akinseye et al., 2013, 2016; Lodoun et al., 2013; Salack et al., 2011; Sultan et al.,
2013). Strong variations in precipitation characteristics, such as the number of rainy days,
precipitation, mean precipitation per rainy day, and the start and end dates of the growing seasons
in the Sahel from 1941 to 2000, were noted by Lodoun et al. (2013). According to Traore et al.
(2014) , between 1961 and 2010, fewer continuous rainy days and more consecutive dry days
occurred. De Longueville et al. (2016) emphasized that between 1950 and 2013, the Sahel region's
annual precipitation reduced noticeably, the number of maximum consecutive dry days rose, and
the number of maximum consecutive rainy days fell. In the southern region of Mali, Traore et al.
(2013) discovered that the number of dry days dramatically increased throughout the growing
season, indicating a change in the distribution of precipitation. Modeling approaches to assess
climate change scenarios show contrasting effects on crop yields, although the downward trend is
more pronounced. Projections suggest that the growing season for crops and livestock in SSA
could be shortened by an average of 20% by 2050 (IPCC, 2013), which could significantly affect
the productivity of agriculture. In Senegal, where this study was conducted, vulnerability to
climate change is escalating due to unpredictable rainfall patterns, recurrent droughts, floods, dry
spells, shortened growing periods, and deteriorating conditions for farmers (Chiputwa et al., 2020;
Salack et al., 2011). The climate change prediction done by Adiku et al. (2015) in West Africa for
mid-century RCP8.5 of median precipitation change showed that Senegal ranks between -20 and
-5%. In that case, the rainfall amount is predicted to decrease significantly in this country having
considered the worst scenario. For temperature, this prediction revealed that there is a uniform

increase in minimum and maximum temperature between 1 and 4% throughout West Africa. The
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IPCC's global scenarios (IPCC, 2013) predict that SSA will see a temperature increase that is 1.5
times greater than the global average. The worst-case scenarios predict a temperature increase of
2.0°C to 4.8°C over pre-industrial levels by the end of the century. The prevalence of drought and
mean annual temperature rise are the most significant climate variables, posing a high risk to rain-
fed crop production systems and the livelihoods of subsistence farmers in SSA, according to
several studies (Bossa and Diekkriiger, 2014; Hansen et al., 2019; Sultan and Gaetani, 2016). The
region is experiencing an increase in the frequency of climate disasters like droughts and floods,
which pose serious difficulties for impoverished farmers.

2.2. Effect of climate change and variability on crops across the West
African Sahel

2.2.1. Rainfall variability and associated risk for crop production

In the absence of adaptive measures, a study by Bello and Maman (2015) found a positive correlation
between precipitation increase and crop receipts, with an increase of 1 mm/month resulting in a
gain in crop receipts of up to USD 1,227.26. However, the crop receipts grew even more to USD
3,164.47 after adaptation techniques were put into place. This study emphasized that rainfall
variability in the Sahelian zone is a crucial factor influencing crop yield loss. In countries like
Senegal located in the Sahel zone, rainfall plays a major role in determining crop production.
Different varieties of crops grown in the Sahelian zones, such as cereals and leguminous plants,
have varying maturity cycles, making it challenging for farmers to determine the optimal sowing
windows (Akinseye et al., 2023; Joseph et al., 2023). Climate change and variability pose
significant challenges to crop productivity and resource use efficiency in West Africa. The most
substantial overall resource efficiency and vyield loss is projected under the RCP 8.5 scenario
(Amouzou et al., 2019). Various studies have indicated that missing the optimal planting windows
negatively impacts crop yield (Akinseye et al., 2016; 2023; Egbebiyi et al., 2020; Soler et al., 2007,
2008). Mohamed et al. (2023) predicted that the impacts of sowing dates on production could lead
to millet yield reductions of up to 50% in the Sahel zone. Reliable determination of the rainy season
onset and the optimal sowing time is crucial for sustainable food production. Since the mid-1980s,
a progressively delayed onset of the rainy season has been observed in Sub-Sahara Africa (Laux
et al., 2008). Considering the regional onset of the monsoon appears to improve the relationship

between water availability and plant water use, potentially leading to increased crop water



utilization (Sultan et al., 2005). Sufficient water availability is essential for nutrient absorption and
movement from roots to other parts of the plants (Araya et al., 2022). Studies have projected a
delayed onset of the rainy season by one to three weeks for the midcentury climate period
compared to the baseline period. Ibrahim et al., (2012) projected a decrease in the number of low
rainfall events (0.1-5 mm/d) by 3% and an increase in the number of strong rainfall events (>50
mm/d) by 15% on average. In this study, they emphasized that the onset of the rainy season is
consistently projected to be delayed by one week on average, and there is a consensus among
models regarding the lengthening of dry spells by about 20% for the period 1971-2000 to 2021-
2050. On the same hand, Hess et al. (1995) observed a consistent decrease in annual rainfall of 8
mm/year across four stations in Nigeria, with the majority of the reduction occurring in August or
September. According to them, this reduction in rainfall was primarily due to a decrease of 25 days
in the number of rainy days during the rainy season, resulting in longer dry spells of up to 1.5 days.
This variability over the Sahelian region which led to a delay in the onset of the rainy season
explained above caused the real impact on the cropping system. Indeed, Joseph et al. (2023)
discussed the influence of the onset of the rainy season on rainfall distribution and maize yield,
emphasizing its inter-variability in Senegal. Furthermore, the decrease in the amount of rainfall
combined with the temperature increase which has been proven by several studies cited above for
Sahelian zones has an impact visible on crop production. For instance, Akinseye et al. (2020)
conducted a simulation study to assess the impact of increased temperatures (2°C, 4°C, and 6°C)
and decreased rainfall (25% and 50%) on varying N fertilizer application rates on sorghum and
maize. Their findings revealed a highly significant risk of low maize yield associated with
decreased rainfall compared to increased rainfall. According to their results, a decrease in rainfall
by 25% and 50% led to yield declines ranging between 5% and 37%, respectively. Similarly,
Sultan et al. (2013) found that most scenarios negatively impacted sorghum and millet yields, with
reductions of up to 41% when rainfall decreased by 20% and temperature increased by 6°C. Knox
et al. (2012) estimated mean yield changes across West Africa, resulting in reductions of 17% for
wheat, 5% for maize, 15% for sorghum, and 10% for millet. Rezaei et al. (2014) simulated the
projected climate change impacts on millet yields in Niger and found yield declines ranging from
11% to 62%, depending on the scenario and period. Roudier et al. (2011) also conducted a study
in tropical regions. They concluded that Pearl millet, one of the major crops in the area, would

decrease by an average of 6% across all models and scenarios, with individual model projections
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ranging from a decrease of 29% to an increase of 11%. These impacts of weather anomalies over
West Africa emphasized by several studies mentioned above are not homogenous from one side
to another. For that, Graef and Haigis (2001) conducted research in Niger and found that rainfall can
vary considerably even within a few kilometers and across different time scales. This variability

leads to unpredictable crop yields in the Sahel region.

2.2.2. Increased temperature and associated risk for crop production

With temperature increases of 2°C or higher beyond late-20th-century levels, the IPCC predicts
that major crops in tropical regions may experience negative effects; however, the signal may
differ for specific locations. Several studies in the Sahel regions (Adiku et al., 2015; Akinseye et
al., 2020; Silungwe et al., 2019; Sultan et al., 2013) have demonstrated that rising temperatures
affect agricultural and livestock systems. Temperature increases during the rainy season can
immediately result in decreased yields for the majority of food crops, which will lower food output
(IPCC, 2014). Crop water stress during the growth season is typically caused by high
evapotranspiration and an increase in water demand under high temperatures (Amouzou et al.,
2019; Fatondji et al., 2012). Consequently, it is predicted that throughout Senegal, temperatures
will rise by 2.5°C by the middle of the century (Parkes et al., 2018; Sultan et al., 2019). Despite
being one of the most resilient crops to harsh climate events like drought and dry spells, Silungwe
et al. (2019) showed that temperature increases of 1.5°C and 2°C harmed millet yields in Semi-
Arid Central Tanzania. Then, Bello and Maman (2015) reported a decline in income as a result of
rising temperatures in Niger. They demonstrated that yearly crop net sales fell by up to USD 989.69
for the model without adaptation methods and up to USD 2.24 for the model with adaptation
strategies, with a rise in annual temperature of 1°C. Consequently, the region's food security is
significantly impacted by climate change, which also presents considerable concerns. Araya et al.
(2022) further indicated that temperature increases in Senegal by 1.5-2°C during the mid-century
under RCP8.5 resulted in a yield decline of approximately 12% for sorghum and 6% for millet.
According to Sultan et al. (2013), this yield decline due to climate change is expected to be higher
for early-duration genotypes. Sultan and Gaetani (2016) discovered that yield losses are mostly
caused by an increase in mean temperature, with potential modifications from wetter or drier

circumstances as well as increasing CO2 concentrations.
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2.3. Future Climate Prediction over West African Sahel

According to IPCC (2014), global warming and more extreme weather events are expected to
increase more frequently. Therefore, to feed approximately 9.6 billion people by 2050, global food
production must increase by 60-70% (EI Bilali et al., 2020; Raes et al., 2021). However, the climate
prediction made recently over West African regions (Ruane and McDermid, 2017; Sultan and Gaetani,
2016; Sylla et al., 2018) highlighted that intra-seasonal dry spells are common and may occur at any
moment during the cropping season as well as considerable spatial variation of dry spells exists.
This scenario involves providing more scientific knowledge at the local level for different crops
and cultivars to anticipate climate risk and yield loss. As stated by several future climate
predictions in West Africa, biomass and grain yields will decrease in the future under the
Representative Concentration Partway (RCPs) given by IPCC (2013). The Coupled Model
Intercomparison Project Phase 5 (CMIP5) model output is frequently used to forecast future
climatic conditions (Hempel et al., 2013). The use of coupled models, which combine multiple
climate components, offers a more robust and comprehensive prediction compared to using a
single model (Fotso-Nguemo et al., 2018). These models are based on well-established physics
principles and are designed to simulate the complex interactions within the climate system
(Hempel et al., 2013). Global Circulation Models (GCMs) are a key component of CMIP5 and are
constructed using established climate physics. They play a crucial role in climate projections by
taking into account the emissions of greenhouse gases into the atmosphere. These models integrate
the biophysical aspects of the climate system, allowing for an assessment of the impact of
increasing COz levels on the climate. In that case, previous studies frequently used the intermediary
scenario RCP 4.5 which involves environmental protection emphasized and the world population
increases at a relatively low speed (IPCC, 2013) by the end of the 21st century. In this scenario,
the atmospheric CO> concentrations are predicted to be stabilized at 550 ppm by the end of the
century. Then, the temperature will likely increase by 1.1- 2.9 °C. So, about RCP 8.5, which is the
worst-case scenario, as a result of continuously increasing global population and limited
technological change, CO, emissions in the period 2000-2099 will multiply 4-5 times and the
atmospheric CO> concentrations will likely rise to 850 ppm. The temperature will likely increase
by 2.0- 5.4 °C (IPCC, 2013). According to various authors, these two scenarios are pertinent and
give a useful overview to help decision-makers and policy with climate action mainstreaming. In

reality, mainstreaming fair and effective climate action would not only lessen losses and harms to
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people and nature but will also have broader positive effects, according to the IPCC's sixth

assessment.

Thereby, in West Africa, several studies (Adiku et al., 2015; Akinseye et al., 2013; Toure et al.,
2018; Traore et al., 2014) have been done using CMIP5 for climate-impacted assessments in the
Sahelian countries. Among them, Akinseye et al. (2013), found that under climate change
scenarios using Representative Concentration Pathway (RCP) 8.5, there are projected yield losses
for an early-maturing variety of crops over West Sahelian zones. These findings suggest that
climate change, as represented by the RCP 8.5 scenario, could harm crop yields, leading to
potential losses in both the near-future and midcentury periods for the early-maturing variety.
These projections highlight the importance of considering climate change impacts on agriculture
and implementing adaptation strategies to mitigate potential yield losses. Furthermore, Toure et
al. (2018) indicated that all climate change scenarios underestimated millet crop yield compared
to the baseline, regardless of the treatment and variety considered. This suggests that the climate
change scenarios used in the study resulted in lower simulated millet grain yields compared to the
historical weather data. These findings highlight the potential negative impacts of climate change
on millet grain yields and suggest that the simulations used in the study underestimated the actual
yield reductions. Beyond West Africa, Msongaleli et al. (2014) revealed that the Representative
Concentration Pathway (RCP) 4.5 scenario predicts a 2 to 9% decline in sorghum output in Semi-
Arid Central Tanzania by the middle of the century (2040-2069). This shows that semi-arid and
arid regions are more susceptible to changes in the climate in the future, which could harm crop
production. Despite the relevance of CMIP5 to predict change based on the biophysical aspects,
the new generation was developed CMIP6 includes the socio-economic aspects. In CMIP6, there
was an added focus on integrating socio-economic and biophysical aspects, recognizing the
importance of considering human activities and natural processes in climate modeling (IPCC,
2021; O’Neill et al., 2017). The Shared Socio-economic Pathways (SSP) cover a broader range of
GHG and air pollutant futures than the RCPs (IPCC, 2021). They are similar but not identical, with
different concentration trajectories for different GHGs. It should be noted that some models in
CMIP6 exhibit high climate sensitivity, which refers to the response of simulated temperature to
increases in greenhouse gas forcing (Almazroui et al., 2020; Sang et al., 2021; Wehner, 2020).
This means that these models may produce different projections of future climate change compared

to CMIP5 models. These differences in climate sensitivity can potentially lead to varying multi-
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model projections of future climate at specific time points between CMIP5 and CMIP6. However,
some studies (Tian and Dong, 2020; Wehner, 2020) using both generations of coupled models found
that at their standard resolutions, there were no significant differences in their projections of
extreme daily temperature and precipitation at specific global warming targets. Unlike these
results, several authors (Fernandez-Granja et al., 2021; Zamani et al., 2020) revealed that CMIP6
is more sensitive than CMIP5. Xin et al. (2020) found that CMIP6 demonstrates improvements
compared to the previous CMIP5 models in reproducing the interannual anomalous rainfall pattern
over Asian Summer Monsoon (EASM). These improvements imply that the CMIP6 models offer
a better representation of the complex dynamics involved in the EASM and its impact on regional
rainfall patterns. On the same hand, Kim et al. (2020) revealed that CMIP6 models are better
overall in simulating heat waves in Korea and the associated diagnostic indices. Regarding rainfall,
Baggaci et al. (2021) have shown that CMIP6 products outperform CMIP5 in terms of accuracy
statistics. Furthermore, Almazroui et al. (2020), the CMIP6 multi-model ensemble predicts that
the mean annual temperature will rise consistently and noticeably throughout Africa and its eight
sub-regions over the 21st century. These projections indicate a clear trend of increasing
temperatures across Africa under various greenhouse gas emissions and socioeconomic
development pathways. The mean annual temperature over Africa is projected to rise by 1.2 °C to
1.8 °C in the near-term period and by 1.4 °C to 4.4 °C in the long-term period. This indicates that
the CMIP6 models show enhanced consistency in their projections compared to the CMIP5
models. Furthermore, these findings suggest that the CMIP6 models exhibit improved performance
in capturing the variability and teleconnections related to heatwaves compared to the CMIP5
models, thus providing more reliable projections for studying heatwave events and their impacts
in the region (Kim et al., 2020). Recent studies (Almazroui et al., 2020; Berhanu et al., 2023; Wada
et al., 2023) have further highlighted the improved performance of CMIP6 models in projecting
climate change in Sub-Saharan and East Africa, emphasizing their utility for regional climate
adaptation and planning. All these results showed by the previous studies emphasize the need for
continued research and adaptation strategies to address the challenges posed by climate change
and its potential effects on crop production. It also highlighted the importance of using the new
generation of coupled models in crop simulation to assess climate impact on crop production over
Sub-Sahara Africa which is one of the more vulnerable regions to bring up relevant scientific

based-knowledge.
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2.4. Importance of millet over West African Sahel food security

In arid and semi-arid regions of Asia and Africa, pearl millet is a crucial crop that provides food
security for millions of people living in hard and ecologically delicate environments (Yadav et al.,
2017). Indeed, there are several reasons why millet is frequently seen as a superior smart crop
when compared to other cereals like rice, sorghum, and maize. Firstly, millet requires less
fertilizer, pesticides, and irrigation inputs compared to mainstream cereals (Anuradha et al., 2018).
This makes it a more sustainable and environmentally friendly option for cultivation. Pearl millet
is known for its exceptional water use efficiency, making it a suitable crop for regions with limited
water availability or under drought conditions. It also utilizes C4 photosynthesis, which is a more
efficient photosynthetic pathway compared to C3 plants. C4 plants typically have higher water use
efficiency due to their specialized carbon fixation mechanism (Uppal et al., 2015; Yadav et al.,
2017). Moreover, Pearl millet has fewer pest and disease problems compared to other cereals and
is suited to different cropping systems (Michels and Bielders, 2006)

Furthermore, the study by Traore et al. (2014) highlights the adaptability of millet to a late planting
date. They found that late planting had significant yield decreases for maize, sorghum, and cotton,
but not for millet. This suggests that millet can tolerate and perform well even when planted later
in the growing season. Additionally, they mention that a short-duration variety of millet was
particularly well-suited for late planting in Mali. This indicates that specific millet varieties have
been developed and adapted to maximize their yield potential even under less favorable planting
conditions. Second, millet-based foods can significantly improve food security and offer several
nutritional benefits, especially for the world's expanding population (Couturon et al., 2003). As a
highly nutritious crop with unique nutritional properties and climate resilience, pearl millet has the
potential to increase the country's food and nutritional security (Singh et al., 2018). Millets are
resistant to climate change and can be grown on parched fields with little assistance. Since pearl
millet has special qualities and can adapt to harsh agroclimatic conditions, it is regarded as a
climate-resilient crop (Ullah et al., 2019). It can withstand high temperatures, low soil fertility, and
repeated droughts thanks to its great photosynthetic efficiency and dry matter production
(Anuradhaet al., 2018; Yadav et al., 2017). It is a hardy cereal crop with short growth periods (60-
100 days) in semi-arid to arid zones where soils predominately have sandy textures, low organic
matter, and nutrient levels; rainfall is limited and erratic (annual precipitation as low as 300 mm),

air and soil temperatures are high; and the growing season length varies greatly across years
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(Mason et al., 2015; Michels and Bielders, 2006; Vieira Junior et al., 2023; Yadav et al., 2017).
Due to its low transpiration rate and capacity to fix carbon even in high temperatures and low
nitrogen environments, pearl millet is usually grown in the most difficult agro-climatic conditions,
where other crops find it difficult to produce viable yields (Ekwangu et al., 2020; Ibrahim et al.,
2015; Sanoussi et al., 2020). Nevertheless, pearl millet has an amazing capacity to adapt to
favorable conditions because of its quick developmental stages and fast growth rate (YYadav et al.,
2017). Thus, pearl millet can cope with climate variability due to its high buffering capacity,
specific adaptation traits such as resistance to drought, high temperature, and flooding, and its
genetic variability (Eyshi Rezaei et al., 2014; Vieira et al., 2023). They are therefore the perfect
answer for countries looking to boost their level of independence and decrease their reliance on
imported grains and cereals. In Senegal, millet is a crop crucial to achieving food and nutrition
security since it is one of the staple crops and is usually cultivated as a mono-crop throughout the
country (Diatta and Thomason, 2016; Faye et al., 2023; Faye et al., 2018). Millet withstands dry
conditions of 300 mm annual rainfall and remains green at very low moisture levels. It provides
the farmers with feed and grain and requires suitable spacing which allows for a higher grain-
fodder ratio (Faye et al., 2023; Pilloni et al., 2022). The high domestic demand for millet as food
for humans or as livestock feed makes it a valuable source of income for a large community of
smallholder farmers in this country. In that case, Pasternak et al. (2012) demonstrated that varieties
of pearl millet can become an important source of forage in the Sahel under rainfed conditions.
Therefore, in low-production areas, pearl millet can play a major role in climate-resilient
agriculture when handled with enhanced agronomic practices (Uppal et al., 2015). However, yields
are low due to inappropriate management and erratic rainfall. In that case, improving crop yields
is a key pathway to reducing poverty for smallholders. Our study aims to provide a chance to
increase awareness of millet management and its suitability for cultivation under challenging and
changing climatic conditions, as well as to focus policy attention in these areas. To assist in
decision-making and guide investments in the sustainable intensification of millet production, this
study set out to scale up climate-smart management practices under yield production and to arrive

at potential interventions for closing the millet yield gap.
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2.5. Soils fertility and cereals fertilization
2.5.1. Concept of Integrated Soil Fertility Management (ISFM)

Poor and highly variable soil physical and chemical characteristics in West Africa combined with
climate effects led to yield spatial and temporal variability (Bationo and Buerkert, 2001). SSA has
been affected by land degradation, making it one of the most area urgent development issues with
significant costs(Jones et al., 2012; Nyamekye et al., 2018). The fundamental biophysical reason
for SSA's declining per capita food production over the past three to five decades is soil infertility
(Stewart et al., 2020). This is evident from the huge gap between actual and potential crop yields.
As a consequence of declining soil fertility and low use of fertilizers, has been identified as a future
hotspot for food shortage due to low agriculture yields. Several West African countries are food
insecure and have persistently been unable to feed their populations. Senegal is not left out of this
reality and remains vulnerable to several constraints that affect agricultural development in a
changing climate. The primary obstacles to arable agriculture are crop growth on primarily sandy
soils with low soil fertility, especially in terms of nitrogen (N) and phosphorus (P) and low levels
of organic matter (Bationo et al., 2006). In addition, arable land across agroecological zones is
being gradually reduced due to the southward creep of the 400 mm isohyet or less with a significant
erratic pattern within the season limiting the water availability to support crop growth (Akinseye
et al., 2020). Fundamental improvements in soil and plant nutrition will be required to meet the
challenge of sustainably feeding an increasing number of people by 2050. To address the task of
building a more environmentally sustainable and food-secure future, significant adjustments in
agricultural systems will be needed (Bationo et al., 2018). Integrated Soil Fertility Management
(ISFM) is a method designed to assist farmers in managing their farms more effectively to reduce
yield loss due to soil quality, particularly in West Africa. The term Integrated Soil Fertility
Management (ISFM) pertains to the application of tailored soil fertility management strategies that
are intended to optimize the efficiency of organic matter and fertilizers in agricultural crop
production (Bekunda et al., 1997). It also includes understanding their local adaptation in soil
fertility management practices, as well as the use of organic inputs, enhanced germplasm, and
mineral fertilizer. The nutrients required for plant growth are mostly provided by inorganic
fertilizers, whereas organic fertilizers improve the soil's overall organic matter status, soil

structure, and buffering ability (Bagayoko et al., 2011; Tounkara et al., 2020). It has been
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demonstrated that the use of both organic and inorganic fertilizers produces a synergistic effect
that increases the efficiency of water and nutrient utilization (Fatondji et al., 2012). In actuality,
chemical fertilizers and organic sources like manure are the main sources of nitrogen (N) and
phosphorus (P) inputs to the soil for agricultural purposes; nevertheless, the application of these
nutrients is severely neglected because of their high cost and lack of technical know-how. Then,
micro-dose technology which is suited to West African soil is appropriate for improving nitrogen
uptake and reducing fertilizer loss (Bationo and Waswa, 2011). It involves the strategic application
of small doses of fertilizer and enables farmers to overcome the risks associated with fertilizer use
under conditions of low soil moisture(Vanlauwe et al., 2023). The combination of strategic hill
application of fertilizer with a complimentary organic fertilizer in a micro-dosing technology has
been demonstrated to boost yield productivity close to the cultivar’s yield potential resulting in
economic gain (Akinseye et al., 2023). When organic and inorganic inputs are mixed, the effects
of nutrients are prolonged and the physical qualities of the soil are improved compared to when
either source is used separately (Wood et al., 2015). The soil fertility enhancement technologies
developed over the years for the main staple food crops in West Africa, such as sorghum and millet
remain one of the climate-smart technology practices against climatic risks for better farm-level
interventions. Thus, the technology adoption remains low due to limited access to inorganic
fertilizers due to high market prices and inadequate use of manure amendments. The technological
foundation of integrated soil fertility management (ISFM) was the integration of organic resources
and mineral fertilizer as inputs, especially when micro-dose application methodologies were used.
The farmers who opt for the technology experience a higher benefit/cost ratio, net positive gains,
and little environmental risk (Tabo et al., 2007). The benefits of integrated soil fertility
management include enhanced resilience, higher productivity, and mitigation benefits. It is a
strategy to ensure nutrient availability while at the same time building the natural nutrient reserve
through soil organic matter build-up (Waswa et al., 2013). ISFM entails using a range of methods
for smallholder farms, such as crop management, fertilizer application, utilization of organic
resources, and other amendments. Largely to support an African Green Revolution focused on
intensifying higher production per unit of land area, the strategy was designed in Africa, for Africa.
The effective use of applied nutrients is the main driving force behind ISFM, which seeks to
maximize fertilizer value while reducing nutrient loss to the environment. This approach

emphasizes the responsible and sustainable management of nutrients for agricultural production

18



(Vanlauwe et al., 2023). Werede et al. (2018) claim that it is both financially practical and possible
to reduce long-term soil deterioration by incorporating soil fertility management into crop

management.

2.5.2. Pearl millet fertilization and improved variety

Threats from climate change and low soil fertility limit the production of cereal crops in the
Sahelian region (Akponikpé et al., 2010). Given the extreme age of the continent's soil and the
lack of volcanic rejuvenation, Africa has seen multiple cycles of weathering, erosion, and leaching,
which has left the continent's soil severely lacking in nutrients. Inappropriate land use, poor
management of soil fertility, and a lack of inputs have all contributed to a drop in productivity.
Compared to the global average of 100 kg/ha, farmers in Sub-Saharan Africa apply only 13 kg/ha
of NPK fertilizer to their croplands (Bationo et al., 2006). This average is also so far with the Abuja
agreement recommendation to raise it to 50kg/ha to get food security. Therefore, to minimize the
effect of low fertilizer, many investments are made in agricultural research to generate improved
varieties as well as new techniques in main crops to close the yield gap. Previous studies noted
that the adoption of improved pearl millet varieties has a positive impact on yields. Diatta and
Thomason (2016) indicate that investments are needed to increase adoption and promote good
practices in using improved pearl millet varieties to achieve food security. Fertilizer is a crucial
input for farmers since it gives plants nutrients that aren't easily available in the soil, promoting
plant development and boosting yields. Akponipke (2008) further highlighted that manure and
inorganic fertilizer increased millet yields in the Sahel zone on sandy soil. Similar to this,
Bagayoko et al. (2011) suggest that to maximize pearl millet grain and stover output in the Sahel
zone and meet farmers' needs for food and soil improvement, micro-dosing in conjunction with 20
kg ha-1 P205 and 30 kg ha-1 N fertilizer application is necessary. In fact, in areas where water is
scarce, N fertilizer could boost the overall dry matter and water usage efficiency of pearl millet.
On the other hand, (Singh et al., 2003) precise that combinations of low input systems of integrated
nutrient management could be most beneficial to obtain relatively good yields of pearl millet
hybrids by resource-poor farmers of semi-arid tropical environments. Maintaining long-term soil
fertility and consistently high productivity levels can be achieved by the judicious application of
an organic and inorganic fertilizer combination (Singh et al., 2003; Tounkara et al., 2020). Ibrahim

et al. (2015) demonstrate in Niger that fertilizer application can optimize the yield of pearl millet

19



stover and grain. Additionally, Upadhyaya et al. (2007) showed that applying a balanced nutrient
use to the crops by the integration of organic manures and fertilizers can preserve the production
of the wheat and pearl millet crop. In the semiarid regions of Senegal, Diangar et al. (2004)
observed that the use of compost enhanced the yield of six millet cultivars by over 40% when
compared to the control. Tounkara et al. (2023) also highlighted how the use of micro-dosing
technology increased grain yield in Senegal by 62% when compared to farmers' practices and by
148% when compared to the control group. Badiane et al. (2001) underlined that in Senegal's semi-
arid agroecological zone, millet output significantly increased when farmers applied both mineral
and organic fertilizers. They further highlighted that the efficiency of the fertilizer applied was
better with the micro-dosing technology than with the research-recommended rate. Indeed, organic
manure application has a beneficial effect on crops due to the improvement of P nutrition by both
increases in P mobility in the soil and enhancement of root growth (Kretzschmar et al., 1991).
Moreover, Jamil et al. (2014), found that low doses of DAP fertilizer are a promising strategy to
lower the destructive effect of Striga on pearl millet. Phosphorus, for example, causes crops to
grow hardier and mature earlier, reducing damage from exposure to drought. Nitrogen is one of
the most important elements that has a central impact on plant growth and yield. The plant needs
it to survive and thrive. N is also widely involved in plant stress responses. The main issues facing
Senegal's agricultural sector include improper fertilizer formulas, lack of quality control standards,
and limited adoption of new fertilizer products and technology (IFDC, 2016). Furthermore, the
fertilizer recommended rates are homogenous over the country which is not suitable in the context
of climate change. The recommended rate must be adapted for each agroclimatic zone taking into

account the specificity of environmental conditions.
2.6. Impacts of Micro-dosing technology on crop production

Climate-smart management practices such as micro-dosing as an approach, promise a more
sustainable and resilient future for food systems by minimizing damage to natural resources,
reducing the use of chemical inputs, and increasing yield and social inclusion (Tabo et al.,2007).
The strategic application of fertilizer, also known as fertilizer “micro-dosing”, which consists of
applying small doses of fertilizer in the planting hills has proven a good opportunity to improve
crop productivity and farmers’ incomes (Tabo et al., 2007; Tounkara et al., 2023). Also, according

to IFDC (2016), instead of broadcasting fertilizer over the entire field, micro-dosing includes
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applying small amounts to the target crop’s hills at planting time or as a top dressing 4 to 5 weeks
following emergence. Microdosing increases crop yields while giving crops an early start and
faster maturity to prevent early and late-season droughts. Micro-dosing technology was developed
to help farmers minimize environmental concerns related to agriculture while maximizing
economic benefits(Hayashi et al., 2008; Saidia and Kahimba, 2019; Tabo et al., 2007). Micro-dose can
also be done by combining organic and inorganic fertilizers or with organic fertilizer alone. Using
fertilizer micro-dosing, Tabo et al. (2007) found that grain yields of millet and sorghum improved
by 43-120% in three West African countries (Burkina Faso, Mali, and Niger). In East Africa,
Dunjana et al. (2012) and Rusinamhodzi et al. (2013) also noted that the combination of animal
manure 5 t ha* with inorganic fertilizers 40 kg N ha statistically increases yield than sole manure
treatment. For smallholder farmers who cannot afford to purchase and apply fertilizers at the
recommended rate, these responses are helpful. Nowadays, in the context of the rising cost of
fertilizer, it is worth finding in the research framework the smart practices to reduce fertilizer loss
on the farm. The micro-dosing technology has been proven to be affordable to the smallholder
farming system because of the reduced investment cost. Micro-dosing application can reduce P
fixation, promote early season shoot and root growth, and enhance infection with vesicular-
arbuscular mycorrhizae leading to increased nutrient uptake of grain and stover yields(Choudhary
etal., 2016; Olson et al., 2014; Saidia and Kahimba, 2019). In Senegal, several studies noted that under
micro-dosing technology (Laminou et al., 2020; Tounkara et al., 2023), which nevertheless uses
less fertilizer (less than 25% NPK and less than 67% urea compared to the research
recommendation) gives an average yield (908.28 kg/ha) close to the research recommendation’s
(1,043.28 kg/ha). It also gives the crop a quick start and earlier maturity, avoiding early and late-
season drought while increasing crop yields (IFDC, 2016). This result suggests that micro-dosing
increases crop yield minimizes loss from runoff or leaching, assures that plants use fertilizer
efficiently, and mitigates the impact of fertilizer in drought-prone locations. They highlighted that
INERA's most recent results in Burkina Faso using micro-dosing technology revealed yield
improvements of 85-174% as compared to not using fertilizer. Thus, using this technology in
combination with manure is beneficial to farmers (Blessing et al., 2017; lbrahim et al., 2015).
Furthermore, it has been demonstrated that using both organic and inorganic fertilizers produces a
synergistic effect that increases the efficiency of water and nutrient usage (Sabai et al., 2020).

Indeed, Hayashi et al. (2008) noted that the application of micro-dosing alone increases millet
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yield by 56% above the control. But combining with crop residue or manure increased millet grain
yield to 140% over the control. These results can explain the importance of combining organic and
inorganic fertilizers in micro-dosing technology. Sorghum grain yields increased significantly by
100% and 186%, respectively, when micro-dosing fertilizer was applied to local and improved
seed varieties compared to the control. In that case, micro-dosing can play a crucial role in

achieving the United Nations Sustainable Development Goals.
2.7. Micro-dosing technology and climate change

Water stress and decreasing soil fertility are two of the primary causes of low crop productivity
worldwide (Saidia and Kahimba, 2019). Crop productivity in semi-arid regions receiving more than
300 mm of rainfall annually is mostly restricted by nutrients, particularly nitrogen and phosphorus,
rather than water or unfavorable biophysical conditions. In light of the changing climate
conditions, these components' magnitudes are increasing. Consequently, there is a rise in food,
nutrition, and income instability in smallholder agricultural systems. Climate change mitigation in
these drought-prone Sahelian countries will involve the application of proven affordable
technologies like micro-dosing (Tabo et al., 2007) for low-income farmers and greatly boosts
output and revenue is a more effective strategy to deal with the consequences of climate change
and variability. Integrated soil, water, and nutrient management that is acceptable locally and
advantageous for smallholder farmers is necessary as crop production intensifies (Liang et al.,
2019). Murendo and Wollni (2015) noted that this approach is more sustainable than conventional
fertilization practices, which may contribute to reducing climate change linked to agricultural
activity. Rezaei et al. (2014) further concluded that nutrient fertilization and other crop yield-
limiting factors need to be considered when analyzing and assessing the impact of climate
variability and change on crop yields. Because of this, an earlier study (Murendo and Wollni, 2015)
showed that micro-dosing sustainability boosts food output, which affects Climate-Smart
Agriculture's first pillar (CSA). The Food and Agriculture Organization of the United Nations
(FAO, 2010) defines CSA as agriculture that sustainably increases productivity, increases
resilience, reduces GHG where possible, and improves the achievement of national food security
and development goals. Ibrahim et al. (2015) claim that micro-dosing is extremely resilient and
helps minimize greenhouse gas emissions by significantly reducing fertilizer loss, which is one of

the drivers of GHG emissions. Murendo and Wollni (2015) further emphasized the contribution of
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micro-dosing to the first pillar of CSA. Therefore, concerning the definition of CSA, it can also

contribute more to the achievement of the two remaining pillars. In sum, all three pillars of CSA

are targeted following the micro-dosing approach. Figure 1 is designed to give a clear overview of

the achievement of pillars and food security purposes.
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Figure 1: Framework of micro-dosing contribution to food security at the household scale
and the achievement of CSA's three pillars
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2.8. Crop modeling
2.8.1 Crop Model Overview in the Sub-Sahara Africa

In both developed and developing countries, models are increasingly being employed as research
tools to forecast agricultural system outcomes under various climatic, soil, and management
situations (Jones et al., 2012). Numerous research in SSA (Adiku et al., 2015; Akinseye et al.,
2020;2023; Beah et al., 2021; Toure et al., 2018; Traore et al., 2014) have significantly advanced
the understanding of the interactions between crops and their local environment. They further
support the understanding of multi-dimensional spatial variability inherent in farming landscapes
throughout the Sub-Sahara Africa region (Koo et al., 2016). Understanding and developing
practical solutions for the agricultural system depends on the modeling approach, which enables
farmers to become more resilient and deal with the more severe effects of climate change. This is
particularly true in Sub-Sahara Africa where (1) soils are low in fertility and hold very little water,
(2) where farmers typically do not apply fertilizer or irrigate, (3) there is considerable annual
variability in climate, (4) weeds, insects, and diseases may cause considerable damage to the crop,
and (5) farming practices are mainly subsistence with low input (Faye et al., 2018; Roudier et al.,
2011; Zougmoré et al., 2014). The impacts of and adaptations to climate change have been
extensively studied using crop models. These models are now increasingly employed to simulate
near- and long-term changes affecting the sustainability of production across diverse environments
under various IPCC scenarios. Predictive analytics is used in precision agriculture to forecast
future results by using both historical and current data, enabling farmers to make well-informed
decisions based on data-driven forecasts. Model developers routinely emphasize the importance
of obtaining accurate cultivar coefficients to apply cropping system models in local studies, which
suggests that without reliable values for these parameters, the models will not adequately simulate
the responses to climate and management (Jones et al., 2003; Keating et al., 2003). Various
statistical and mathematical models, including linear regression, time-series analysis, and spatial
interpolation, have been employed in this context. In the real-time precision agricultural context,
these models facilitate the analysis of patterns, trends, and linkages in the data, enabling precise
forecasts and well-informed decision-making (Ritchie et al., 1998). Crop simulation models are
widely used in precision agriculture. Research conducted in West Africa used several crop

modeling systems to estimate crop growth, yield, and resource usage efficiency under various
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environmental and management conditions. These models are essential for assessing and
forecasting how various elements, including soil properties, crop management techniques, and
environmental conditions, affect crop production. Farmers may make well-informed decisions
about the best way to allocate resources, choose crops, and implement management techniques to
optimize productivity and sustainability in precision agriculture by combining historical and
current data with these simulation models (Hoogenboom et al., 2019). Crop simulation models
allow farmers to assess how different management approaches could affect crop yield and resource
use. By offering insights into how various practices, such as irrigation scheduling, fertilizer use,
and planting dates, can affect crop production, these models facilitate data-driven decision-making
(Akinseye et al., 2020; Chen et al., 2010; Soler et al., 2008). Through the simulation of crop growth
and development in various scenarios, farmers can evaluate the possible consequences and adjust
their management tactics accordingly (Araya et al., 2015; Van Oosterom et al., 2002; White et al.,
2011). In precision agriculture, this modeling technique helps to reduce risks, optimize resource

efficiency, and eventually enhance total crop productivity.
2.8.2. Importance of crop modeling under changing climate conditions

Climate and agricultural modeling tools can provide pertinent information for evaluating the
implications of climate change, assisting stakeholders in making decisions to mitigate its negative
effects in the short and long-term period (Vanli et al., 2019). This highlights the value of crop
models for impact research, enhancing crop forecasting, and creating an index of climate
variability for examining climate variability and change (Capa-Morocho et al., 2014) which can
be helpful for agricultural insurance programs. It successfully illustrates the importance of taking
into account various crop management factors in the simulation of climate models, examination of
observed climate trends, and development of resilient policies by highlighting the effects of
extreme scenarios at local scales (Lobell et al., 2006). These projections could be added to crop
simulation models to aid in the adaptation to climate change by adjusting agricultural techniques,
crop patterns, and application of smart technology (Mahdi, 2019). Then, it is necessary to take into
account crop modeling methodologies since, in studies that analyze and assess the impacts of
climate change, it is crucial to take into account the interactions between crop management and
climate as well as the differences between crops (Rezaei et al., 2017). When properly calibrated

for the given crops, modeling tools provide an accurate simulation of actual crop yields across a
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range of soil types and seasons (Cooper et al., 2008). Given that they are driven by daily weather
data, they can also be satisfactorily used to evaluate the impacts of temperature and rainfall change
scenarios. For instance, crop models are more accurate in simulating how crops would react to the
current weather variability, which aims to identify crop management strategies for climate
parameter variability (Corbeels et al., 2018) which is relevant in the Sahel zone where we have
erratic rainfall patterns. Therefore, the most crucial requirement for climate change effect and risk
assessments as well as agricultural adaptation strategies is enhancement in understanding crop

responses to environmental conditions and climate factors.

2.9. Farmers’ Perceptions and Determinants of climate-smart management

strategies adoption
Farmers' perceptions of climate change and variability play a significant role in their decision-

making process regarding the adoption of CSA practices (Zagre et al., 2024). Studies have shown
that farmers in different regions have varying levels of awareness and understanding of climate
change, often influenced by their experiences and exposure to climatic events. Muita et al. (2021)
and Abdurehman, (2021) found that farmers in Ethiopia, and Kenya recognize the changes in
climate patterns and their adverse effects on agricultural productivity, prompting them. Several
factors influence farmers' decisions to adopt CSA practices. These determinants include
socioeconomic status, access to resources, education level, and institutional support (Diallo et al.,
2020; Ouédraogo et al., 2023; Sanfo et al., 2022; Zagre et al., 2024). Research by Diouf et al.
(2019) highlights the importance of these factors in facilitating or hindering the adoption of
climate-smart technologies. Farmers with better access to financial resources, extension services,
and educational opportunities are more likely to implement CSA practices. Tschakert, (2007) and
Zagre et al. (2024) suggest that targeted interventions, such as improving access to credit,
enhancing extension services, and developing supportive policies can be crucial for the widespread
adoption and success of climate-smart agriculture. Ragasa et al. (2016) and Galiwango et al. (2022)
emphasize that enabling environments created by institutional support and favorable
socioeconomic conditions significantly enhance the likelihood of farmers adopting climate-smart
practices. Besides, Gender dynamics significantly affect the adoption of CSA practices. Women
often face more significant barriers than men due to limited access to resources, information, and
decision-making power (Perez et al., 2015). Meinzen-Dick et al. (2012), Diouf et al. (2019), and

Antwi-Agyei et al. (2021) argue that addressing these gender disparities is essential for equitable
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and effective CSA adoption. In that case, understanding and incorporating gender-specific needs
and challenges can lead to more inclusive and successful implementation of climate-smart

strategies.

27



CHAPTER THREE: RESEARCH METHODOLOGY

3.1. Description of the study areas
The study was conducted at five locations in Senegal located in four agroecological zones:

Meouane (15°3'59.76"N, 16°45'26.28" W) in the Thies region, the Bambey research station of
ISRA/CNRA (14°42'31.32"N, 16°28'47.28"W) in the Diourbel region are located in the old peanut
basin while Daga Birame (13°56'39.84" N, 15°30'47.88" W) in the Kaffrine region is located in
the new peanut basin. Thiel (14°52'12.00" N, 15°5'0.24" W) in the Louga region is located in the
sylvopastoralism zone while Koumpetum (14°0'6.48"N, 14°34'21" W) in the Tambacounda region
is located in the Eastern and Upper Casamance agroecological zone (Figure 2).

Meouane, Bambey and Thiel are located within the Sudano-Sahelian climatic zone, with annual
rainfall ranging from 350 to 500 mm (Joseph et al., 2023). Daga Birame and Bambey fall within
the Sudano-Sahelian climatic zone, receiving between 500 and 700 mm of rainfall annually.
Koumpentoum belongs to the Sudanian climatic zone, with rainfall amounts reaching up to 700
mm. These areas exhibit high variability in annual rainfall (Araya et al., 2022; Joseph et al., 2023).
The soils in these zones are predominantly sandy with low fertility and seasonally waterlogged or
flooded clays, commonly referred to as Dior soils (FAO, 1993; Faye et al., 2023). The community
is made up mainly of farmers who practice a small-scale mixed farming system, raising livestock
and growing food and cash crops on small plots of land (McClintock and Diop, 2005). The major
crops grown in the area include pearl millet, groundnuts, and cowpeas. Monoculture is the
dominant farming system (Adiku et al., 2015). Also, the agroforestry system grows crops and
preserves several acacia trees (bushes) such as Faidherbia albida, Guiera senegalensis,
Piliostigma reticulatum, and Anacardium occidentale (Caju nut), especially in the old peanut

basin, one of the study areas, is located (Badiane et al., 2001).
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Figure 2: Map illustrating the study areas

3.2. Data requirement

To assess the impact of climate change on pearl millet production in Senegal, the study required
the integration of various datasets, including survey, crop, soil, and climate data. Survey data were
collected from household farmers across three rainfall gradients that fall within three
agroecological zones (Old Peanut Basin, New Peanut Basin, and Sylvopastoralism zone),
capturing essential information on agricultural practices, land use systems, and input management,

which influence millet yields.

Crop data, including detailed phenology, biomass, and grain yield were gathered from field
experiments during the growing seasons of 2022 and 2023 across the rainfall gradients assessing
three factors such as variety (SL 28, SL 423, Souna 3, and Thialack 2), plant population
(12,500hills/ha and 25,000hills/ha) and micro-dosing fertilizer strategies. These informations were
crucial for calibrating the DSSAT CERES-Millet model to local conditions. Soil data on physical

and chemical properties, such as bulk density, organic carbon, pH, and nutrient content (nitrogen,
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phosphorus, potassium), were obtained through field sampling and laboratory analysis, ensuring

accurate simulation of soil fertility effects on millet growth.

Finally, rainfall data were collected for the trial years using automatic and manual rain gauges at
the community scale across the study areas. Furthermore, climate data for the baseline period
(1985-2014) and future climate projections (2040-2069) under SSP2-4.5 and SSP5-8.5 were
derived from six GCM models of the CMIP6 framework. This comprehensive dataset allowed for
a robust simulation of pearl millet production dynamics under varying climate conditions,

providing insights into the potential impacts of climate change on food security in Senegal.

3.3. Equipment

The successful execution of field experiments and data collection for this study relied on a
combination of advanced tools and equipment. Vegetal material consisted of four pearl millet
varieties (SL 28, SL 423, Souna 3, and Thialack 2), chosen for their adaptability to the local
agroecological conditions and relevance to the study area (Table 1). To monitor crop growth and
development, a Leaf Area Index (LAI) sensor was employed to capture real-time measurements
of canopy coverage, providing critical data for model calibration. Additionally, Internet of Things
(10T) devices were deployed in the field to collect continuous environmental data, such as rainfall
providing the precision of monitoring. Manual rain gauges were also installed across the study
area at the community scale to validate rainfall data from other sources, ensuring accuracy in
precipitation measurements. This combination of cutting-edge technology and manual
instrumentation enabled comprehensive monitoring of both crop growth and environmental

conditions, essential for the robust simulation of millet production under climate change scenarios.
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Table 1: Pearl millet cultivars characteristics used in this study

Pearl millet variety Souna 3 Thialack 2 SL-423 SL-28
Target Use Local Dual-Purpose Dual-Purpose | Dual-Purpose
Cycle Short Medium Short Short
Potential yield 2.4-3.5 2-3 2.5-3.5 2.5-3.5
(t/ha)

Photoperiod High Moderate Moderate Moderate
Sensitivity

Source: CILSS, (2017) and ISRA, (2014)

3.4. Methods
3.4.1. Assessment of Climate Change Adaptation Strategies among
Smallholder Farmers

3.4.1.1 Sampling Procedure and Sample Size

Data from a cross-sectional household survey were collected from farmers who raised crops and
livestock in the three rainfall gradient areas during the post-harvest season (November and
December 2022) to assess their agricultural practices and adaptation strategies. The study
considered the definition of a household as “a group of people living in the same dwelling space
who have at least one common plot together or one income-generating activity together and who
acknowledge the authority of a man or woman who is the head of household” given by Beaman
and Dillon (2012). These locations were defined based on the different rainfall patterns and land
use systems (three agroecological zones). These three locations are therefore located in a transition
zone between the sylvo-pastoral zone (Thiel) and the peanut basin-new zone of intensive peanut
farming (Daga birame) with the old peanut basin (Meouane) migrants in a pastoralist context
taking into account both concerns, namely the difference in rainfall pattern and land use system
(Figure 3). Furthermore, the choice of these locations was motivated by the implementation of a
technologies package by the national research institute, national extension office, and AICCRA
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project (Accelerating Impacts of CGIAR Climate Research for Africa) to showcase the
performance of climate-smart management practices such as of improved varieties, efficient use
of fertilizer such as integrated soil fertility management (micro-dose) and climate service
information (CSI). The communities were randomly selected from a list of communities located
within the target locations. In that case, two-stage stratified sampling techniques were used to
select sample households. First, purposive sampling was applied to select at least six (6) villages
in each rainfall gradient considered as a cluster. Daga Birame cluster, the concerned villages were
Nandjigui, Darou Nandjigui, Keur Sawely, Simbara, Mbeuleup, Diatta Fakha, and Daga Birame
(Ndjognik district). In Meouane cluster, it was Meouane Meghor, Ndiane, Mborine, Ainomane,
Ndombil, and Ndiouffene (Meouane district). In the last cluster Thiel, Thiel Serere, Darou Nahim
Danedji, Touba Danedji, Mola, Touba Ndiagne, and Hodiolde-3 (Thiel district) were concerned.
Yet again, from among each cluster, the selection of households was based on the main crop values
chain grown across the study areas namely peanut, millet, cowpea, and livestock. This information
was carried out based on the workshops with the various stakeholders (two lead farmers per village,
extension agents, and researchers) which were prior held in each cluster before the beginning of
the rainy season 2022. These workshops raise the main crop grown in these locations. The sample
size for each cluster was purposely selected based on the approach given by Waha et al. (2016),
where they raised that to minimize the sampling errors, the number of sampling units per district
should be between 30 and 60. Following the sampling approach for the assessment of climate
adaptation strategies and climate information service at the community scale by the previous study
mentioned above, the sample size was first set to 90 households for the three clusters considered
in this study. Oversampling was done to increase the sample to 145 households over the three
clusters. Approximately forty-eight (48), forty-nine (49), and forty-eight (48) households were
selected from the Daga Birame, Meouane, and Thiel clusters, respectively, based on our logistical

capacity.
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Figure 3: Map illustrating the targeted three clusters for survey data collection

3.4.1.2. Survey data collection

The sample data was gathered based on several socioeconomic and environmental characteristics,
and it contained important details on farmers' perceptions of climatic variability and change as
well as their coping strategies. Climate variability is one of the factors influencing the variation in
crop growth, development, and yields from year to year (Akinseye, et al., 2023; Soler et al., 2008).
To capture the perception of this variability by farmers, questions about their observations of
climatic indicators over the previous thirty (30) years, including annual rainfall, temperature, the
onset and cessation of the growing season, and its length were asked. A good understanding of
climate change and its impacts could be key to leading the adaptation of the majority of farming
methods. To address that, questions about climate-smart management practices’ adaption were
adequately asked. As a definition, climate smart-smart management involves a range of practices
aimed at enhancing agricultural productivity, improving resilience to climate change, and reducing

greenhouse gas emissions (Partey et al., 2018). These practices help farmers cope with changing
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climate conditions and improve their resilience to climate change. The practices recorded in SSA
are various and vary from one area to another based-on farmers' knowledge and environmental
conditions (Moutouama et al., 2022). The common set addressed in this study is related to crop
operation, improved crop varieties, improved soil management, and water-harvesting techniques.
Therefore, to test the quality and farmers' understanding of the questions, one village was
previously selected with 10 heads of households in each location to ascertain and validate the

questionnaire's effectiveness.

3.4.1.3. Conceptual framework of socio-economic data

To appreciate the influence of the factors (Table 2) on farmers’ decisions, the different types of
models namely linear probability, Logit, and Probit models, were used by early studies (Diallo et
al., 2020; Gadédjisso-Tossou, 2015; Gebru et al., 2020; Ibitoye, 2011; Kassa, 2013; Sanfo et al.,
2022). Therefore, according to Greene, (2012), the Logit model is more robust and more
explanatory since it does not follow the normal distribution, which is suitable for adoption studies
in our case. In that, by using the Binomial Logit model, we focused on social, economic, and
institutional factors at the household and community level (Patnaik, 2021) to understand their
impact on farmers' perceptions of climate change, adoption of improved variety as a climate-smart
practice, and ability to adjust crop operation during the growing season. Thereby, the questions
were asked to get the binary responses. Related to climate-smart management practices, we
targeted the adoption of improved varieties. In that, the question was addressed to know 1=if
farmers use improved varieties in their farming system to cope with climate variability or 0= if
otherwise. Furthermore, crop operation adjustment during the growing season by farmers was
defined 1=if the farmers agree that they adjusted the crop operation according to any information
or support compared to their first plan at the beginning of the growing season and O=if they do not.
On the other hand, the climate change perception of farmers was also categorized as 1= if farmers
agree based on their experience that there is a change in climate conditions and 0= if they don’t

agree (Ntim-Amo et al., 2022).
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Table 2: The factors determined as likely to have an impact on the decision to adopt climate-
smart management practices and understand climate change

Variables Type Description
Age Quantitative Respondent’s age (years)
o Gender of the respondent-male or
Gender Qualitative P
female
. _ R t’ f f 1
Education level Qualitative esponden 5 yeats of fortma
education (years)
. . The farmer benefits from credit for
Credit access Qualitative )
investment
. . . Respondent has access to the extension
Access to extension service Qualitative P , )
agent’s advice
. . Respondent perceives the state of
Farmland erosion Qualitative P p
erosion of a farm
. - . Respondent perceives the state of the
Soil fertility Qualitative P p_ .
fertility of a farm
- . . The farmer belongs to a local
Farmer association membership Qualitative g

Experience in farming

Number of contacts with an extension
agent

Distance to extension office (km)

Rainfall gradient

Access to Government subsidies

Access to climate information

Quantitative

Quantitative

Quantitative

Quantitative

Qualitative

Qualitative

association.

Years that the respondent has worked
in agriculture

Number of farm visits of extension
agent

The distance from the farmer to the
extension agent’s office

The three locations with their average
rainfall amount

Respondent has access to Government
subsidies such as improved seeds

Respondent has access to climate
information from the meteorological
agency during the growing season
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3.4.1.4. Data analysis

The analyses conducted using StataCorp. (2021) were descriptive statistics such as percentages
and modeling analysis. The household was seen as a random variable. The Logit model was used
to examine farmers' perceptions of climate change and their adoption of smart management
practices. It examined whether farmers perceived change or not, adopted improved varieties as a
climate-smart strategy or not, and adjusted their crop operation over the growing season or not.
The farmers' perception and adoption of adaptation practices will likely be influenced by
household, farm, and institutional variables. The Logit model takes into account the link between
a set of binary or continuous independent variables and a binary dependent variable. The statistical
significance of the Logit model's coefficients is necessary for their interpretation. The
corresponding explanatory (independent) variables in Table 1 and the dependent variables were
(i) improved variety adoption as a climate-smart practice, (ii) adjustment of crop operation during
the growing season as a climate-smart practice, and (iii) Farmers’ perception of climate change.
For these dependent variables, the questions were set to get the closed response (1=yes or 0=no)
which implies the use of the binary logit model. The direction and severity of the influence are
reflected in the coefficient's magnitude. A positive correlation with the likelihood of adoption is
indicated by positive coefficients, whereas a negative correlation is indicated by negative
coefficients. The formula is given by (Greene, 2003):

tog (=) = o + Bux (Eq1)

Where log represents the natural logarithm.

p is the probability of the event (with 1=yes, 0=no) and X is an independent variable listed in Table
1. Bo is the intercept (constant). B1 is the coefficient associated with the predictor variable x. log
(1/1-p), is the log-odds or logit of the probability p.
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3.4.2. Improving Pearl Millet Production Through Participatory Research
for Farm-level Intervention across Rainfall Gradients

3.4.2.1. Demonstration trials

The interventions in this study follow the participatory research and extension approach (PREA)
which is expected to accelerate the adoption of CSA packages dissemination toward climate risk
management (Ajeigbe and Dashiell, 2010). Three agricultural innovation technologies were
deployed through multi-location demonstration plots during the rainy seasons of 2022 and 2023.
This was to evaluate pearl millet varieties’ response to variable climate risks and farm management
practices and promote best-bet climate-smart management practices for adoption and seasonal
yield forecasting using DSTs- decision-support tools. Therefore, based on the low level of soil
fertility at the farm level, integrated soil fertility management (ISFM) such as micro-dosing
fertilization approach and improved varieties were demonstrated. Two levels of trials were
implemented in this study, including plant density assessment at the agroecological zone scale
with four pearl millet varieties under the recommended fertilizer rate of Senegal (150kg of NPK
(15:15:15) + 100kg of Urea (46%N)) using micro-dosing strategy in four locations (Meouane,
Research station of ISRA/CNRA at Bambey, Daga Birame, and Koumpetum). The improved
density comprised 25,000 hills ha compared to farmers’ practice (12,500 hills ha™), while the
improved variety was dual-purpose (SL 28, SL 423, and Thialack 2) compared to farmers'
improved local (Souna 3). This trial was designed in a complete randomized Block (RCBD) to
assess the adaptability of dual-purpose millet varieties along the rainfall gradient to improve
resilience to climate variability and promote sustainable farming practices. The plots contained 5
rows, sown within a row at 0.9m for low density and 0.45m for high density. The plot size was 5
rows, 5m long and 4.5m wide. The space between the rows was 0.9m and the block size was
22.5m? (5 m x 4.5 m). The space between the sub-plot was 1m, the block was 1.5m, and the plot

size was 792 m? (Figure 4).

37



Low plant population (12500hills/ha) High plant population (25000hills/ha)

Repl SL 423 Souna-3 SL 28 Thialack-2 | 2m SL 423 Souna-3 SL 28 Thialack-2
afo 1m | Lsm

Rep2 | | Souna-3 Thialack-2 SL 28 SL 423 Souna-3 Thialack-2 SL 28 SL 423

Rep3 SL 28 SL423 Thialack-2 Souna-3 SL 28 SL 423 Thialack-2 Souna-3

44m

Figure 4: Experimental designs across three agroecological zones in Senegal

The second demonstration trial plots were focused on a farm scale and assessed the organo-mineral
micro-dosing fertilizer with farmers’ local variety compared to dual-purpose varieties and carried
out across three clusters (Daga Birame, Meouane, and Thiel). The demonstration plots were carried
out in three clusters across 18 villages during the growing seasons of 2022 and 2023. In each
cluster, six villages were associated, and, in each village, four farmers were selected and given a
total of 72 demonstration plots per year. The ISFM technology comprised four levels of organo-
mineral fertilizer strategy using micro-dosing techniques. Based on these treatments, the quantity
of fertilizer per hill was derived. Previous studies by Tabo et al. (2007) and Akinseye et al.
(2023)adopted micro-dosing techniques for sorghum and pearl millet in a similar environment.
This implies that F1- 6g/hill of NPK + 4g/hill of Urea, F2- 6g/hill of NPK+ 4g/hill of
Urea+100g/hill of Cow manure, F3-3g/hill of NPK + 2g/hill of Urea + 50g/hill of Cow manure,
and F4-3g/hill of NPK + 100g/hill of Cow manure. The demonstration plots had four fertilizer
treatments and two millet varieties; farmers within the same village were used as replications, and
each sub-plot size was 63m? (10 m x 6.3 m) with 7 rows, sown at 0.45m within a row, given a total
620.4m? (Figure 5).
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Figure 5: Experimental designs at an on-farm scale in 18 villages across three clusters

3.4.2.2. Crop data collection and measurements

For the experimental trial, different data were collected including crop phenology (date to anthesis,
and physiological maturity), leaf number, leaf area index (LAI), biomass time series, grain, and
aboveground biomass yield at harvest. Anthesis and physiological maturity dates were determined
using plants in the three middle rows of each plot. Regarding the morphology parameters such as
leaf number and LA, they were measured from three weeks after planting to 9 weeks with intervals
of two weeks between each measurement. Leaf area index (LAI) was measured using the DELTA
PAR/LAI Sensor. Concerning farmers’ demonstration plots, grain and aboveground biomass at
harvest were measured. Millet panicles and fodder were harvested at physiological maturity from
the three central lines of each plot (7.29 m?) to avoid border effects. Stover weight was taken after
sun drying for 14 days when almost no change in weight was observed between consecutive
measurements (Reddy et al., 2010). The yield was extrapolated and then reported on a hectare
basis. The panicles were threshed and weighed to determine grain yield. The grain and stover
yields from each plot were estimated in kg ha™. Furthermore, the Harvest Index (HI) was
computed to appreciate the efficiency of a crop in converting resources into harvested yield based

on each variety and fertilization level. The formula is given:
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Grain yield (kg.ha™1)
Above dry matter (kg.ha=1)

Harvest Index (HI) = (Eq 2)

Only the data from the trial were considered for agronomic analysis regarding the climate-smart
technologies' performance assessment, namely micro-dosing fertilizer strategies, plant population,
and variety. These include Meoaune, Daga Birame, and Thiel locations, where we have at least
two years of trial carried out (2022 and 2023). For the CNRA research station and Koumpentoum

locations, data from the 2023 trials were used for CERES-Millet model parameterization.

Moreover, Crop water use efficiency (WUE) was computed using FAO ETo Calculator software
(version 3.2) to extract the daily reference evapotranspiration (ETo [mm day']) based on the FAO-
56 Penman-Monteith method (Allen et al., 1998). The model was provided with two years (2022
and 2023) of climatic data (solar radiation, minimum, and maximum temperatures) at each site.
Thereafter, the model was run to get the daily ETo values for the whole two years. From there, the
cumulative reference evapotranspiration Eto values for the growing season (sowing date to harvest
date) were further calculated for each variety type (Dual-purpose and Improved local) and plant
population (farmer practice and improved density). Thereby, the cumulative reference Eto was
used in equation 3 below described by Allen et al. (1998) to determine crop evapotranspiration or

crop water use, while equation 4 was used to calculate water use efficiency (WUE).

ET, = Ety X K, (Eq 3)
Crop grain yield
WUE = P ITHY (Eq 4)
ET,

where: ETc = crop evapotranspiration or crop water use in (mm), ETo = reference
evapotranspiration in (mm), and Kc = crop coefficient for pearl millet in this study was 0.71 as
stated in FAO-56 manual (Allen et al., 1998).
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3.4.3. Application of the DSSAT-CERES-Millet Model to Simulate Growth
and Yield of Pearl Millet Varieties

3.4.3.1. Weather input data during trial years

Weather files for 2022 and 2023 were created using daily minimum and maximum air
temperatures, rainfall, and solar radiation and plotted using the WeatherMan utility program in
DSSAT (Pickering et al., 1994). In each community, manual and automatic rain gauges were
established for rainfall data collection during the growing seasons of 2022 and 2023. In Meouane,
Daga Birame, and Thiel locations, the trials were conducted during the growing seasons of 2022
and 2023, while in CNRA Bambey research station and Koumpetum, it was only during the
growing seasons of 2023. Furthermore, unlike the rainfall data, which were recorded directly at
the experimental site, daily minimum and maximum temperatures and solar radiation were
obtained from the NASA Climatology Resource for Agroclimatology database, using the

corresponding location reference coordinates (http://power.larc.nasa.gov).
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3.4.3.2. Soil input data

Each year, before sowing, soil samples were collected at various depths (0-15cm, 15-30cm, and
30-60cm) for experimental trials and in each village for on-farm demonstration plots. Soil samples
were analyzed at the ICRISAT soil analysis laboratory at Sadore, Niger for physical-chemical
properties namely Bulk Density (g/cm3), sand (%), silt (%), clay (%), Soil pH measured in water
using a 1:2.5 soil-to-water ratio, Organic Carbon (%), Total Nitrogen (%), Phosphorus (mg/kg),
Potassium (%), and Cation Exchange Capacity (cmol*/kg) (Table 1). The soil profile information
is key in the cropping modeling system for running the simulation (Tsuji et al., 1994), additional
data of two layers (60-100 and 100-200cm) were downscaled with the corresponding farm’s
reference coordinates of each location from SoilGridslkm at 10-km resolution using the approach
given by (Han et al., 2019). The analysis emphasized that the soil across the locations was mainly
sandy loam in texture with a low percentage of organic carbon and nitrogen. The sand content
ranges from 65 to 87.2% across all the sites surveyed in this study (Table 3). The bulk density,
silt content, and clay content range respectively from 1.42 to 1.58 g/cm?®, 5.2 to 23.8%, and 8.2 to
13.3%. The soil was moderately acidic to slightly acidic to neutral pH across the locations (Table
3). Furthermore, the fertility determinant (SLPF) factor was manually adjusted for each location
based on the initial set of cultivar coefficients. As input, measured soil physical-chemical
properties mentioned above were used. Soil hydrological properties such as soil water content at
field capacity (drained upper limit = DUL), at permanent wilting point (lower limit = LL), and
saturation (SAT) were parameterized from SoilBuild following the approach given by Ritchie,
(1981) and Gijsman et al. (2002).
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Table 3: Physical and chemical properties used for model parameterization in each cluster

Profile Phosphore Potassium CEC-
Depth BD ocC Sand Clay AgTu
Site (cm) (g/cm3) (%) (%) Silt (%) (%) pH/H20 N (%) (mg/kg) (%) (cmol‘/kg)

Experimental trials

giar%?ne 0-200 1.52 0.18 71.7 17.3 111 5.6 0.015 44.3 0.05 4.57
Meouane 0-200 1.43 0.30 84.2 6.2 9.7 6.3 0.025 88.4 0.05 3.41
Bousra 0-200 1.42 0.15 82.3 10.3 104 6.0 0.013 92.3 0.10 5.23
Bambey 0-200 1.51 0.05 81.3 9.3 9.2 6.2 0.005 90.4 0.05 3.73
Daga Birame cluster
Diatta Fakha 0-200 1.52 0.12 77.6 14.3 8.2 5.8 0.012 78.3 0.08 3.91
Keur Sawely 0-200 1.52 0.19 70.9 16.5 12.7 5.7 0.020 111.6 0.14 5.33
Mbeuleup 0-200 1.50 0.19 65.7 23.5 10.8 5.9 0.016 82.4 0.11 3.84
Nandjigui 0-200 1.50 0.15 76.5 10.3 13.3 5.9 0.017 89.3 0.10 3.64
Ngouye 0-200 151 0.15 65.0 23.8 11.3 5.9 0.016 33.9 0.12 4.95
Meouane cluster
Ainomane 0-200 151 0.06 85.4 6.5 8.2 6.1 0.007 46.1 0.05 4.59
Ndombil 0-200 1.46 0.08 87.2 5.2 7.7 6.2 0.011 90.6 0.06 3.60
Ndiane 0-200 1.58 0.12 78.1 9.7 12.3 5.8 0.014 154.6 0.04 3.92
Ndiouffene 0-200 1.43 0.07 78.5 14.0 7.6 6.2 0.008 89.7 0.05 341
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Profile Phosphore Potassium CEC-
Depth BD ocC Sand Clay AgTu
Site (cm) (g/cm3) (%) (%) Silt (%) (%) pH/H20 N (%) (mg/kg) (%) (cmol‘/kg)
Mborine 0-200 1.58 0.09 77.0 10.1 13.0 5.9 0.009 91.8 0.06 4.47
Thiel cluster
Touba
Ndiagne 0-200 1.42 0.15 80.8 9.5 10.0 6.9 0.015 75.3 0.07 7.04
Mola 0-200 1.42 0.10 78.8 11.0 10.5 6.6 0.012 775 0.10 3.53
Touba
Danedji 0-200 1.42 0.11 82.3 9.1 9.0 6.6 0.012 70.8 0.06 4.23
Darou Naim  0-200 1.42 0.13 82.1 9.0 9.2 6.7 0.012 65.7 0.07 4.57
Thiel Serere  0-200 1.42 0.10 81.1 9.8 9.4 6.8 0.012 79.6 0.10 5.39
Hondiolde 3  0-200 1.42 0.09 72.7 18.8 8.7 6.6 0.011 82.4 0.11 5.06
Cow manure

BD=bulkdensity,OC=organiccarboncontent,N=percentNitrogen,and CEC= Cation exchange capacity
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3.4.3.3. CERES-Miillet model description and calibration procedure
The CERES Millet model of the DSSAT Version 4.8 (Hoogenboom et al., 2019) was selected for
a system analysis approach. The model simulates crop growth, development, and yield by
capturing both vegetative and reproductive processes, as well as the dynamics of water, nitrogen,
and carbon in the soil, and weather and cultivar traits. Ritchie et al. (1998) and Jones et al. (2003)
provide detailed explanations of these processes. To accurately simulate the growth and yield of a
pearl millet cultivar, the model requires specific crop and cultivar parameters, also known as
genetic coefficients (GCs). Additionally, it incorporates a thermal time calculation similar to
growing degree days, which considers the optimal temperature range where plant development
rates increase linearly with rising temperatures. Thereby, the Priestley and Taylor method for
evapotranspiration was applied in this study. Furthermore, radiation efficiency for millet
photosynthesis was considered as described by Jones et al. (2003), and the CENTURY method
was used to simulate soil carbon and nitrogen dynamics (Gijsman et al., 2002). To ensure the
model’s accuracy and reliability for the specific conditions of this study, a thorough calibration
process was undertaken. The model was calibrated using the optimum treatment (recommended
rate of mineral fertilization, including a micro-dosing strategy) under two plant population
densities (12,500 and 25,000 hills/ha) for pearl millet. This was applied to three dual-purpose
varieties (Thialack 2, SL 28, and SL 423) and one farmer-improved local variety (Souna 3), across
four contrasting environments (Meouane, ISRA/CNRA Bambey research station, Daga Birame,
and Koumpentoum) during the 2022 and 2023 growing seasons. The genetic coefficient was
estimated during model calibration using field data on phenology, growth, grain, and aboveground
biomass yields. The best value for each phenological and development coefficient was chosen
using an iterative process (Garba et al., 2024; Kamara et al., 2023; Nissanka et al., 2015). The
model's performance was assessed using anthesis, maturity dates, growth, and yield. This approach
was done following a sequential order, starting with the phenological development coefficients
and progressing to the crop growth and yield coefficients (Bowen et al., 1998). Since the millet
cultivars used in the experiment had not been previously modeled with DSSAT, the genetic
coefficients were calibrated by choosing an early-maturing cultivar from Niger (Zatib) calibrated
by Akponipke (2008) as a reference. The combination of coefficients that resulted in the smallest
root mean square error (RMSE) and the highest coefficient agreement (d-stat) between observed
and simulated values were selected as the final cultivar coefficients. Table 2 displays the adjusted
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genetic coefficient for each variety. Initially, the phenology-controlling coefficients (P1, P20, P2R,
P5, and PHINT) were adjusted to correspond with the dates of anthesis and maturity as well as the
number of leaves. Afterward, to reduce the RMSE between the simulated and measured LA,
biomass, and yield, the G1, G4, G5, and GT parameters were changed (Jones et al., 2003). After
modifying the species-specific parameters, the soil fertility factor (SLPF) was modified. After
manual modification, the error between the simulated and observed total biomass was minimized,

and the value was set at 0.75.

3.4.3.4. Description of cultivars

The four cultivars have been described by ISRA, (2014) and CILSS, (2017). Souna 3, an improved
local variety, is early-maturing (85-95 days), generally photoperiod insensitive, and has a yield
potential of 2.4 to 3.5 t/ha. Thialack 2, a dual-purpose variety, has moderate photoperiod
sensitivity, a medium maturity cycle (90-95 days), and a yield potential of 2 to 3 t/ha. SL-423 and
SL-28, also dual-purpose varieties, are photoperiod-insensitive, early-maturing (85-95 days), and
have a yield potential of 2.5 to 3.5 t/ha. Table 4 shows the generated values for the cultivar
coefficients for each variety. The genotypic coefficient P1 was 310 oC day for Souna 3. SL 28 and
SL 423, while it was 240 C day for Thialack 2. The P20 was 12.8 hours for Souna 3. SL 28 and
SL 423, while it was 11.6 hours for Thialack 2. There was low variation between the varieties in
P2R, P5 G1, and GT, while no variation was observed in G4 and G5. Therefore, the thermal time

between successive leaf tip appearances (PHINT) was slightly different between the four varieties.
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Table 4: Genetic coefficients for model calibration

Variables Description

Default

Souna 3

SL 28

SL 423

Thialack 2

Thermal time from seedling emergence to the end
of the juvenile phase (expressed in degree days
Pl above a base temperature of 10°C) during which
the plant is not responsive to changes in
photoperiod

340.0

310.0

310.0

310.0

240.0

Critical photoperiod or the longest day length (in
hours) at which development occurs at a maximum
rate. At values greater than P20, the rate of
development is reduced

P20

12.0

12.8

12.8

12.8

11.6

Extent to which phasic development leading to

panicle initiation (expressed in degree days) is

delayed for each hour increase in photoperiod
above P20

P2R

260.0

310.0

340.0

340.0

130.0

Thermal time (degree days above a base
temperature
of 10°C) from beginning of grain filling
(3-4 days after flowering) to physiological maturity

PS

285.0

240.0

210.0

230.0

260.0

G1 Scaler for relative leaf size

0.5

1.4

1.2

1.0

0.7

Scaler for partitioning of assimilates to the panicle

G4 (head)

0.9

1.9

1.9

1.9

1.9

Phylochron interval; the interval in thermal time
PHINT (degree days) between successive leaf tip
appearances

43.0

68.0

70.0

68.0

65.0

GT Tillering coefficient, equivalent to G1, but on tillers

1.0

1.3

1.3

1.5

1.5

G5 Potential grain size, mg

11.0

11.0

11.0

11.0

11.0

3.4.3.5. CERES-Miillet Model Evaluation

To appreciate the accuracy of the model, the calibrated model was evaluated using final grain and

aboveground biomass yield of independent data from on-farm demonstration plots in each rainfall

gradient of the 2022 and 2023 growing seasons. The accuracy of model simulations was assessed
based on the Mean Bias Error (MBE), Root Mean Square Error (RMSE), normalized Root Mean
Square Error (nRMSE), and coefficient of agreement (d-index) (Bélanger, 2000; Willmot, 1982) .
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The simulations in each cluster were performed across 24 selected farmers for each year (2022 and
2023) for both Daga Birame and Meouane clusters, while in Thiel it was for only the 2023 growing
season. Daga Birame cluster was concerned by Souna 3 and SL 28, Meaoune, Souna 3 and SL
423, while Thiel was Souna 3 and Thialack 2. The soil survey across the community indicated a
very low fertility class, which implies the adjustment of SLPF to minimize the error between the
observed and simulated total biomass, ranked between 0.45 to 0.75 in Daga Birame, 0.41 to 0.65
in Thiel, and 0.53 to 0.6 in Meouane cluster. The accuracy and reliability of the model were
assessed by calculating the statistical indices between observed and simulated values. Statistical

indices are shown in Egs. (5)—(8):

n
1
MBE =~ > (0; = 5) (Eq5)
i=1
n (0. —S.)2
RMSE = J =1 1:, 2 (Eq 6)
RMSE
nRMSE = |——| x 100 (Eq7)
0

> (0= S)?
> (IS, = 0] +10; — 01)?
=1

d —index =1 — (Eq 8)

S; is the simulated values; O; is the observed values and n is the number of observations. The
simulation is considered excellent with a normalized RMSE less than 10 %, good if the NRMSE is
greater than 10 and less than 20%, fair if the normalized RMSE is greater than 20% and less than
30%, and poor if the normalized RMSE is greater than 30%(Loague and Green, 1991).
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3.4.4. Simulation of future climate conditions impact across agroecological
zones of Senegal

3.4.4.1. Selection of Coupled Model Intercomparison Project Phase 6 for

Future Climate Impact Prediction

This study used six Global circulation models (GCMs) from datasets from NEX-GDDP-CMIP6
to project future changes. Several studies have used the NEX-GDDP-CMIP6 dataset for climate
impact studies (Sawadogo et al., 2024; Waongo et al., 2024, Sultan et al., 2023). These datasets
are statistically downscaled climate scenarios derived from CMIP6 models to a horizontal
resolution of 0.25¢ with a bias correction and spatial disaggregation (BCSD) method (Thrasher et
al., 2022). The selected models are ACCESS-CM2, CanESM5, CNRM-CM6-1, HadGEM3-
GC31-LL, MPI-ESM1-2-HR, and UKESM1-0-LL (Table 5). These models provide climate
simulations for both historical (1950-2014) and future (2015-2100) periods, offering projections
under various Shared Socioeconomic Pathways (SSPs), specifically SSP2-4.5 and SSP5-8.5
(O’Neill et al., 2017). The models were chosen based on their (i) use in recent IPCC Assessment
Reports, (ii) Availability of high-resolution, bias-corrected data for the study region, making them
suitable for localized climate impact studies (Almazroui et al., 2020; Kouman et al., 2024;
Shiogama et al., 2021), and (iii) Performance in representing key climate variables (precipitation,
temperature) in West Africa, as identified by Eyring et al. (2016) and O’Neill et al. (2016). Daily
data such as precipitation, maximum, and minimum temperature, and solar radiation were derived
from the dataset using R scripts. These variables were selected based on their critical role in
influencing agricultural productivity and water availability in the study region (Lobell and Burke,
2010; Roudier et al., 2011) and their relevance as crop model inputs. The selection of the six GCMs
was also based on their proven performance in simulating contrasting climate patterns in West
Africa (Ajibola et al., 2020; Almazroui et al., 2020; Bobde et al., 2024; Kouman et al., 2024; Shiru
and Chung, 2021; Tebaldi et al., 2021; Wada et al., 2022). The selected SSP2-4.5 and SSP5-8.5
scenarios represent different pathways of socio-economic development and associated greenhouse
gas emissions. SSP2-4.5 is a moderate scenario where climate policies gradually shift toward
mitigation, resulting in a radiative forcing of 4.5 W/m2 by 2100 while SSP5-8.5 is a high-emission
scenario that assumes rapid economic growth with limited mitigation, leading to a radiative forcing
of 8.5 W/m2 by 2100 (O’Neill et al., 2017). For the mid-century period (2040-2069), the projected
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CO: concentration levels for the SSP2-4.5 and SSP5-8.5 scenarios are around 540 ppm and 680
ppm respectively (Meinshausen et al., 2020; O’Neill et al., 2017). The choice of these pathways
provides a contrast between moderate and extreme future climate conditions, offering a broader
range of potential outcomes for adaptation strategies. The historical period from 1985 to 2014 was
used in this study as a baseline to assess climate change impacts on millet production. Future
climate conditions were obtained for the period 2040-2069, a timeframe considered relevant for
mid-century adaptation planning (Akinseye et al., 2024). To address uncertainties inherent in
climate modeling, the ensemble approach was further assessed. This involved averaging the output
of the projection from the six selected GCMs, as recommended by (Shelia et al., 2019; Tebaldi
and Knutti, 2007). The ensemble approach reduces the impact of biases from any single model and
increases the robustness of the projections.

Additionally, for the six specified GCM models, the length of the growing season and the onset
and cessation of the rainy season were determined using Instat+ software, version 3.36. Following
the Sahelian zone, the onset was identified by Sivakumar, (1988) as the day after May 1st, when
there was no dry spell for more than seven days in the next 30 days, and 20 mm of rain fell over
three consecutive days (Akinseye et al., 2016). According to earlier research that has been widely
applied across Sahelian zones, the cessation was defined as the first day after September 1st when
the climatic water balance is less than or equal to 0.5 mm, or when the soil is completely dry down
to a depth of 100 cm with daily potential evapotranspiration of 5 mm (Akinseye et al., 2016;
Lodoun et al., 2013). The duration of a specific region's rainy season (Sivakumar, 1992) states that

a threshold rainfall of 0.85 mm was utilized in these computations to identify a rainy day.
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Table 5: Details on CMIP6 GCMs used for crop simulation

CMIP6 model Spatial
name Institution Resolution References
Australian Community Climate and Earth System
ACCESS-CM2 Simulator 1.88° x 1.25° (Bietal., 2020)
(Swart et al.,
CanESM5 Canadian Center for Climate Modeling and Analysis 2.8°x2.8° 2019)
(Voldoire et al.,
CNRM-CM6-1 National Centre for Meteorological Research, France 1.4°x1.4° 2019)
HadGEM3-GC31- Hadley Centre Global Environment Model version 3, (Williams et al.,
LL U.K. 1.9°x1.3° 2018)
Gutjahr et al.
MPI-ESM1-2-HR Max-Planck-Institut fur Meteorologie, Germany 0.9°x0.9° (2019)
Met Office and Natural Environment Research (Sellar et al.,
UKESM1-0-LL Council of U. K. 1.9°x1.3° 2019)

3.4.4.2. Selection of Agroecological Zones and Climate Models Data Extraction
For climate impact assessment under current and future scenarios of Senegal, four agroecological
zones (AEZs) were selected based on their representativeness of the country’s major AEZs for
pearl millet production and based on the availability of the data (soil and climate) required to
parameterize the crop simulation models. This includes the Old Peanut Basin (OPB), New Peanut
Basin (NPB), Sylvopastorisim Zone (SVPZ), and Eastern and Upper Casamance Zone (EUC).
Though millet is a common crop in all four AEZs and each agroecological zone is characterized
by distinct climate and environmental conditions that influence agricultural productivity. Four
representative sites were selected based on rainfall isohyets in each agroecological zone to ensure
that the aggregated simulation output accurately reflects the rainfall distribution and its influence
on agricultural outcomes within each agroecological zone (Van Wart et al., 2013). Indeed, in the
Old Peanut Basin, Meouane, Louga, Bambey, and Touba were chosen, New Peanut Basin (Daga
Birame, Nioro du Rip, Babane Oualof, Karang), Eastern and Upper Casamance (Koumpetum,
Kedougou, Vellingara, Kolda and Goudiri Foulbe), and Sylvopastoralism Zone (Thiel, Poua
Diamo, Gueye Kadar,and Mboune) (Figure 6). The approach of aggregating simulation output at
the agroecological scale is to capture the overall impact of climate change on crop yields across a

larger zone rather than focusing on local-scale variations (Falconnier et al., 2020). This approach
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ensures that the climate data used for simulations represent the overall conditions of the
agroecological zone, leading to more consistent and comparable results across different zones
(Rosenzweig et al., 2013). This methodology ensures a robust assessment of climate impacts on
crop yields, accounting for both the spatial variability within agroecological zones and the broader

regional trends (Challinor et al., 2014; Wang et al., 2018).
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Figure 6: Different sites used for agroecological scale simulation of current and future
climate conditions
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3.4.4.3. Seasonal Analysis for Climate Impact Assessment

Global circulation models (GCMs) are increasingly capable of making relevant predictions of
seasonal and long-term climate variability, thus improving prospects of predicting impact on crop
yields. The climate projections derived from these six models and the ensemble model were used
as inputs for the DSSAT crop model (CERES-Millet) to simulate the impacts of future climate
change on pearl millet yield. This was to assess the impact of climate change on grain yield and
biomass to identify the optimum micro-dosing fertilizer strategy across the agroecological zones
of Senegal. Based on the definition of rainy season onset in the Sahel given by (Sivakumar, 1988)
and confirmed to be suitable for this zone (Akinseye et al., 2016; Joseph et al., 2023; Zagre et al.,
2024). The model's initial water, nitrogen, and organic matter contents were set at the beginning
of each simulation (1 May). This allows the elimination of the residual effect of these parameters
in the soil profile on crop growth and development for the current season (Beah et al., 2021).
Analysis of the onset and the cessation of the rainy season across the clusters (Zagre et al., 2024)
allows for setting the optimum planting window from June 26 to July 25, covering the targeted
AEZs. In the simulations for the current climate, a CO2 concentration was set at 360 ppm, while
in the future climate simulations, a CO> concentration was 540 ppm under SSP2-4.5 and 680 ppm
under SSP5-8.5 for mid-century (Meinshausen et al., 2020). Four organo-mineral micro-dosing
strategies were used to determine the optimum combination of N application rate in each AEZ.
The simulation was set at two planting densities (12,500 hills/ha and 25,000 hills/ha). In each AEZ,
the simulation was done for the four varieties (SL28, SL423, Thialack 2, and Souna3) used above
for model calibration and evaluation. The application procedure was applied in the long-term
seasonal simulation. The cow manure rates were applied at the sowing. NPK rates were applied
two weeks after planting, while urea rates were applied three weeks after NPK application.
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3.4.4.4. Data analysis
Statistical analyses were conducted using R software version 4.3.3. A two-way ANOVA was
performed to evaluate the effects of variety type, plant population, and micro-dosing fertilizer on
grain yield, stalk yield, and harvest index. Before conducting ANOVA, the normality of the data
was assessed using the Kolmogorov-Smirnov (KS) test. Mean comparisons were conducted using
the Tukey test at p < 0.05 for each location. Additionally, the accuracy of the CERES-Millet model
in simulating the phenological stages, growth, and yield of pearl millet cultivars across contrasting
environments was assessed using statistical indices such as Mean Bias Error (MBE), Root Mean
Square Error (RMSE), normalized RMSE (nRMSE), and the d-statistic. For the climate impact
assessment to determine the underlying anomalies, relative change (%) (Eg. 9) and absolute change
(Eg. 10) were calculated using GCM climate data and long-term yield simulations. Positive and
negative anomalies indicate, respectively the increase and decrease of the variables in the future

period.

Future scenario — Baseline
AFuture (%) = , ] x 100 (Eq9)
Baseline
AFuture = Future scenario — Baseline (Eq 10)
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CHAPTER FOUR: RESULTS AND DISCUSSIONS
4-1. RESULTS

4.1.1. The perception of farmers toward changes in temperature, wind

speed, and rainfall patterns
Table 6 displays farmers' perceptions of climate change across the three zones. The findings
revealed that 62% of respondents across all AEZ observed an increase in annual rainfall. About
68% of farmers’ respondents agreed that the rainy season starts late and 67% agreed that the rainy
season stops early. Only 37% of farmers who responded to the survey confirmed a rising tendency,
whereas 60% confirmed the rainy season's shortening over time. Temperature changes were widely
acknowledged, with 84% of farmers confirming a rise in temperature in recent years. Furthermore,
72% of farmers’ respondents reported increased wind intensity. The investigation within each
rainfall gradient revealed that in Daga Birame location, farmers perceived an increased trend of
annual rainfall amount (84%), rainy season length (77%), temperature (92%), and wind intensity
(50%). Most of these farmers (90%) concurred that the rainy season started early and ended late
(96%). In Thiel, all farmers (100%) reported an increase in annual rainfall, while 98% observed
rising temperatures and 75% noted stronger winds. However, 68% believed the rainy season has
shortened, and all respondents (100%) stated that the rainy season now starts later and ends earlier.
The farmers in Meouane noticed that yearly rainfall (96%) and the length of the rainy season (94%)
were trending downward. Related to temperature and wind intensity, they claimed an increasing
trend respectively 67% and 96%. Most of them (96%) also concluded that the rainy season started

later than usual and ended earlier than expected (96%).
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Table 6: Perceptions of farmers in Meouane, Thiel, and Daga Birame (%) regarding changes

to several climate indices

Climate indicators Daga Birame Thiel Meouane Overall
Increase 84 100 4 62
o No change 6 0 0 1
Annual precipitation Decrease 10 0 96 37
No opinion 0 0 0 0
Increase 77 30 6 37
Length of cropping season No change 6 2 0 3
Decrease 17 68 94 60
No opinion 0 0 0 0
Increase 92 98 67 84
Temperature No change 6 2 2 4
Decrease 2 0 31 12
No opinion 0 0 0 0
Increase 50 75 96 72
T No change 15 15 0 10
Variation in wind speed Decrease 33 10 4 17
No opinion 2 0 0 1
Late 8 100 96 68
. No change 2 0 0 0
Onset of the rainy season Early 90 0 4 32
No opinion 0 0 0 0
Late 96 0 4 33
Cessation of the rainy No change 2 0 0 0
season Early 2 100 96 67
No opinion 0 0 0 0

4.1.2. Farmers’ Perspectives on the Weather Variabilities on Livestock and

Crop Systems

Weather anomalies, which include delayed or early onset of the rainy season, low seasonal rainfall,

dry spells during critical crop growth stages, strong winds, and high temperatures, were closely

linked to seasonal patterns (Table 7). The findings demonstrated that farmers understood how

various weather-related scenarios might affect their crops and livestock systems. Table 7 below

lists the common impacts emphasized by farmers. The main effects of weather anomaly scenarios

on crop and livestock systems are what farmers along the three rainfall gradients observe.
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Table 7: Farmers in the Meouane, Thiel, and Daga Birame zones' assessments of how
weather anomalies affect crop and livestock systems

Weather indicators Scenario Impact Frequency
Amount of seasonal - . .
L Deficit Crop water shortage leading to decreased yield 2%
precipitation
Loss of yield due to late sowing 88%
Onset Delayed
Lack of grain maturation and filling 90%
Dry spells near the end !_ossf;_)f_product_lv:ct_)lll_due todcrop dryl_ng out and 68%
of the season or an early Frequent Insufficient grain filling and maturation
cessation of the season fodder shortage 36%
Extended dry spells in Loss of seedlings due to a lack of water 39%
the early stages of the Prolonged
rainy season Crop growth delay leading to decreased yield 76%
Causes soil erosion, which reduces soil fertility 44%
Strong wind Strong
Crop fall resulting in yield loss 49%
Crop drying out, which reduces yield 30%
More crop water is required, and pastoral
High temperature High P . f - P 39%
boreholes are drying up earlier
Lead of animal disease 32%

4.1.3. Adoption Measures in Response to Change

Table 8 shows that the farmers in the three locations used different adaptation measures to deal

with climate unpredictability. This includes the use of improved varieties, rotation with

leguminous, shifting the date of sowing, crop diversification, use of organic manure, improved

animal race, efficient use of inorganic fertilizer, Farmer Managed Natural Regeneration (FMNR),

mulching, and irrigation. Farmers in the Daga Birame primarily use improved varieties (65%),

rotate with leguminous (55%), and alter planting dates (55%). In the Thiel, farmers primarily used

rotation with leguminous (98%) and crop diversification (76%) as well as shifting the date of

sowing (46%). In Meouane, the findings revealed that farmers use more Farmer Managed Natural
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Regeneration (FMNR) (96%) than any other strategy, along with shifting the date of planting
(71%), to deal with weather fluctuation during the cropping season. Otherwise, more analysis was
conducted to quickly record farmers' responses when they learn about a climatic occurrence, such
as an increasing dry spell. According to the findings, 60% of farmers in all three areas reported
adjusting their crop operations due to the climatic information they received during the rainy
season. However, apart from a few farmers (5%) who mentioned utilizing irrigation with solar
energy systems, none have claimed to practice rainwater harvesting practices such as half-moon,

zal, and runoff water collection basins.

Table 8: Farmer’s adoption measures in Daga Birame, Thiel, and Meouane locations in
percentage (%)

Daga Birame  Thiel Meouane

Smart management practices (%) (%) (%)
Improved varieties 65 17 63
Rotation with leguminous 55 98 43
Change of planting date 55 46 71
Crop diversification 15 76 41
Use of organic manure 25 24 10
Improved animal breed 25 12 14
Efficiency use of inorganic fertilizer 30 27 11
Farmer Managed Natural Regeneration (FMNR) 45 2 96
Mulching 5 29 0

Irrigation 0 5 6

Rainwater harvesting (Runoff water collection basin,
Half-moon, Zar) 0 0 0
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4.1.4. Small-scale farmers’ expectations and the variables influencing their

demand for climate-smart management techniques
The Logit model described in Eq (1) was used to analyze how socioeconomic and institutional
factors affected farmers' perceptions of the need for smart management practices as described in
Table 9. The dependent variables in this model were the household's adoption of improved
varieties as a climate-smart management method, adjustment of crop operation during the growing
season, and perception of climate change, in that order. The probability estimates of the logit model
results demonstrate that adopting improved varieties as a climate-smart management technique
has been strongly influenced by six factors at 1%, 5%, and 10%. The likelihood is influenced by
access to credit, extension service, the frequency of extension agent visits, and access to
government subsidies. Farmers' perceptions of soil erosion and the distance to the extension office
have an unlikely negative impact at a 5% significance level. The model showed that a farmer's
perception of soil erosion level and farming experience positively affect the change of crop
operation at a 5% significance level concerning a farmer's ability to adjust crop operation during
the growing season. Farmers' knowledge was positively correlated with access to government

subsidies to farmers' impression of the changing climate at a 1% significance level.
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Table 9: Adoption of climate-smart practices and farmer perception using Binomial logit
model

Adjustment of
Improved crop operation )
. variety adoption during the Perception of
Variables . .
as a climate- growing season  ¢jimate change
smart practice as a climate-
smart practice
Age -0.08 (0.06) -0.07 (0.05) 0.04 (0.16)
Gender 2.61 (1.63) 0.91 (0.96) 20.77 (2.47)
Education level -0.21 (0.22) -0.01 (0.22) -17.28 (2.14)
Credit access 3.05* (1.76) -0.26 (0.8) -0.07 (1.77)
Access to extension service 1.84* (1.07) 0.37 (0.95) 0.46 (2.46)
Farmland erosion -1.59** (0.69) 2.27** (0.97) 0.58 (1.46)
Soil fertility 0.99 (1.06) -0.46 (0.42) 0.66 (0.93)
Farmers’ group membership 0.67 (0.55) -0.41 (0.4) -1.4 (1.25)
Farming experience 0.02 (0.05) 0.10** (0.04) -0.06 (0.14)
Number of contacts with an 0.41%** (0.14) -0.01 (0.13) 0.45 (0.58)
extension agent
Distance to extension office 10.26%* (0.1) 0.06 (0.05) 0.03 (0.13)
(km)
Access to Government * *
subsidies 2.03* (1.06) 1.39 (0.93) 2.98* (1.77)
Rainfall gradient -0.52 (0.70) 1.53** (0.60) 0.77 (0.41)
Access to climate information -2.29 (1.62) 1.11 (0.88) 1.26 (0.34)
Constant 9.93* (5.19) -5.20* (3.11) 57.55 (8.589)
Observations 136 136 136

significant
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4.1.5. Weather information of the trial year
The results revealed notable variability in rainfall patterns across the study locations. In Meouane,

total rainfall during the 2022 growing season was 463 mm, decreasing to 358 mm in 2023 (Figure
7A). In Daga Birame, higher rainfall was recorded, with 783 mm in 2022 and 697 mm in 2023
(Figure 7B). In Thiel, the recorded rainfall was 560 mm in 2022 and 523 mm in 2023 (Figure 7C).
For the remaining two sites, Bambey and Koumpentoum, data were only collected for the 2023

season, with total rainfall of 480 mm and 592 mm, respectively (Figure 7D).
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Figure 7: Rainfall pattern during the trial years (TR=Total rainfall; NRD=Number of Rainy
Days)
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4.1.6. Effects of Variety Type and Micro-dosing Fertilization Strategies on

Millet Grain Yield, Stover Yield, and Harvest Index at farm scale
The evaluation of ISFM and dual-purpose millet varieties as climate-smart technologies, combined
with improved plant population density at the farm scale, showed a significant (p < 0.05) effect on
grain yield compared to the farmer-improved local variety in the Meouane and Thiel clusters,
except in Daga Birame (Table 10). Grain yield increased by 37% in Thiel, 15% in Meouane, and
8% in Daga Birame with the dual-purpose variety compared to the improved local variety. For
stover yield, a significant increase was observed only in Meouane. The application of micro-dosing
fertilizer strategies had a significant positive effect on grain yield across all three clusters.
However, stover yield and the harvest index, significant effects were observed in Daga Birame
and Meouane. The interaction between the micro-dosing fertilizer strategies and variety type did

not significant effect on grain yield, stover yields, and harvest index.

Table 10: p-value of ANOVA test of varieties and fertilization on millet grain and stover
yields and Harvest index at farm scale in three clusters in Senegal

Gain yield Stover yield Harvest Index (HI)

B?ri?’ﬁe Meouane Thiel B?raagrﬁe Meouane Thiel Blijrzl%ile Meouane Thiel
Variety type
(VT)
Improved local 1800 1450 1265 5538 4882 4759 0.32 0.29 0.34
Dual-purpose 1941 1646 1501 5654 5206 4850 0.35 0.31 0.38
LSD (P-value) 282.3™ 195.6° 224.47 235.1™ 210.2™" 552.5m 0.04" 0.04"™  0.05™
CV (%) 37.7 41.8 28.5 12.5 13.6 33.5 25.1 21.7 31
Fertilizer (F)
F1 1951 1690 1532 5704 5176 4912 0.33 0.32 0.36
F2 2254 2041 1600 5984 5591 5318 0.37 0.36 0.37
F3 1653 1314 1340 5438 4838 4582 0.3 0.27 0.37
F4 1424 1158 1148 5263 4579 4417 0.27 0.25 0.36
LSD (P-value) 326.9™" 240.1™  305.5" 307.2"" 258.2""  767.2™ 0.05™ 0.05™  0.06"™
CV (%) 35.2 38 31.1 11.3 11.8 33.9 23.1 26.9 324

Ns, *, ** and *** indicate that the source of variation was significant at p < 0.05, 0.01, and 0.001, respectively.
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4.1.7. Effects of Variety Type and Plant Population Density on Millet Grain
Yield, Stover Yield, and Harvest Index

The evaluation of an improved plant population as a climate-smart technology, compared to the
farmers' practice of using a low plant population, revealed a significant (p < 0.05) effect on both
grain and stover yields across the three locations (Table 11). Additionally, dual-purpose varieties
outperformed the farmer-improved local variety, showing significant effects across all three sites.
Grain yield increased by 53% in Daga Birame, 51% in Meouane, and 56% in Thiel with the
improved plant population compared to the low plant population practice. Similarly, stover yield
increased by 55%, 62%, and 64% at these locations, respectively. Although the harvest index (HI)
was slightly higher under the improved plant population, no statistically significant effect was
observed. However, dual-purpose varieties exhibited a higher HI compared to the farmer-improved
local variety, with a significant effect observed only in the wettest location, Daga Birame. The

interaction effect of plant population and variety was shown only in Meouane for stover yield.

Table 11: p-value of ANOVA test of density and variety on millet grain and stover yields
and Harvest index in three agroecological zones in Senegal

Grain yield (kg ha?) Stover (kg hat) Harvest Index (HI)

Treatments IZ_)aga Meoaune Thiel D?‘ga Meoaune Thiel D_aga Meoaune Thiel
Birame Birame Birame

Density (D)

. 3424 3294 2855 6541 5297 5346 0.35 0.35 0.37
HD (25,000 hills ha'™)
LD (12,500 hills ha't) 2242 2187 1831 3995 3260 3446 0.33 0.34 0.36
LSD (P-value) 287.4™ 509.3™" 575.9™ 578.9" 872.8™  749™ 0.03m 0.04m 0.07m
Increase (%) 53 51 56 64 62 55 6 3 3
Variety type (VT)

2916 2875 2633 5306 4313 5055 0.35 0.36 0.37

Dual-purpose
Improved local 2586 2338 2246 5154 4174 4176 0.31 0.31 0.36
LSD (P-value) 387.8" 474.9" 428.5" 1460 1447m 1240" 0.03" 0.04ns 0.09ns

Ns, *, ** and *** indicate that the source of variation was significant at p < 0.05, 0.01, and 0.001, respectively.
HD=high density, LD=low density
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4.1.8. Effects of Variety and Plant Density on Water Use Efficiency
The results demonstrated that dual-purpose millet varieties exhibited more efficient water use than
the farmer-improved local variety in Meouane and Daga Birame, except in Thiel (Figure 8).
However, no significant difference was observed across all study areas. On the other hand, plant
population had a highly significant impact on water use efficiency (WUE) across all three locations
over the two-year trials. Increasing the plant population to 25,000 hills per hectare significantly

enhanced water use efficiency compared to farmers' traditional low-density planting practices.
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Figure 8: Variety and plant population effect on water use efficiency across the three
locations Daga Birame, Meouane, and Thiel for both years of experimental trial (2022 and
2023)

4.1.9. Model performance
The CERES Millet model under the shell of Decision Support System for Agro-Technology
Transfer (DSSAT) V4.8 was used for this study. The model was calibrated with optimum
conditions and two density levels for the pearl millet cultivars (Souna 3, SL 28, SL 423, and
Thialack 2) in four contrasting environments (Meouane, Bambey ISRA/CNRA, Daga birame, and
Koumpetum) during the growing season of 2023. The iterative process of genetic coefficient
adjustment was used to fit the simulated values close to the observed. The model globally predicted
well the anthesis and physiological maturity dates across the contrasting environments for all the
cultivars (Table 12). The coefficient of agreement (d-index) for anthesis ranged between 0.52 to
0.91, while it was from 0.8 to 0.86 for physiological maturity for the four cultivars across the

contrasting environments. The model overestimated the anthesis date for Souna 3, SL 28, and SL
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423 ranked from 2 to 3 days, while it underestimated for Thialack 2 by one day. The maturity date
was overestimated for all the cultivars by 1 to 2 days. Regarding the morphological parameters,
the performance of the model was appreciable. The d-index was ranked between 0.62 to 0.85 and
0.75 to 0.8 for LAI and leaf number respectively. These results indicate a satisfactory level of
agreement between simulated and observed data for these key growth indicators. The yield
components (aboveground biomass and Grain yield) were globally well simulated for all the
cultivars. The model underestimated AGB for three dual-purpose cultivars (SL 28, SL 423, and
Thialack 2) while it overestimated for Souna 3. Similarly, for grain yield, the model overestimated
for Souna 3 and Thialach 2 while it underestimated for SL 28 and SL 423 (Table 12). The RMSE
(nNRMSE) was low for the four cultivars and ranged from 208 to 747 kg ha (3.4 to 12%) for AGB
and from 257 to 698 kg ha™ (9.8 to 25.5%) for grain yield.
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Table 12: Results of model calibration of phenological and growth parameters for the four
selected varieties under contrasting environments in 2022 and 2023

cutivars . UM ongerved predicted MBE  RMSE chindex
Souna 3
Anthesis DAP 60 62 2 3 0.91
rpn?t’jir?t';gica' DAP 85 87 2 3 0.86
LAI-Max m2/m2 3.5 3.43 -0.1 0.3 0.62
Leaf Number 13 13 0.3 1 0.79
AGB Kg/ha 6206 6627 421 147 0.89
Grain yield Kg/ha 2537 2541 4 443 0.69
SL 28
Anthesis DAP 61 64 3 4 0.60
;Zﬁir?t';gica' DAP 85 87 2 4 0.80
LAI-Max m2/m2 3.49 3.72 0.2 0.4 0.83
Leaf Number 13 13 1 1 0.80
AGB Kg/ha 6602 6506 -96 560 0.91
Grain yield Kg/ha 2627 2464 -163 257 0.97
SL 423
Anthesis DAP 60 63 3 5 0.52
fnr;{zir?t';gica' DAP 86 87 1 2 80
LAI-Max m2/m2 3.2 3.4 0.2 0.3 0.85
Leaf Number 12 13 0.5 1 0.75
AGB Kg/ha 6226 6590 -35.8 640 0.83
Grain yield Kg/ha 2736 2432 -305 698 0.64
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Parameters/ Mean Mean

Cultivars Unit observed predicted MBE  RMSE  d-index
Thialack 2

Anthesis DAP 61 60 -1 3 0.73
Physiological \p 85 87 2 4 0.86
maturity

LAI-Max m2/m2 3.15 3.27 0.1 0.3 0.82
Leaf Number 13 14 1 1 0.79
AGB Kg/ha 6096 6062 -34 208 0.98
Grain yield Kg/ha 2666 2706 40 389 0.78

AGB: Aboveground biomass

4.1.10. Model Validation: Performance with participatory farm-level Yields
After calibration, the model performance was checked with on-farm data for each cluster
(Meoauen, Daga Birame, and Thiel) under high density and four levels of organo-mineral fertilizer
using a micro-dosing approach during the years 2022 and 2023. The accuracy and reliability of the
model were assessed by calculating the statistical indices between observed and simulated values
as described by Loague and Green (1991) and (White et al. (2015). Statistical indices are shown
in Eq. (1)—(4). The model demonstrated satisfactory AGB and grain yield agreement between the
simulated and observed data across the three clusters. The coefficient of agreement (d-index)
ranges between 0.74 to 0.83 for AGB and from 0.64 to 0.98 for grain yield (Figure 9). Deeply, in
Daga Birame, the nRMSE of Souna 3 was 9.5% and 14.1% for AGB and grain yield, respectively,
while it was 10.8% and 17.4% for SL 28 (Figure 9 A, B). In Meouane, nRMSE of Souna 3 was
11.8% and 15.3% for AGB and grain yield, respectively, while SL423 exhibited nRMSE equal to
14.8% for AGB and 16.7% for grain (Figure 9 C, D). In the last cluster, Thiel, nRMSE of Souna
3 was 18.1% for AGB and 12.5% for grain yield, while it was 18.2% and 14.1% for Thialack 2
(Figure 9 E, F).
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Figure 9: Simulated vs observed for aboveground biomass (AGB), and grain yield for
model evaluation across three clusters.

Daga Birame cluster: (A) AGB Statistics: [Souna 3: MBE: -332, RMSE: 619, nRMSE: 9.5%, d-Stat: 0.87; SL 28:
MBE: 312, RMSE: 717, nRMSE: 10.8%, d-Stat: 0.76]. (B) Grain yield Statistics: [Souna 3: MBE: -25, RMSE: 251,
NRMSE: 14.1%, d-Stat: 0.83; SL 28: MBE: -207, RMSE: 332, nRMSE: 17.4%, d-Stat: 0.78]. Meouane cluster: (C)
AGB Statistics: [Souna 3: MBE: -158, RMSE: 677, NnRMSE: 11.8%, d-Stat: 0.80; SL 423: MBE: -273, RMSE: 546,
NRMSE: 14.8%, d-Stat: 0.74]. (D) Grain yield Statistics: [Souna 3: MBE: -119, RMSE: 244, nRMSE: 15.3%, d-Stat:
0.68; SL 423: MBE: -233, RMSE: 280, nRMSE: 16.7%, d-Stat: 0.64]. Thiel cluster: (E) AGB Statistics: [Souna 3:
MBE: -1086, RMSE: 1024, nRMSE: 18.1%, d-Stat: 0.83; Thialack 2: MBE: -125, RMSE: 1023, nRMSE: 18.2%, d-
Stat: 0.83]. (F) Grain yield Statistics: [Souna 3: MBE: 57, RMSE: 158, nRMSE: 12.5%, d-Stat: 0.98; Thialack 2:
MBE: -45, RMSE: 202, nRMSE: 14.1%, d-Stat: 0.98].
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3.4.11. Climate model trends across the agroecological zones

3.4.11.1. Projected Precipitation Anomalies Across Agroecological Zones of
Senegal Using Six GCMs for Mid-Century

Relative differences in precipitation were calculated using Eg. 9 to assess projected anomalies
across the four agroecological zones compared to the baseline (Figure 10). The analysis revealed
divergent trends among the six selected GCMs (Global Climate Models) under both SSP2-4.5 and
SSP5-8.5 scenarios. In the Eastern and Upper Casamance (EUC), New Peanut Basin (NPB), and
Sylvopastoralism Zone (SVPZ), four models ACCESS-CM2, CNRM-CM6-1, HadGEM3-GC-LL,
and UKESM1-LL, projected a decline in rainfall. Under SSP2-4.5, the projected decrease ranged
from 5% to 16%, and under SSP5-8.5, the decline was more pronounced, ranging from 14% to
25%. In contrast, MPI-ESM1-2-HR showed mixed results. For EUC and NPB, it projected a
moderate increase in rainfall of 2% to 5% under SSP2-4.5 but a decrease of 4% to 6% under SSP5-
8.5. However, in SVPZ, this model projected significant increases, with 17% under SSP2-4.5 and
9% under SSP5-8.5. CanESMS5 also projected increased rainfall in EUC and NPB, ranging from
2% to 4% under SSP2-4.5 and 5% to 15% under SSP5-8.5. For SVPZ, it projected a slight decline
(2%) under SSP2-4.5, followed by a notable increase (15%) under SSP5-8.5. In the Old Peanut
Basin (OPB), model projections were more varied. ACCESS-CM2 and CNRM-CM6-1 forecasted
increases in rainfall, with 15% and 11% to 17%, respectively, under both scenarios. In contrast,
HadGEM3-GC-LL and MPI-ESM1-2-HR predicted declines ranging from 1% to 2% under SSP2-
4.5 and 2% to 10% under SSP5-8.5. CanESM5 showed a notable decrease (8%) under SSP2-4.5
but a strong increase (29%) under SSP5-8.5. Finally, UKESM1-LL projected no change under
SSP2-4.5 and a slight decline (2%) under SSP5-8.5.
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Figure 10: Temporal variability in annual precipitation between the baseline (1985-2014)
and mid-century (2040-2069) of six GCM models for the SSP2-4.5 and SSP5-8.5 scenarios
across four agroecological zones of Senegal. The dashed blue line represents the average
rainfall for the baseline period
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3.4.11.2. Projected Temperature Anomalies Across Agroecological Zones of
Senegal Using Six GCMs for Mid-Century

Absolute differences in maximum and minimum temperatures were estimated relative to the 1985—
2014 baseline using Eg. 10. All six GCMs consistently projected mid-century (2040-2069)
warming across Senegal’s four agroecological zones, with variations depending on the model and
emission scenario (SSP2-4.5 and SSP5-8.5). For maximum temperatures, projected increases
ranged from 0.39°C to 3.42°C. Models such as ACCESS-CM2, CanESM5, and UKESM1-LL
projected the highest warming (up to 3.42°C), particularly under SSP5-8.5, while MPI-ESM1-2-
HR consistently showed the lowest increases (Figure 11). Minimum temperatures followed a
similar trend, with projected increases ranging from 0.40°C to 3.33°C. Again, higher warming was
associated with SSP5-8.5, and the same models (ACCESS-CM2, CanESM5, and UKESM1-LL)
showed the most pronounced changes (Figure 12). These projections indicate a clear warming
signal for both daily temperature extremes, with implications for crop growth planning at
agroecological scale.

71



CanESM5

ACCESS-CM2

Eastern and Upper Casamance

New peanut Basin

Sylvopastoralism zone

Eastern and Upper Casamance

Old peanut Basin

@
~
S
o]

(

0) ainjesadway

*
w6
B

New peanut Basin

Sylvopastoralism zone

Old peanut Basin

©
®

(90) ainjesadwa) wnwixep

<
&

§90Z
0902
§650Z
0502
S¥02
ovoz
G€0Z
0£0Z
s20Z
0zoz
5102
oLoz
S00Z
0002
G661
0661
G86)

Yea

5902
0902
5502
0502
[1474
0¥0z
§€02
0€0Z
§20z
0z0z
sloz
oLoz
5002
000z
G661
0661
G861

SSP2-45 — SSP5-85
HadGEM3-GC31

Scenario — Baseline
Eastern and Upper Casamance

SSP2-4.5 = SSP5-8.5

Scenario — Baseline

-LL

CNRM-CMé6-1

Eastern and Upper Casamance

New peanut Basin
Sylvopastoralism zone

Old peanut Basin

8 8 3 e
(20) ainjesadway wni

3
&

New peanut Basin
Sylvopastoralism zone

Old peanut Basin

375

njesadwa) wnwixep

S902
0902
§50Z
050z
S¥0Z
ovoz
Ge02
0€0Z
szoz
ozoz
siLoz
oLoz
500z
000z
G661
0661
G861 W

Yea

590z
0902
§50Z
0502
S¥0T
ooz
S€0Z
0€02
seoz
0zoz
S0z
oLoz
S002
0002
5661
0661
G861

SSP2-4.5 = SSP5-8.5

Scenario — Baseline

SSP2-4.5 = SSP5-8.5

Scenario — Baseline

UKESM1-0-LL

Eastern and Upper Casamance

MPI-ESM1-2-HR

Eastern and Upper Casamance

New peanut Basin

[ [
1 1
1 1
1 1
1 ® 1
1 m 1
1 m 1
1 35 1
1 i 1
1 8 1
s
S !
=
=3
2]
[}
1 !
1 1
1 1
1 1
1 1
1 1
1 c 1
1 m 1
1 S 1
1 £ 1
s
1 8 1
1 ke
o
p
1 1
P s @ &~ o
3 &5 3 T 8 5 8
(D0) ainjesadwa) wnwixep

New peanut Basin

Sylvopastoralism zone

Old peanut Basin

3
:

<

8 3 8 8
(D0) ainjesadwia) wnwixep

© © <

&

5902
0902
5502
0502
S¥0T
0¥z
G802
0€0z
§eo0z
0zoz
§10z
oLoz
5002
0002
G661
0661
G861 w

Yeal

5902
0902
5502
0502
S¥0T
0¥z
§€0C
0€0Z
§eo0z
0zoz
§10C
oLoz
5002
000z
G661
0661
G861

SSP2-45 == SSP5-8.5

Scenario = Baseline

SSP2-4.5 = SSP5-8.5

Scenario — Baseline

Ine

temperature between the basel

in annual maximum
(1985-2014) and mid-century (2040-2069) of six GCM models for the SSP2-4.5 and SSP5-8.5

Temporal variability

Figure 11

scenarios across four agroecological zones of Senegal. The dashed blue line represents the

average maximum temperature for the baseline period

72



New peanut Basin

CanESM5

Eastern and Upper Casamance

New peanut Basin

ACCESS-CM2

Eastern and Upper Casamance

1 1
] ] I I 5902
1 1 5902 ! ! cooz 1 1 0902
| | 0902 ! ! oo | | §50Z
| | 5502 1 1 X ' 050z
0502 1 1 G502 @ 5v0Z
! 3 ! sv0z 1 1 050z ] ! ] ! ovoz
| £ | o SP0T © 1 £ 1
Q ov0z £ 1 s 1 @ £ s£02
I 1 Z S ovoz ot | ] |
£ €02 0 kS 1 £ 1 o0z - 5 s 0£0Z
! H ! 0g0z ® < | ] | posd p g ! g | szoz
e [ 5
1 s 1 520z 4 5 | s 1 520z 4 < ! g ! oeoz
1 ] 1 0z0z a2 g 1 ] 1 020z g ] | H ! sLoz
3 IS g = = 010z
| 9 1 5102 3 S SL0C @
= 0102 _ - = > oLoz | |_ 5002
5002 o = 002 © = 0002
0002 A b o0ooz M T G661
5661 & 0 661 N Q 0661
0661 2 [&] b | 0664 8 - ) ) <861 5
86l o Q h h 86k = £
1 1 © > 1 1
o 2 T T > [ | 1 | se0z
°
[ [ > e = | 1 | se0z = E i 1| 090z
| 1 | s90z £ [} . 1 | 000z 2 S s h | | ss0z
| 1 | 0%0z i o ., h 1 | ssoz & H h , | osoz
| | | ssoz o M g | 1 | osoz | £ | | vee
| | | os0z | T £ , ) | svoz 3 = ovoz
. . , | svoz 8 . £ 1 | ovoz © S ! s ' | seoz
£ ovoz o S = GE0Z B k3 1 5 I | ogoz
1 8 1| ceoz T 5 1 5 1| ocoz e £ 1 & 1 | szoz
1 5 1 | og0z s £ 1 § 1 | szoz 8 = 1 8 1 | ozoz
1 § 1 | szoz 8 Fl ! a 1| ozoz o 5 1 2 1 | swoz
1 2 1 | ozoz » s 3 5102 £ © oLoz
1 2 5102 H oroe & 5002
010z B wmmw & 000z
5002 5661
000z s 0661
2| sesr 2| coer | LD
0661 1 L - @ < PO
L L G861 ] 2 b+ Ed b b~ ~ ~ ~ ~N ~ ~
—_— —_— (50) a1njesadwsy wnwiumy (Do) ainjeiadwal wnwiuly
& & & @2 & & & @2
(20) ainjesadwiay wnwiuin ; T 1 1
i : X X G902 1 | 5902
0902 1 1 0902
1 1 590z ! ! 6502
502 1 1
1 1 0902 ! !
0502 0502
1 1 5502 1 1 °
\ \ 0502 c 1 g 1 §v0z £ 1 g Pl
2 SH0Z a R 0voz 2 ' i ) ooz
! § ! @ ! H ! €02 0 @ £ [14
2 0v0Z e | 2 1 bt 1 1] |
! £ ! w 5 H 0£0Z 2 5 s 0g0Z
1 a 1 se0e Y & 1 s 1 e & 1 <1 1
s 0802 b H 2 seoz o g g S20Z
1 s 1 6z02Z a m. 1 g 1 0202 » o 1 s 1 0zoz
1 ] 1 0z0z @ 8 | g 1 510z I F 1 53 1 5102
1 g ! 10z I & o0L0z = | B 0L0Z
H 010z 00z © o 5002
5002 w0 ~ 0002 3 T 000Z
0002 3 0 5661 o 0 5661
s66L & s ; : 0661 3 N 0661
0661 a o G861 o '
| L H - 5861 o
h " 5861 = ” S s 1 1 ©
S = [ [ > ° o
T T 1 1 >
> e o 1 1 | so0z £ N co0z
1 1| se0z £ = | 1 | os0z 2 L 1 !
1 1| 090z ] 502 @ L \ \ 0902
1 O 9 1 1
1 1 [ ssoz @ 2 X , | os0z a4 1 1 502
) 1 | osoz | z ! ' cvo | s ¢ X 0502
\ . | svoz g £ ovoz ° £ X \ S0z
1 ] | ovoz o 3 ! 8 1 | seoz s 8 £ ov0T
! a I et 5 g ! 5 1 [ ocoz 8 3 ! & I P
\ E P i c & 1 H 1 | sz0z g ] ! 5 ! 0802
& 5202 @ =] | e 1 2 2 1 c 1
! 2 1 [ ozoz I K = 0eoz ] 5 g 5202
5 v | sroz ] g s10Z > 1 g 1 0202
<] 010z £ 1 oLz ] 1 g | SkoZ
5002 ] NNNM £ | 0Lo0z
0002 w 5 5002
5661 S661 & 000Z
0661 f 0661 5661
A il B | L | s86b 0661
s = s s o 9 € ¥ N 8 € % N ] f || seer
L N NN (D0) aumesadway wnwjuiy WY oNT OO 0D YToONT OO
(90) ainjesadway wnwijuiy aoaa N A A= NS NN AN =
(Do) ainjesadwiay wnwiuin

ine

SSP2-45 = SSP5-8.5

Scenario — Baseline

temperature between the basel

imum

73

SSP2-45 = SSP5-8.5

Scenario — Baseline
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scenarios across four agroecological zones of Senegal. The dashed blue line represents the

(1985-2014) and mid-century (2040-2069) of six GCM models for the SSP2-4.5 and SSP5-8.5
average minimum temperature for the baseline period
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3.4.11.3. Projected Changes in Onset and Length of the Rainy Season

Across Agroecological Zones

An ensemble of six climate models was used to assess the climate variability and change on the
onset and length of the rainy season (Figure 13). In the Eastern and Upper Casamance (EUC), the
rainy season is projected to be delayed by 6 days under SSP2-4.5 and by 8 days under SSP5-8.5
compared to the baseline, including the decreased length of the rainy season by 6 and 8 days. In
the New Peanut Basin (NPB), the rainy season will shorten by 3 days under SSP2-4.5 and by 4
days under SSP5-8.5. However, in the Old Peanut Basin (OPB), the rainy season is projected to
lengthen by 4 days under SSP2-4.5 and by 1 day under SSP5-8.5. In the Sylvopastoralism (SVPZ),
the rainy season will shorten significantly, with declines of 7 days under SSP2-4.5 and 19 days
under SSP5-8.5.
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Figure 13: Temporal variability in annual onset and length of growing season between the
baseline (1985-2014) and mid-century (2040-2069) of the ensemble of six GCM models for
the SSP2-4.5 and SSP5-8.5 scenarios across four agroecological of Senegal. The dashed blue
line represents the average rainfall onset (left) and length of rainy season (right) for the
baseline period.
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3.4.11.4. Projected Millet Yield Responses of Four Varieties to Climate

Change Across Agroecological Zones Based on Six GCM Models

The six GCMs exhibited varying trends across agroecological zones under both SSP2 and SSP5
scenarios (Figure 14). In the Old Peanut Basin, four models predicted yield declines for all four
varieties, while CanESM5 and CNRM-CM6-1 projected increases under SSP2. Under SSP5,
CNRM-CM6-1 and UKESM1-LL indicated yield increases for SL 28, Souna 3, and Thialack 2. In
the New Peanut Basin, most GCMs projected yield decreases, except for MPI-ESM1-2-HR, which
showed increases for all four varieties under SSP2 and for SL 28, Thialack 2, and Souna 3 under
SSP5. In Eastern and Upper Casamance, ACCESS-CM2, HadGEM3-GC-LL, and UKESM1-LL
predicted slight increases for Souna 3 and Thialack 2 under SSP2, while CanESM5 forecasted only
a marginal increase for Souna 3. In the Sylvopastoralism Zone, MPI-ESM1-2-HR was the sole
model to predict yield increases for all varieties under SSP2, and under SSP5, it projected an
increase only for Thialack 2.
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Figure 14: Change on grain yield of the four varieties across four agroecological zones in
Senegal for the six GCMs
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3.4.11.5. Sensitivity of Micro-Dosing Fertilizer Levels to Climate Change

Across Agroecological Zones Based on Six GCM Models

The output of the six GCM models revealed that among the four micro-dosing fertilizer strategies
used in this climate impact simulation, fertilizer levels 1 and 2 were more sensitive than levels 3
and 4 across the four agroecological zones (Figure 15). This was particularly evident in the Old
Peanut Basin, where all six GCMs projected increases for F3 and F4 under SSP2 and SSP5.
However, aside from CanESM5, which predicted increases for F1 and F2 under SSP2, the other
models forecasted decreases for these fertilizer levels under SSP2 and SSP5. In the New Peanut
Basin, ACCESS-CM2, CanESM5, CNRM-CM6-1, HadGEM3-GC-LL, and UKESMI1-LL
projected declines for F1 and F2 under SSP2, while all six GCMs indicated decreases under SSP5.
Conversely, five of the six GCMs predicted increases for F3 and F4 under SSP2 and four of the
six models projected increases under SSP5 for these same fertilizer strategies. In Eastern and
Upper Casamance, all six GCMs projected declines for F1 and F2 under SSP2 and SSP5, while
the projections for F3 and F4 varied among the models. In the Sylvopastoralism Zone, except for
MPI-ESM1-2-HR, which predicted increases across all fertilizer strategies under SSP2, other
GCMs forecasted declines under both SSP2 and SSP5, although some models showed slight
increases for F3 and F4 under SSP5.
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Figure 15: Change on grain yield of the four micro-dosing fertilizer strategies across four
agroecological zones in Senegal for the six GCMs
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3.4.11.6. Sensitivity of Millet Grain Yield to Climate Change under Low and
High Plant Populations Across Agroecological Zones Based on Six GCM
Models

The results showed that farmers' practice, which includes low plant population, are more sensitive
to future climate change than high plant populations across the four agroecological zones (Figure
16). In the Old Peanut Basin, all six GCMs projected a yield decrease for low plant populations
under both SSP2 and SSP5, with a higher magnitude than for high plant populations. However,
the high plant population increased for CanESM5 and CNRM-CM6-1 under SSP2 and CNRM-
CM6-1 under SSP5. In the New Peanut Basin, five of the six GCMs predicted yield declines for
low plant populations under SSP2, and all six GCMs projected a decrease under SSP5. For a high
plant population, only MPI-ESM1-2-HR showed slight increases under both SSP2 and SSP5,
while the other five GCMs indicated declines. All six GCMs predicted yield declines for low plant
populations under both SSP2 and SSP5, with varying magnitudes in Eastern and Upper
Casamance. For a high plant population, HadGEM3-GC-LL projected slight increases under SSP2,
while CanESM5 showed a marginal increase under SSP5. In the Sylvopastoralism Zone, except
for MPI-ESM1-2-HR, which predicted a slight increase, the other five GCMs projected declines
for both low and high plant populations under SSP2. Under SSP5, all six GCMs predicted a
decrease for low plant population, while five of the six projected decreases for high plant

population.
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Figure 16: Change on grain yield of the two plant population densities across four
agroecological zones in Senegal for the six GCMs
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3.4.11.7. Projected Impacts of Climate Change on Millet Yields Across
Agroecological Zones Based on Six GCM Models

Crop simulation models (CSMs) of millet yields suggest that the impacts of climate change will

be predominantly negative across agroecological zones (Figure 17). In the Sylvopastoralism Zone,

yield reductions are expected to be the most severe, while the impacts are moderate to slightly

negative in the New Peanut Basin, Old Peanut Basin, and Eastern and Upper Casamance. These

trends are consistent across all six GCMs under both SSP2 and SSP5, with varying degrees of

severity.
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Figure 17: Change on grain yield across the four agroecological zones of Senegal for the six

GCMs
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3.4.11.8. Effect of Agroecological Zone, Climate Scenario, Variety, Variety
type, Planting Density, and Fertilizer on Millet Grain Yield Based on
ANOVA

The analysis of variance (ANOVA) revealed that factors such as Agroecological Zone (AEZ),
Climate Scenario (Baseline, SSP2-4.5, SSP5-8.5), Variety, Variety Type, Planting Density, and
Fertilizer had statistically significant effects on millet grain yield (p < 0.05) (Table 13).

Table 13: Effects of AEZ, Climate Scenario, Variety, Variety Type, Density, and Fertilizer
on Millet Grain Yield

Yield F-value Pr (>F)

NPB 1604
OPB 1278
AEZ EUC 1512 357.09 0.001
SVPZ 1200
SL 28 1423
. SL 423 1506
Variety Souna 3 1205 77.04  0.001
Thialack 2 1370
. Dual-purpose 1433
Variety Type Improved local 1205 7.64 0.005
. High population 1471
Density Low population 1329 196.59 0.001
F1 1798
- F2 1843
Fertilizer F3 1140 778.31  0.001
F4 739
Baseline 1483
Climate SSP2-4.5 1403 98.02  0.001
SSP5-8.5 1310

Signif. codes: “**** 0.001 “*** 0.01 ‘** 0.05, ns; NPW: New Peanut Basin, OPB: Old Peanut Basin, EUC: Eastern
and Upper Casamance, SVPZ: Sylvopastoralism Zone
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Table 14 further analyzes the interaction of factors such as AEZ, Variety, Variety type, plant
density, and micro-dosing fertilizer strategies with climate scenarios. The results reveal a
significant interaction effect between AEZ and climate scenarios. It also demonstrates a notable
impact of micro-dosing fertilizer strategies and climate scenarios (P < 0.05).

Table 14: Effects of AEZ, Variety, Variety Type, Density, and Fertilizer on Millet Grain
Yield under Different Climate Scenarios

Baseline SSP2-4.5  SSP5-8.5

AEZ

NPB 1654 1603 1554
OPB 1305 1295 1234
EUC 1590 1505 1441
SVPZ 1382 1207 1012
P-value falalel

Variety

SL 28 1508 1430 1331
SL 423 1613 1517 1387
Souna 3 1360 1296 1231
Thialack 2 1451 1368 1292
P-value ns

Variety Type

Dual-purpose 1508 1430 1331
Improved local 1475 1393 1303
P-value ns

Density

High population 1546 1477 1391
Low population 1423 1332 1233
P-value ns

Fertilizer

F1 1948 1804 1642
F2 2001 1848 1681
F3 1158 1143 1120
F4 742 740 733
P-value el

Signif. codes: “****0.001 “*** 0.01 “** 0.05, ns; NPW: New Peanut Basin, OPB: Old Peanut Basin, EUC: Eastern
and Upper Casamance, SVPZ: Sylvopastoralism Zone
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3.4.11.9. Long-Term Trends and Variability in Millet Yield Projections

Across Agroecological Zones Under Climate Change Scenarios
To capture long-term trends and account for variability, a 5-year moving average was applied to
the millet yield data for each scenario (Baseline, SSP2-4.5, and SSP5-8.5) and compared to the
baseline average for each variety across the agroecological zones (Figure 18). In the New Peanut
Basin (NPB), yields are projected to decline by 3-4% under SSP2-4.5 and 4-8% under SSP5-8.5.
In the Old Peanut Basin (OPB), Souna 3 remained stable compared to the baseline, while the three
dual-purpose varieties are expected to decrease slightly by up to 1% under SSP2-4.5. Under SSP5-
8.5, all four varieties show declines between 2% and 10%. In Eastern and Upper Casamance
(EUC), Souna 3 is projected to increase slightly by 2% under SSP2-4.5, while the dual-purpose
varieties are expected to decline by 4-7%. Under SSP5-8.5, all varieties are expected to decline
further, with reductions ranging from 7-11%. In the Sylvopastoralism Zone (SVPZ), the impact of
future climate is projected to be negative, with yield reductions of 8-15% for all varieties under
SSP2-4.5. Under SSP5-8.5, the results are more variable, with Souna 3 showing a projected
increase of 21%, while the dual-purpose varieties are expected to decline by 27-30%. The results
also highlighted that the SVPZ is more sensitive to future climate changes for all varieties with
different magnitudes. Additionally, the shading representing the 10th and 90th interquartile ranges
was used to illustrate the uncertainty and spread of GCM model outputs. The ensemble median
consistently indicated decreasing yields under both SSP2-4.5 and SSP5-8.5 scenarios. The extent
of the interquartile shading varied across zones, reflecting differences in model variability. In the
Sylvopastoralism Zone (SVPZ), the shading was the widest, indicating the greatest uncertainty in
future yield projections. This zone also experienced the steepest declines in yields, particularly
under SSP5-8.5, where most models projected yields well below the baseline by mid-century. The
Eastern and Upper Casamance (EUC) showed similar trends, with broad shading that highlighted
considerable variability in the projections, though the declines in yield were less severe compared
to the SVPZ. In contrast, the New Peanut Basin (NPB) exhibited the narrowest shading, indicating
lower variability among the models. While the projected declines in millet yield were less severe
in the NPB compared to the SVPZ and EUC, the interquartile range still underscored notable
variability in future projections. Similarly, the Old Peanut Basin (OPB) showed less dramatic
declines in yields compared to the SVPZ, but the wide shading indicated significant model
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variability in this zone as well. These results underscore the spatial variability in millet yield
responses across the different zones, with the SVPZ and EUC showing higher uncertainty and

more severe declines, while the NPB and OPB displayed more moderate declines with narrower

interquartile ranges.
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Figure 18: Evolution of the 5-year moving average of four varieties of millet yields in the four
AEZs. The blue curve represents the baseline yield; the green and red curves are the yields
under the SSP2-4.5 and SSP5-8.5 scenarios, respectively, and the dotted blue horizontal lines
represent the average yield for the reference period 1985-2014. The shading indicates the
interquartile ensemble spread of the six GCMs (range between the 10th and 90th percentiles)

for baseline, SSP2-4.5, and SSP5-8.5.

85




3.4.11.10. Analysis of Grain Yield Performance Under Climate Scenarios

and Fertilizer Strategies
The analysis of mean performance presented in Table 13 indicates that F2 achieved the highest
grain yield, followed by F1, F3, and F4, across both current and future climate scenarios.
Additionally, Table 14 highlights the significant interaction effect of climate scenario with
Agroecological Zone (AEZ) and micro-dosing fertilizer strategies. Based on these findings, the
relative change in average yield was computed and illustrated across AEZ (Figure 19). The results
reveal that F1 is particularly sensitive to future climate change across AEZ, with yield declines
ranging from 4% to 16% under SSP2 and from 8% to 33% under SSP5 compared to a baseline
yield of 1,948 kg/ha. F2 is projected to decline by 4% to 15% under SSP2 and 9% to 32% under
SSP5 relative to a baseline yield of 2,001 kg/ha. F3 shows a decrease in yields across the New
Peanut Basin (NPB), Eastern and Upper Casamance (EUC), and Sylvopastoral Zone (SVPZ), with
declines ranging from 1% to 8% under SSP2 and from 1% to 17% under SSP5 compared to
baseline yield of 1219 kg/ha. In contrast, F3 is expected to see yield increases of up to 7% and 9%
in the Old Peanut Basin (OPB) under SSP2 and SSP5, respectively, against a baseline yield of 973
kg/ha. F4 demonstrates yield declines of 1% to 5% under SSP2 in NPB, EUC, and SVPZ compared
to a baseline yield of 837kg/ha, while it predicts a significant increase of 13% in OPB for the same
scenario. Under SSP5, the impact is negative only in EUC and SVPZ, with declines ranging from

5% to 13%, while yields remain stable in NPB and are projected to increase by 22% in OPB.
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Figure 19: Yield change of micro-dosing fertilizer strategies across agroecological zones

3.4.11.11. Analysis of Grain Yield Performance Under Climate Scenarios
and Plant Population

The variance analysis presented in Table 13 indicates that a high plant population significantly
outperforms a low plant population in terms of grain yield (P < 0.05). To evaluate the impact of
future climate change on these management practices, the relative changes in yields were
computed and plotted. The results highlight that farmers' current planting density is more sensitive
to future climate conditions than the high plant population (Figure 20). Across all agroecological
zones (AEZ), the low plant population is projected to decline by 2% to 14% under SSP2, relative
to a baseline yield of 1,424 kg/ha. In comparison, the high plant population is expected to decrease
by 2% to 11% in the New Peanut Basin (NPB), Eastern and Upper Casamance (EUC), and
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Sylvopastoral Zone (SVPZ), based on a baseline yield of 1,603 kg/ha, while remaining stable in
the Old Peanut Basin (OPB) under the same scenario. Under SSP5, the low plant population is
projected to decline by 7% to 28%, compared to the baseline yield of 1,424 kg/ha, while the high
planting density is expected to decrease by 3% to 25% across all AEZ.
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Figure 20: Yield change of plant population density across agroecological zones
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3.4.11.12. Analysis of Grain Yield Performance Under Climate Scenarios

and Variety Type

The results indicate that dual-purpose millet varieties significantly outperformed the local variety
across all agroecological zones (AEZs) (Table 13), with a notable effect (P<0.05). However, these
dual-purpose varieties will experience more pronounced negative impacts under future climate
conditions. Figure 21 illustrates the yield decline for both variety types across AEZs, with dual-
purpose varieties showing a steeper reduction. Specifically, dual-purpose varieties are expected to
decline by 1 to 13% under SSP2-4.5 and by 6 to 27% under SSP5-8.5, relative to a baseline average
yield of 1524 kg/ha across AEZs. In contrast, the local variety exhibits varied responses and
remains stable in the Old Peanut Basin (OPB) and increases by 2% in the Eastern and Upper
Casamance (EUC), but decreases by 3% in the New Peanut Basin (NPB) and by 13% in the
Sylvopastoralism Zone (SVPZ) under SSP2-4.5. Under SSP5-8.5, the local variety declines across
AEZs, ranging from 2 to 25%, compared to a baseline average yield of 1361 kg/ha.

89



Old Peanut Basin

200

o
=]

50

Percentage of Change (%)

oF---

Eastern and Upper Casamance

SSP2-4.5
Scenario

SSP5-8.5

20

ob---F=

Percentage of Change (%)

SSP2-4.5

Scenario

SSP5-8.5

Variety Type

E Dual-purpose
E Improved local

Variety Type

EI Dual-purpose
El Improved local

Percentage of Change (%)
o

-20

20

o

Percentage of Change (%)
)
o

IS
=)

~N
o

New Peanut Basin

SSP2-4.5
Scenario

8SP5-8.5

Sylvopastoralism Zone

SSP2-4.5 SSP5-8.5

Scenario

Variety Type

E Dual-purpose
EI Improved local

Variety Type

EI Dual-purpose
EI Improved local

Figure 21: Yield change of variety type across agroecological zones

90




3.4.11.13. Response of climate-smart technology to future climate conditions
The overall assessment of climate-smart technologies, including variety selection, planting
density, and fertilizer strategies used in this study, indicates a lower magnitude of change in millet

population density under climate change across all agroecological zones (AEZS) (Figure 22).
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Figure 22: Change on Climate-Smart Technologies under Pearl Millet Production
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4.2. DISCUSSIONS

4.2.1. Analysis of climate change perception and determinants of climate-

smart technologies adoption

4.2.1.1. Farmers' perception of changes in temperature and rainfall

patterns
Climate observations are reflected in survey results on how certain farmers perceive historical
climatic changes. A majority (62%) of farmers in the three locations reported an increase in
rainfall. This increase has been attributed to a higher frequency of heavy rain days (HRD) across
the study areas. Similarly, Ibrahim et al. (2012) projected a 15% increase in intense rainfall events,
while Toukal Assoumana et al. (2016) and Traore et al. (2013) observed slight rainfall increases
in Niger and Mali, respectively. This finding highlighted that in Sahel zones, the key constraint of
farmers is not usually the amount of rainfall declining over time, but rather the great year-to-year
unpredictability of rainfall in this area (Traore et al., 2013; Akinseye et al., 2016). Earlier research
has demonstrated that the Sahelian zone recorded a high degree of rainfall variability (Akinseye et
al., 2013, 2016). This indicates that one of the major challenges that is becoming increasingly
evident in the Sahelian zone and harms agriculture, and livestock systems is rainfall variability.
Additionally, the findings indicated that farmers have a proper awareness of when the cropping
season begins and ends. In the study areas, 68% of farmers felt that the rainy season had been
delayed. This result was supported by the finding of Zagre et al. (2024) confirmed a shortage of
growing seasons over the past 41 years. Toukal Assoumana et al. (2016), and Traore et al. (2014)
also supported that farmer in Niger and Mali acknowledged a delayed start and an early cessation
of the rainy season. Farmers agreed with an increase in temperature in the areas of Daga Birame,
Thiel, and Meouane by 92%, 98%, and 67%, respectively. Sub-Saharan Africa, which already has
a severely damaged ecosystem, is predicted to see a temperature increase that is 1.5 times greater
than the global average, according to Debonne and Hillerbrand (2019). The analyses of six GCM
models from the study areas confirm that statement. All six GCMs exhibited an increase in
minimum and maximum temperature under SSP2-4.5 and SSP5-8.5 by mid-century compared to
the baseline. Almazroui et al. (2020) confirmed projected warming values for the near and long-
term periods in mean annual temperature over West Africa under SSP1-2.6, SSP2-4.5, and SSP5-
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8.5. In that line, Gadédjisso-Tossou (2015) and Traore et al. (2014) also show the accurate

perception of temperature trends in Togo and Mali, respectively.

4.2.1.2. Farmer’s perception of weather anomalies’ impact on crop and

livestock production and coping measures
In the mid-21st century, climate change is expected to reduce average crop yields by 22% across
Sub-Saharan Africa, which could threaten food security in low-income and agriculture-based
economies (IPCC, 2014). To assess farmers’ awareness of climate impacts on agricultural systems,
this study incorporated primary meteorological anomalies previously identified in the Sahelian
region (Traore et al., 2014). The survey has further highlighted those farmers perceive most of the
impact of weather anomalies on crop and livestock systems. This is consistent with (Traore et al.,
2014), who discovered that farmers in southern Mali believe weather anomalies have an impact
on crop productivity. The farmers in this survey agreed that there is a connection between weather
anomalies and crop and livestock productivity. Farmers across the three locations claimed clearly
that the late start and early end of the rainy season led to late sowing, which reduced yields and
prevented the grain from filling up and maturing demonstrated by previous research (Bedeke et
al., 2019). This can be explained, probably by the lack of moisture during the grain filling and
maturation phases (Sultan et al., 2005). The regional monsoon tends to strengthen the link between
water supply and plant water use, possibly leading to increased crop water demand (Sultan et al.,
2005). Several studies on the effects of climate variability on crop production have shown that
irregular rainfall distributions may subject the crop to a variety of mild to severe intra-seasonal
water stresses, which could then affect the yield, especially during the crucial stages of flowering
and grain-filling (Akinseye et al., 2012, 2016, 2023; Traore et al., 2014). The best sowing window
is one of the key aspects of avoiding yield loss. They also raised that different weather anomalies
mentioned in Table 7 led either to crop or livestock loss which is in line with the IPCC (2014)
forecast that by 2050, crop and fodder growing seasons in Western Africa may be shortened by an
average of 20%, leading to a 40% reduction in grain yields and biomass for livestock. Moreover,
Mohamed et al. (2023) predicted that the impacts of sowing dates on production could lead to
millet yield reductions of up to 50% in the Sahel zone. In addition to animal illnesses and water
scarcity, warming trends are one of the factors contributing to increased damage to livestock farms

in the Sahelian region (Sylla et al., 2018; Traore and Owiyo, 2013). Furthermore, Rhodes et al.
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(2014) emphasized that the intensity and distribution of animal diseases, changes in pasture yield,
changes in plant species composition, and changes in water availability are all likely to have a
significant influence on livestock. Smallholder farmers should be motivated to adopt climate-smart
management strategies to deal with the effects by having a proper understanding of rainfall
unpredictability and temperature increase, which are the key constraints in the Sahelian zone
(Akinseye et al., 2012).

4.2.1.3. Adaptation measures across smallholder farmers
Our study revealed the potential of several adaptive strategies to deal with the weather's
unpredictability across three rainfall gradients, farmers agreed that rotation with leguminous crops
is a frequent practice. This is consistent with previous studies (Araya et al., 2022; Vieira Junior et
al., 2023) which highlighted that the Senegal cropping system is dominated by monocropping with
rotation from one year to another. Their rotation cropping system is dominated by the groundnut-
millet and millet-cowpea cycle with groundnuts often occupying a larger area (Adiku et al., 2015;
Faye et al., 2018; Housseini Malam Laminou et al., 2020; Salack et al., 2011). They also mentioned
that crop diversification, using an improved variety, shifting the planting date, and Farmer
Management Natural Regeneration (FMNR) are their main coping strategies. Previous research
has demonstrated that these practices were mostly employed in the Sahelian region to mitigate the
consequences of climate variability and change (Akponikpé et al., 2010; Danso et al., 2018;
Rhodes et al., 2014). The Farmer Management Natural Regeneration (FMNR) which refers to the
agroforestry system to restore the land degraded was mainly used in Meaoune located in the old
peanut basin. The land is more degraded in this part than in the new peanut basin, Daga Birame,
and the agro-pastoralism zone (Thiel). Also, the Meouane location recorded less average amount
of rainfall compared two others. In fact, by doing FMNR, contributes more to restoring degraded
land and establishing a favorable micro-climate which can reduce the effects of climate change
such as temperature increase. The result showed that across the rainfall, there is still more effort
to do since the uptake of smart fertility management practices such as the use of organic manure.
This might be due to a lack of input for composting since crop residues are mostly used in those
areas to feed animals. Therefore, using more rotation with leguminous across the three rainfall
gradients demonstrates that this practice is mainly used by farmers in those areas to cope with soil

fertility depletion. On the other hand, the high percentage of farmers who use improved varieties
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and change the planting date depending on the rainy season pattern emphasizes their understanding
and capacity across the rainfall gradient to cope with climate variability and change. However,
regarding the rainwater harvesting practices such as runoff collect basin, half-moon, and zai, which
are common in the Sahel zone, the results revealed that those practices are underscored across the
three locations where the study was carried out. Indeed, (Faye et al., 2022) have mentioned that
the rainwater harvest practices that are common in Sahel countries are not observable everywhere
in Senegal. This deficiency may stem from the prevalent soil's sandy texture, which is not
favorable to those practices (Zougmoré et al., 2014) due to the low capacity of water holding
(Fatondji et al., 2012). According to that, Yameogo et al. (2011) emphasized that the soil type is a
required condition for the success of rainwater harvest practices. They added that practices such
as half-moon and zai practices are suitable in crusted soil which can explain why the farmers have
not claimed these practices. Hence, it can also be due to a lack of knowledge related to rainwater
harvesting techniques. Hence, the overall results revealed that smallholder farmers have real
knowledge about the state of their environment, which could be an opportunity to strengthen their

resilience to climate effects through participatory actions.

4.2.1.4. Socio-economic and Institutional Influence on Smallholder

Farmers’ Perception and Smart Management Practices Adoption
Interventions for accelerating adaptation on a community scale are primarily influenced by socio-
economic and institutional factors (Tesfaye et al., 2019). On the other hand, the findings indicate
that some of the socioeconomic and institutional variables mentioned in this study had an impact
on farmers' perceptions of climate change, their ability to implement improved varieties as a
climate-smart management strategy, and their capacity to modify crop operations during the
growing season. As expected, having access to credit considerably increases the possibility of
improved variety adoption as a climate-smart management practice across the three locations.
These results support the findings of Bedeke et al. (2019), Fonta et al. (2018), and Diallo et al.
(2020), who discovered that having access to finance increases the likelihood of coping with
climate change. Access to financing should be the best option to assist the poorest farmers in
making investments in their fields to combat climate variability, increase crop yield, and guarantee
food security. By 2030, developing countries' adaptation costs are predicted to reach up to US$

340 billion annually, according to IFAD (2021). In this report, the annual cost of mitigation might
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reach US$ 850 billion. This IFAD study highlights the value of funding at the national, regional,
and local levels for least-developed countries to deal with the effects of climate change effectively.
This explains that access to credit as an expectation might increase farmers’ capacity to adopt
improved varieties as a smart technology in this study. Therefore, sustainable financial resources
and investments are required to increase farmers' adaptability to climate change. According to
Rhodes et al. (2014), the impact of climate change is lessened by factors including access to land,
resources, financing, and markets, which emphasizes the importance of learning more about
socioeconomic and institutional aspects in coping with climate change. They were statistically
more likely to adopt improved variety as a climate-smart management strategy if they had access
to extension services. This result adds to the evidence that getting assistance from extension agents
promotes the adoption of adaptation strategies to increase crop production in response to the effects
of climate change (Theriault et al., 2017). This is consistent with earlier research (Bedeke et al.,
2019; Gebru et al., 2020; Ngigi et al., 2017) that found farmers' access to extension services
significantly increases their awareness of cropping technology packages. According to our
expectations, farmers' perceptions of the severity of their farmland erosion reduce the likelihood
of using improved varieties as climate-smart management practices. Indeed, several studies (Harr
et al., 2014; Jamala et al., 2021; Mwase et al., 2015) have shown that in the Sahel region, farmers
typically prefer to keep their land in a fallow system for a while when they notice how severely
their land is eroding. Then, until soil fertility is restored, they make fewer investments in this
degraded property. When farmers perceive advanced erosion of farms, this should be the main
factor explaining the negative impact of climate-smart management practice uptake in this study.
Therefore, the model showed that farmers' ability to change crop operations during the growing
season, when they have a good knowledge of farmland erosion, can still be a smart practice. Crop
operation adjustments during the growing season are more likely when a farmer has more
experience. Experienced farmers are more likely to adjust crop operations during the growing
season to deal with climate effects like dry spells in the study location. These findings support
those of Ibitoye (2011), Yegbemey et al. (2014), Gadedjisso-Tossou (2015), and Fonta et al.
(2018), who have underlined the importance of farming experience in coping with climate
unpredictability. This demonstrates that a farmer's ability to adapt to climate unpredictability and
change is greatly influenced by their level of agricultural experience. Many contacts with extension

agents raise the likelihood of adopting improved variety as a climate-smart management practice.
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Farmers' awareness and the frequency of extension agent visits increase their ability to use the
innovation packages and success (Yegbemey et al., 2014). One of the key elements that can
increase farmers' knowledge and capacity to use smart management technology is frequent contact
with extension agents. According to Partey et al. (2020), crop management would benefit from
extension partnerships in the creation and national service of early warning systems and the
continued refinement of the current climate projections, resulting in information that is useful for
nearby farmers. Ngigi et al. (2017) have found that the adoption of innovation packages is
improved in Kenya by the number of farm visits by extension agents. The findings indicate that
the improved variety's adoption as a climate-smart management strategy was adversely impacted
by the farmer's distance to the extension office. Kassa (2013) discovered that distance is a factor
that negatively affects how innovation packages are adopted, which is consistent with our findings.
Farmers are expected to make the adoption of the measures easier since they trust extension agents
to promote climate change adaptation (Bedeke et al., 2019). As a result, farmers' capacity for
adaptability may be lowered by the distance, preventing extension agents from visiting them as
frequently during the growing season. Toukal Assoumana et al. (2016) indicated in the prior study
that farmers had a poor ability to adjust to climate variability due to a lack of help from extension
services, which corroborates that distance has a negative effect in this study. Additionally, access
to government subsidies raises the likelihood that farmers will adopt improved varieties as a
climate-smart management practice and have a more positive attitude toward climate change. Crop
inputs like improved varieties, fertilizer, climate service information, etc., are the major factors
that allow farmers to realize the accuracy of innovation packages, which are the main targets of
government subsidies. In such instances, government subsidies are a factor that boosts farmers'
confidence in innovation packages and their uptake. By supplying enough information and relevant
experience regarding the negative effects of climate change, this confidence increases farmers' and
extension workers' capacity to employ adaptation measures (Bedeke et al., 2019). The rainfall
gradient (study location) positively influenced farmers’ decisions to adjust their crop operations.
This can be explained by the different magnitudes between the three locations in terms of onset,
cessation, and length of the rainy season emphasized by Zagre et al. (2024). This implies that the
variability of the rainy season across the three locations led farmers to adjust crop operations,
which emphasizes their good perception of climate indicators shown in Table 3. Therefore, for

smallholder farming systems, climate information services (CIS) are still very useful (Ramaraj et
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al., 2023; Zougmoré et al., 2014) to enhance their resilience vis-a-vis climate effects. Gadédjisso-
Tossou (2015) discovered that the usage of short-duration varieties and changes in planting dates
were both influenced by climate information for farmers in Togo. In Senegal, the national
meteorological agency and many projects have worked great to release CIS close to the
community. The results show that climate-based agro advisory was implemented within many
communities in Senegal through the platform via Short Message Service (SMS) and voice
messages in different local languages. So, this could be the main reason that the climate
information service did not influence farmers' decisions in this study, since they are already well-
informed about climate information which might reduce the variability of decisions taken from

one farmer to another within the community.

4.3. Analysis of climate-smart management practices performance on Pearl

millet stover and grain yields
The evaluation types of variety such as dual-purpose and farmers-improved local show that dual-
purpose outperformed grain and stover yields across experimental trials at farmer and cluster scales
(Tables 10 and 11). This justifies that dual-purpose millet varieties have been chosen to generate
high-quality fodder without compromising grain production (Faye et al., 2023; Tounkara et al.,
2020). The grain yield increased by 37% in Thiel, 15 % in Meouane, and 8% in Daga Birame for
dual-purpose than the improved local variety. These results are in line with Faye et al. (2023) who
found the improved local variety to be lower yielding compared to dual-purpose millet varieties in
several environments of Senegal. Furthermore, the WUE and HI of dual-purpose variety recorded

slightly greater values compared to improved local.

Micro-dosing fertilizer strategies, as climate-smart management practices, significantly impacted
grain yield across all three sites and also influenced stover yield and HI in Daga Birame and
Meouane. Tounkara et al. (2023) also highlighted how the use of micro-dosing technology
increased grain yield in Senegal by 62% when compared to farmers' practices and by 148% when
compared to the control group. Badiane et al. (2001) underlined that in Senegal's semi-arid
agroecological zone, millet output significantly increased when farmers applied both mineral and
organic fertilizers. They further highlighted that the efficiency of the fertilizer applied was better
with the micro-dosing technology than with the recommended rate. Indeed, Hayashi et al. (2008)

noted that the application of micro-dosing alone increases millet yield by 56% above the control.
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But combining with crop residue or manure increased millet grain yield to 140% over the control.
These results can explain the importance of combining organic and inorganic fertilizers in micro-
dosing technology. Smallholder farmers often cannot afford the recommended rates of mineral
fertilizers (150 kg/ha of NPK and 100 kg/ha of urea) and organic manure (5 tons/ha).
Consequently, adopting micro-dosing practices using the targeted rates implemented in this study
presents a viable alternative that can help reduce yield gaps and increase the availability of fodder

for livestock.

Besides, improving the plant population to 25,000 hills/ha outperformed the farmers’ planting
density with a significant effect on grain and stover yields. The improved plant population further
significantly affects the WUE compared to farmers’ practices (Figure 8). The grain yield was
increased by 53% in Daga Birame, 51% in Meouane, and 56% in Thiel for improved density
compared to farmers' practices (low density). Also, the stover was increased by 55%, 62%, and
64% across the locations. The great performance associated with improved plant density illustrates
the importance of optimizing planting density as a smart agricultural practice to enhance yields.
This is in line with Faye et al. (2023) and Pilloni et al. (2022) who found that increasing the plant
density to 25,000 hills ha* significantly enhances millet fodder and grain yield in India and
Senegal. The performance of high density can likely be attributed to the good vegetation cover
associated with higher plant populations, which could reduce evapotranspiration and keep more
soil moisture. This finding also aligns with research by Lecina et al., (2003) who emphasized the
role of canopy architecture in influencing WUE by moderating soil evaporation. Additionally,
Pilloni et al. (2022) found that higher plant densities in semi-arid regions of Senegal and India
enhanced WUE due to reduced soil evaporation and increased transpiration efficiency among

crops.

4.4. DSSAT's CERES-Millet Model performance for Millet cultivars

prediction
The strong agreement between simulated and observed phenological data for anthesis and maturity
across four contrasting environments and cultivars highlights the robustness of the CERES-Millet
model within the Decision Support System for Agrotechnology Transfer (DSSAT) framework.
The application of the CERES-Millet model of DSSAT for simulating millet varieties under

varying conditions underscores the value of modeling approaches in understanding and predicting
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crop performance (Mohamed et al., 2023). Statistical indices, including lower Root Mean Square
Error (RMSE) and a good coefficient of agreement (d-index), ranging from 0.52 to 0.91 for
anthesis and from 0.80 to 0.86 for maturity date, highlight the model's capability to accurately
predict phenological stages under varying environmental conditions which is in line with Garba et
al. (2024) who also found a good agreement for phenological parameters of millet across two
agroecological zones in Niger. This further aligns with findings from previous studies such as
those by Soler et al. (2008) and Ullah et al. (2019), emphasizing the model's adaptability across
arid and semi-arid climates for crops such as millet. Furthermore, Akinseye et al. (2017),
Tovihoud;ji et al. (2019), and Ullah et al. (2019) have proven that DSSAT has the potential to
simulate phenology reasonably well under semi-arid climatic conditions respectively under

sorghum, maize, and millet production.

Moreover, the CERES-Millet model demonstrates its proficiency in simulating crop growth
parameters, notably the Leaf Area Index (LAI) and leaf number, with statistical indices indicating
a good agreement coefficient ranging from 0.62 to 0.85 and 0.75 to 0.8 respectively. Jones et al.
(2003) extended these findings by demonstrating the model's applicability in simulating crop
growth and development in semi-arid zones, applicable to both monoculture and intercrop systems.
Therefore, the model overestimated LAI for the three dual-purpose varieties (SL 28, SL 423, and
Thialack 2) except for the farmer common local variety (Souna 3). This is in line with Fechter et
al. (1991) who found that CERES-Millet model overestimated leaf area index LAl by 46%.
Additionally, the model exhibited good agreement for Above Ground Biomass (AGB) and grain
yield predictions, with d-index values ranging from 0.83 to 0.98 for AGB and 0.64 to 0.97 for
grain yield, alongside lower RMSE values (Table 12). This suggests the model's effectiveness
across different planting densities and environmental contrasts as also mentioned by Garba et al.
(2024). Ullah et al. (2019) highlighted the model's success in simulating plant density and nitrogen
application effects in arid and semi-arid conditions in Pakistan, while Soler et al. (2008) noted the
CSM-CERES-Millet model's accuracy in simulating growth, development, and yield for millet in
two contrasting environments. White et al. (2015) also reported favorable outcomes for maximum
LAI, AGB, and grain yield simulations under the CERES-Sorghum model. Furthermore, the
model effectively evaluated AGB and grain yield across different micro-dosing organo-mineral
fertilizer levels at the farm scale, with lower RMSE values ranging from 281 to 789 kg ha™! and
144 to 332 kg ha! (Figure 9). These findings underscore the model's utility in accurately
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simulating crop growth dynamics across various agronomic conditions. Specifically, the DSSAT's
ability to accurately simulate AGB and grain yield at the farm scale, particularly with micro-dosing
strategies, presents a valuable tool for decision-making of the four varieties in semi-arid regions
of Senegal, and potentially beyond. The analysis of long-term weather information highlights
significant year-to-year variability in rainfall across the clusters, which can have implications for
agricultural productivity. The observed trends in increased rainfall and the negative correlation
between the onset and length of the growing season offer valuable insights into the most important
factors that control a longer growing season (Akinseye et al., 2017).

4.5. Future climate trend across agroecological zones of Senegal
The results reveal significant variability in projected precipitation across agroecological zones
(Figure 10), which will directly affect agricultural productivity, particularly in rain-fed systems.
The average output of six GCM models projected a decline in all four AEZs with different
magnitudes in precipitation, particularly under SSP5-8.5, with reductions reaching up to 25%. This
decrease could exacerbate water scarcity, increase the need for drought-tolerant crops, and initiate
timely adjustments in planting seasons to align with rainfall patterns. These findings align with
projections indicating increased drought risks across the Sub-Saharan Africa (SSA) region under
high-emission scenarios (Adiku et al., 2015; Almazroui et al., 2020; Kouman et al., 2024; Shiru
and Chung, 2021). Such variability will likely have wide-ranging impacts on agricultural systems,
emphasizing the need for adaptive strategies tailored to specific zones. Furthermore, the results
indicate notable variability, with some agroecological zones experiencing delayed onsets and
shorter rainy seasons ranging from 3 to 19 days, especially in NPB, EUC, and SVPZ, while OPB
may see marginally longer seasons ranging from 1 to 4 days under both scenarios by the mid-
century (Figure 13). The decrease in the length of the rainy season poses challenges for crop
maturity, potentially leading to lower yields. This trend aligns with early studies (Akinseye et al.,
2016, 2023; Gbode et al., 2022; Sylla et al., 2018; Traore et al., 2014) in the West African region,
where delayed rains have been linked to lower productivity and increased food insecurity under
future climate scenarios. The differences in projected rainy season changes between
agroecological zones also emphasize the importance of localized climate adaptation policies that

reflect the distinct vulnerabilities of each region.
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Regarding the projected temperature anomalies across Senegal's targeted agroecological zones, the
results revealed an increase of both maximum and minimum temperatures by mid-century under
both SSP2-4.5 and SSP5-8.5 scenarios (Figures 11 and 12). These substantial temperature rises
will likely exacerbate heat stress since agricultural and livestock systems are heavily dependent on
climate-sensitive processes. This agrees with the study of Adiku et al. (2015) and Kouman et al.
(2024) mentioned the warm trend for maximum and minimum temperature in West Africa using
respectively CMIP5 and CMIP6 GCM models. Almazroui et al. (2020) also highlighted that
employing 27 GCM models of CMIP6, the projected warming temperature value over West Africa
would be 1.4 and 1.7 degrees Celsius for the near term, 2.4 degrees Celsius for the long term, and
4.2 degrees Celsius for the long term. These warming projections underscore the importance of
developing climate adaptation strategies, such as heat-tolerant crop varieties and water harvest
techniques, to mitigate the anticipated negative impacts on agriculture and food security.
Moreover, the range of projected temperature increases across different models highlights the
uncertainty in climate outcomes and the need for flexible, region-specific adaptation measures
(Wada et al., 2022).

4.6. Climate-smart management practices Adaptation options
Pearl Millet has been recognized as one of the smart crops that thrive in challenging environmental
conditions in arid and semi-arid zones across the world (Ullah et al., 2017; Uppal et al., 2015).
However, climate variability and change impact productivity in Sub-Saharan Africa (SSA) and
smallholder farmers' livelihoods and incomes (Faye, et al., 2022; Sultan et al., 2023). To address
these challenges, our study focused on evaluating the effectiveness of climate-smart management
practices for pearl millet production. Analysis of the model's simulation output emphasized the
good performance of these practices for current and future climate conditions. Our results indicate
that micro-dosing fertilizer strategies, particularly Senegal's recommended mineral rates combined
with 2.5 tons of organic manure (F2) and recommended mineral rates sole (F1), exhibited the best
yield performance across agroecological zones (AEZs) under both current and future climates
(Table 13). Notably, the impact of fertilizer application was statistically significant across all AEZs
studied. These findings align with research conducted by Tabo et al. (2007), Vanlauwe et al.
(2015), and Akinseye et al. (2023) who found that micro-dosing fertilizer significantly improved

crop yields in West Africa. Additionally, we observed that increasing plant population density to

102



25,000 hills per hectare outperformed the traditional farmer practice of lower-density planting
(12,500 hills/ha). This improvement was consistent across all AEZs under both current and
projected future climates, with the difference being statistically significant. Our results support the
findings of a study by Pilloni et al. (2022), which demonstrated that optimized plant spacing can
lead to increased millet yields in various environments, including Senegal. Furthermore, dual-
purpose varieties showed consistently good performance across AEZs compared to local farmers'
varieties under both current and future climatic conditions. This observation is consistent with
research by Sanou et al. (2016), which highlighted the potential benefits of dual-purpose crops in
improving food security and livestock productivity in sub-Saharan Africa. Importantly, our long-
term seasonal simulation outputs corroborated the results obtained from two-year experimental
trials published by Zagre et al. (2025), reinforcing the effectiveness of micro-dosing fertilizer
strategies, improved plant population densities, and dual-purpose varieties across the study areas.
These findings are also supported by a comprehensive climate risk assessment study conducted by
Zagre et al. (2025), which emphasized the sustained performance of these agricultural practices

under current climate conditions.

4.7. Future climate impacts vis-a-vis climate-smart management strategies
The projected millet yield responses across Senegal’s agroecological zones highlight the
variability of climate change impacts on crop production. This climate impact variability across
the agroecological zones corroborates with studies (Ibrahim et al., 2014; Mdller et al., 2011;
Schlenker and Lobell, 2010; van Oort and Zwart, 2018) that emphasized the high variability effect
of climate change on temporal and spatial scales in Sub-Sahara Africa (SSA). Indeed, the six
GCM models project divergent trends, particularly between the SSP2-4.5 and SSP5-8.5 scenarios
across different agroecological zones, underscoring the localized nature of climate change impacts
on agricultural systems. The average output of GCM models indicates expected moderate to
slightly negative yield impacts on pearl millet varieties' grain yield in the Old Peanut Basin (OPB),
potentially linked to earlier rainfall onset and increased rainfall predicted in this AEZ. In dryland
agricultural systems, the onset and the length of the growing season are a key parameter that
impacts crop productivity (Akinseye et al., 2016, 2023; Kamara et al., 2023; Soler et al., 2008).
Sylla et al. (2018) also mentioned that delayed rains have been linked to lower productivity and

increased food insecurity under future climate scenarios in the West African region. At the same
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time, the other AEZs such as New Peanut Basin (NPB), Eastern and Upper Casamance (EUC),
and Sylvopastoralism Zone (SVPZ) exhibited a notable decline in grain yield. The SVPZ presents
a more challenging scenario, with most models projecting yield declines for all varieties (Figure
14). The significant reduction in yield for most varieties under the high-emission scenario
highlights the vulnerability of this AEZ to the combined effects of increased CO> and heat stress,
reduced rainfall up to 25%, and a shorter growing season (up to 19 days) highlighted by climate
parameters analysis by the mid-century mentioned above. This AEZ, heavily dependent on millet
and livestock, may require more transformative adaptation strategies, such as integrating
sustainable water management practices to ensure long-term food security. In the NPB, the impacts
of climate change are projected to be moderate but still negative. While the yield declines are not
as drastic as in the SVPZ, they remain a concern, particularly under SSP5-8.5, where increased
temperatures and more pronounced rainfall variability could further reduce millet productivity.
This aligns with the projected climate trends for this AEZ, which indicate a shorter rainy season
and a reduced growing period for millet by mid-century. These changes can delay the planting
window and subsequently affect yield (Akinseye et al., 2016; Joseph et al., 2023). For EUC, while
the AEZ is projected to maintain relatively favorable growing conditions compared to other zones,
climate change will still exert negative pressure on millet yields. The GCM models indicated slight
declines under both SSP scenarios, though the impact is less pronounced here due to the region’s
relatively higher rainfall and better soil fertility. Nevertheless, the projected temperature increases
and rainfall variability still pose challenges for sustaining millet yields in the long-term period.
Furthermore, the application of a 5-year moving average to millet yield (Figure 18) across climate
scenarios (Baseline, SSP2-4.5, and SSP5-8.5) highlights long-term negative trends and the
variability in yield projections across the four AEZs. These trends illustrate a generally negative
outlook under future climate scenarios, with yield declines more pronounced under the more
extreme SSP5-8.5 scenario. Moreover, using interquartile shading (representing the 10th to 90th
percentile range) helps illustrate the variability and uncertainty in the six model outputs. The wide
interquartile ranges in SVPZ and EUC indicate significant variability between GCM model
projections, underscoring the challenges in accurately predicting future yield outcomes. The
ensemble median consistently showed declining trends across all AEZs, with the most dramatic

decreases in the SVPZ, where the 5-year moving average indicated significant declines in yield
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under SSP5-8.5. In contrast, the OPB and NPB exhibited less severe declines but still showed

substantial variability, as reflected in the wide interquartile range.

The results indicate that while the recommended mineral fertilizer rate (F1) and the combination
of mineral fertilizer recommended rate with 2.5 tons/ha of cow manure (F2) perform well
compared to the other doses (F3 and F4), they are more sensitive to future climate conditions
across all AEZs (Figure 19). Notably, F4, which combines a lower mineral fertilizer (75kg/ha of
NPK) rate with 2.5 tons/ha of cow manure, demonstrated greater resilience to future climate
conditions, followed by F3 (75kg/ha of NPK and 50kg/ha of Urea with 1.25 tons/ha of manure).
The sole micro-dosing mineral fertilizer application (F1) is the most sensitive to future climate
impacts compared to the three other organo-mineral fertilizers. This finding supports the idea that
the sole application of mineral fertilizer cannot be a sustainable approach in the dryland agriculture
system under changing climatic conditions. This is in line with Zagre et al. (2025) who already
emphasized that the sole mineral fertilizer strategy exhibited high year-to-year yield variability
compared to the organo-mineral fertilizer strategy. This suggests that organo-mineral fertilizer
strategies may help mitigate the adverse effects of climate stressors such as increased temperatures
or shifting rainfall patterns. The enhanced nutrient availability and soil health maintenance
provided by organic amendments can enable crops to better endure water stress and other
environmental challenges (Ochieng’ et al., 2023; Ranjan et al., 2023). Indeed, regular application
of organic manure has been shown to build soil organic carbon stocks, which enhances the soil's
fertility over time (Adekiya et al., 2020; Bationo and Buerkert, 2001). The incorporation of organic
manure into soil is crucial for enhancing soil health and improving crop performance to cope with
climate effects. Organic amendments improve the soil's ability to buffer against climate variability
by stimulating microbial activity, which supports the breakdown of organic matter and nutrient
cycling (Bekunda et al., 1997; Hayashi et al., 2008). Active soil microbial communities contribute
to the development of beneficial soil properties, such as increased cation exchange capacity (CEC),
that improve nutrient availability to crops like millet (Dunjana et al., 2012; Fairhurst et al., 2012).
For example, organic matter can modulate soil temperature and help retain soil moisture during
dry spells, which is critical for crops such as millet which are often cultivated in regions with
challenging rainfall patterns (Glatzle et al., 2021; Saidia et al., 2019). These findings highlight the
importance of adapting fertilizer strategies to specific agroecological conditions for improved

resilience.

105



The analysis of millet grain yield under two plant population densities reveals a significant
trend that traditional low plant populations are more vulnerable to future climate scenarios
compared to higher plant populations (Figure 20). This trend is consistent across all four AEZs
and is particularly pronounced under the high-emission SSP5-8.5 scenario. These findings suggest
low plant density practices used currently by farmers across Senegal are especially susceptible to
climate change stresses, such as increased temperatures and altered rainfall patterns. The greater
yield losses observed for low plant densities likely result from limited crop coverage, which can
exacerbate moisture loss and reduce the crop's ability to withstand climate variability. The
consistent yield declines projected for low plant densities across most models and scenarios
emphasize the need to move away from traditional practices and adopt more climate-resilient
strategies such as corresponding to optimum planting density. Conversely, higher plant
populations show more optimistic projections, indicating that increased planting density may
mitigate certain adverse climate impacts by improving soil moisture retention and optimizing
resource use. An early study by Pilloni et al. (2022) mentioned that higher planting population
density at 25,000 hills/ha of pearl millet increases productivity and water use efficiency in high
evaporative demand seasons in India and Senegal. This explains why high plant density is less
sensitive to future climate conditions for our projection across the AEZs. This indicates that high
optimum plant population densities may offer a buffer against climate stress and provide resilience
(Gbode et al., 2022), particularly in specific regions and under lower-emission scenarios. The
findings imply that transitioning to higher optimum planting densities could be a beneficial
adaptation strategy for mitigating the impacts of climate change. These findings support the
assertions of several authors (Ahmad et al., 2004; Faye et al., 2023; Mahmood et al., 2012; Pilloni
et al., 2022) that sowing density is one of the critical factors for mitigating the effects of climate
change in semi-arid conditions. Adjusting planting density can help crops better withstand drought
stress and improve resource use in areas with limited water availability, common challenges in
SSA's drylands supported by the finding which highlighted the resilience of optimum plant
population compared to farmers’ practices. This corroborates with IPCC, (2021) which
underscores the critical role of sustainable land management practices, such as optimizing planting
densities, in mitigating climate vulnerability across SSA. Similarly, Oppong-Sekyere et al. (2023)
advocate for adjustments to sowing density as part of integrated soil and water conservation

strategies to enhance climate resilience. Building on this, our study emphasizes farmers' adoption
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of optimal high plant populations as a practical approach for mitigating climate impacts. This
strategy, supported by our projections, demonstrates the potential for achieving more stable yields

and improved food security under changing climatic conditions.

The results also underscore the performance of dual-purpose millet varieties over farmer
local variety across all agroecological zones (Table 13), as indicated by a statistically significant
effect (P<0.05). This demonstrates the potential of dual-purpose varieties to enhance productivity
due to their improved traits (Faye et al., 2023; Tounkara et al., 2020). However, projections reveal
that these varieties are more vulnerable to the negative impacts of future climate conditions by
mid-century. Figure 9 shows the yield decline for both variety types across AEZs, with dual-
purpose varieties showing a more pronounced reduction. This suggests that, despite their potential
yield advantage, dual-purpose varieties may face significant challenges as climate conditions
worsen, potentially due to their higher resource requirements or sensitivity to stress factors
(Foulkes et al., 2011; Hammer et al., 2010; Sadras and Lawson, 2013). This suggests that while
local varieties are less productive than dual-purpose types under current conditions, they may
exhibit greater resilience to climate stressors. This could be due to lower water and nutrient
requirements capacity or better adaptation to environmental variability compared to dual-purpose
varieties (Cossani and Reynolds, 2012). These findings align with studies that highlight the trade-
offs between high-yielding crop varieties and climate resilience. Varieties bred for higher
productivity often have greater water and nutrient demands, which can make them more
susceptible to yield reductions under climate stress (Boote et al., 2017). Traore et al. (2014) also
emphasized that early maturity will exhibit more yield decline in Mali by mid-century. This aligns
with findings from previous research (Jarvis et al., 2008; Mercer and Perales, 2010; Vigouroux et
al., 2011), which highlights that although landrace varieties typically have lower yield potential
compared to improved high-yielding crops, they exhibit greater resilience to climate variability. In
that case, a need for breeding programs to consider both productivity and resilience traits to support
sustainable agriculture in the face of climate change. Adapting planting strategies and selecting

varieties that balance yield potential with climate adaptability is crucial for mitigating future risks.
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS
5.1. CONCLUSIONS

This study underscores the significance of innovative agricultural practices in enhancing the
resilience and productivity of smallholder farmers in dryland farming systems. It examined the
perception of climate variability and change among farmers in semi-arid regions of Senegal, as
well as the factors influencing their adoption of climate-smart management practices. Specifically,
the research focused on improved millet varieties, optimum plant population density, and micro-
dosing fertilizer strategies. These strategies demonstrated the potential to improve crop yields
through a participatory research and extension approach (PREA), which is expected to accelerate
the adoption and dissemination of climate-smart agricultural (CSA) packages for managing
climate risks in challenging environments. A decision-support tool, the DSSAT CERES-Millet
model, was employed to accurately simulate phenology, morphology, grain yield, and
aboveground biomass for various millet cultivars across diverse environments. High-resolution
climate projections using six GCM models from CMIP6 were also conducted to assess the impacts
of climate change under SSP2-4.5 and SSP5-8.5 scenarios for the mid-century period (2040-2069)

across Senegal's agroecological zones.

The findings revealed that 2. Farmers were acutely aware of the detrimental effects of insufficient
seasonal rainfall (72%), delayed onset of the growing season (88%), frequent dry spells (68%),
and prolonged dry spells (76%), all of which led to decreased grain and fodder yields. Using the
Logit model, the study identified significant (p<0.05) socioeconomic and institutional factors
influencing farmers' decisions to adopt Climate-Smart Technology (CST). These factors include
access to credit, extension services, farming experience, frequency of interaction with extension
agents, and access to government subsidies. Conversely, the study highlighted the negative impact
of distance from extension offices, underscoring the urgent need to improve the accessibility of

extension services, particularly in rural areas.

The crop modeling approach used in this study demonstrated that the model satisfactorily
simulated phenology and morphology, grain yield, and aboveground biomass (AGB) for all
cultivars across contrasting environments, within acceptable statistical indices. The research offers
valuable insights for smallholder farmers, suggesting that adopting dual-purpose cultivars and
optimized fertilizer strategies can significantly enhance millet productivity and sustainability in
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dryland environments facing multiple challenges. This serves as a foundation for promoting
Integrated Soil Fertility Management (ISFM) in millet production, particularly in regions
experiencing challenging and changing climatic conditions. By integrating high-resolution climate
projections with the DSSAT CERES-Millet model, the study emphasizes the importance of
adopting climate-resilient millet varieties, optimizing planting densities, and implementing site-
specific micro-dosing fertilizer strategies. Integrated soil fertility management practices, such as
the combined use of organic and mineral fertilizers and higher planting densities, were shown to
enhance yield performance and resource efficiency under both current and future climates. The
findings suggest that organo-mineral microdosing fertilizer provides greater resilience to future
climate change by reducing reliance on mineral fertilizers while enhancing organic inputs. To
mitigate the impacts of future climate conditions, farmers should adopt ISFM practices, which
promote increased organic fertilizer use and improve soil health. However, the vulnerability of
high-yield dual-purpose varieties (SL 28, SL 423, and Thialack 2) under future climates, despite
their initial performance advantages, highlights a trade-off that must be balanced with resilience
traits found in landrace varieties. The resilience of traditional varieties suggests their potential role

in sustainable agricultural systems under changing climates.

The projected reduction in precipitation by up to 25% and the shortening of rainy seasons in most
agroecological zones (AEZs), particularly under SSP5-8.5, pose significant challenges for rain-fed
agriculture, especially in the New Peanut Basin (NPB), Eastern and Upper Casamance (EUC), and
Sylvopastoralism Zone (SVPZ). Rising temperatures, with increases of up to 3.42°C under SSP5-
8.5 by mid-century, are expected to exacerbate heat stress on crops and livestock, further
threatening food security. Conversely, more optimistic projections for the Old Peanut Basin
(OPB), where rainfall may increase and the growing season may lengthen marginally, provide a
foundation for localized adaptation strategies. The study highlights the importance of tailoring
climate-smart practices to local contexts and emphasizes the need for long-term, coordinated
efforts to facilitate seed exchange and variety migration across regions to address future climate
challenges. These findings offer actionable insights for policymakers, researchers, and
stakeholders, providing a roadmap to enhance the resilience of smallholder farming systems and

ensure sustainable agricultural productivity in the face of climate variability and change.
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5.2. RECOMMENDATIONS

Based on the findings of this study, the following recommendations are proposed to enhance future

research, policy development, and practical implementation.

1. Strengthen the adoption of Integrated Soil Fertility Management (ISFM) practices:
Promote the use of organo-mineral micro-dosing fertilizer strategies combined with optimized
plant population densities (25,000 hills/ha) and dual-purpose millet varieties (SL 28, SL 423 and
Thialack 2) to enhance productivity and resource efficiency under both current and future climate

conditions, while reducing dependency on mineral fertilizers.

2. Improve the accessibility and effectiveness of agricultural extension services: Expand and
decentralize extension infrastructure to rural areas and increase the frequency of farmer-extension
interactions. This will support knowledge transfer, facilitate the adoption of climate-smart
technologies (CSTs), and address barriers such as distance to extension offices and limited access
to credit and inputs.

3. Develop and scale localized, climate-informed adaptation strategies: Utilize high-resolution
climate projections and crop modeling tools (e.g., DSSAT CERES-Millet) to tailor CSA packages

to agroecological zones.
Future perspectives

Crop modeling tools are essential for developing climate-resilient insurance schemes in Sub-
Saharan Africa, where weather variability challenges traditional risk assessments. Models like
DSSAT enhance accuracy by simulating crop responses to diverse climatic and agronomic
conditions, supporting early warning systems and enabling better index-based insurance. These
tools help reduce uncertainty in yield forecasts, aiding policymakers and insurers in designing
responsive and sustainable insurance mechanisms. To strengthen the effectiveness and

applicability of crop modeling, further efforts should focus on:

1. Expanding Crop Coverage: Include a broader range of pearl millet cultivars and staple

crops to tailor climate-smart practices to various agroecological zones.
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Simulating Long-Term Soil Health: Model soil organic carbon and nitrogen dynamics to
assess the sustainability of farming practices and support carbon sequestration aligned with

global climate goals.

Using Multiple Crop Models: Combine models such as DSSAT, APSIM, SIMPLACE, and
STICS to enhance accuracy and robustness across diverse farming systems.

Diversifying Climate Scenarios: Broaden the range of Global Circulation Models (GCMs)

used to better capture climate uncertainties.

. Assessing Economic Viability: Evaluate the profitability of climate-smart practices like

micro-dosing and plant density variation to ensure practical, cost-effective adoption.
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ANNEX
Annex |: Rainfall trend for the six GCM models across AEZs

Ensemble of six GCM Models
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Annex Il: Maximum temperature trend for the six GCM models across

AEZs
Ensemble of six GCM Models
Eastern and Upper Casamance New peanut Basin
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Annex Il1: Maximum temperature trend for the six GCM models across

AEZs
Ensemble of six GCM Models
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Annex IV: Rainfall data collection instruments used in this study

£
A manual rain gauge (left) and 10T (right)



Annex V: Leaf Area Index Sensor and Photoperiod Active Radiation tool

used for data collection

Annex VI: GCMs data depository link for downscaling
The NEX-GDDP-CMIP6 can be downloaded via the NASA Center for Climate Simulation

platform using R scripts https://nex-gddp-cmip6.s3.us-west-2.amazonaws.com/index.htmI#NEX-
GDDP-CMIP6/

Annex VII: lllustration of farm participatory demonstration plots
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