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Résumé 

Les systèmes agricoles diversifiés intégrant l’agriculture et l’élevage sont vulnérables au 

changement climatique et nécessitent des stratégies d'adaptation pour améliorer leur productivité. 

L'objectif principal de cette étude était d'évaluer l'effet du changement climatique sur la 

productivité des systèmes mixtes de culture et d'élevage (MCLS) dans la savane soudanaise 

d'Afrique de l'Ouest. L'étude, par le biais d'une revue systématique et d'une méta-analyse, a cherché 

à déterminer la contribution des systèmes mixtes culture-élevage à l'émission de gaz à effet de 

serre (GES) par le sol. Elle a également quantifié l'effet des pratiques d'application d'engrais sur 

les rendements en céréales et en légumes des MCLS au Ghana et au Burkina Faso en utilisant des 

informations détaillées sur les pratiques de gestion des engrais et les rendements qui ont été 

collectées auprès de 317 fermes MCLS réparties dans trois (3) districts/provinces de la région du 

Haut-Est du Ghana (Kassena Nankana, Builsa North, et Bongo) et sur le Plateau central du Burkina 

Faso (Loumbila, Ziniaré, et Zitenga), résumant respectivement les données sur leurs rendements 

en céréales et en légumes sous (1) les principales sources d'engrais, (2) le taux d'engrais N ( kg ha-

1), (3) le calendrier d'application de l'engrais et (4) les méthodes de placement de l'engrais. Le 

cadre de modélisation SIMPLACE a également été utilisé pour simuler la production des fermes 

MCLS typiques. L'application d'un tel cadre nous a permis d'estimer l'effet du changement 

climatique futur sur le rendement des cultures (maïs, mil, sorgho et arachide) et sur le nombre de 

têtes de bétail au Ghana et au Burkina Faso. Les résultats de la méta-analyse ont montré que les 

variables modératrices telles que la classe de drainage, la densité de peuplement, le climat, la 

quantité d'engrais N, le type d'engrais et la texture du sol exercent un contrôle plus important sur 

les émissions de gaz à effet de serre dans les MCLS. De même, les résultats ont montré que la 

source d'engrais et les taux d'azote recommandés spécifiques au pays ont augmenté (P < 0,05) les 

rendements de la plupart des cultures céréalières au Burkina Faso et au Ghana, et de toutes les 

cultures maraîchères au Ghana. D'autre part, le modèle SIMPLACE a été calibré et validé pour la 

prédiction du rendement en grain du MCLS. La quantité de biais, l'erreur résiduelle moyenne et 

l'erreur quadratique moyenne ont été utilisées pour déterminer la concordance entre le rendement 

céréalier observé et le rendement céréalier simulé par le modèle. L'évaluation du modèle indique 

que les rendements du maïs et du sorgho ont été légèrement et modérément surestimés, 

respectivement. Inversement, les rendements en grains du mil et de l'arachide ont été modérément 

sous-estimés. Dans l'ensemble, l'erreur résiduelle moyenne (ERM) se situe entre -12% et 18%, ce 
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qui est jugé satisfaisant. Pour les effectifs de bétail, le modèle s'est écarté des valeurs observées en 

enregistrant une RM de 27 %. En outre, le modèle validé a été utilisé pour estimer les rendements 

céréaliers et les effectifs du bétail pour le passé (2000-2024) et projeter leurs changements futurs 

en utilisant les projections du modèle de circulation globale (MCG) à échelle réduite (2025-2050). 

Les résultats démontrent qu'à l'avenir, la région étudiée connaîtra probablement un déclin 

significatif du maïs (jusqu'à -34%), du mil (jusqu'à -57%), du sorgho (jusqu'à -53%), de l'arachide 

(jusqu'à -23%), et une augmentation significative du nombre de têtes de bétail (jusqu'à 181%). 

Mots clés : émissions de GES du sol, gestion des engrais, SIMPLACE, bétail, rendement grain 
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Abstract 

Diversified farming systems integrating crop and livestock operations are vulnerable to climate 

change and need adaptation strategies to improve the system’s productivity. The main objective of 

this study was to assess the effect of climate change on the mixed crop-livestock systems (MCLS) 

productivity in the Sudan Savannah of West Africa. A systematic review and meta-analysis were 

first conducted to determine the contribution of MCLS to soil greenhouse gas (GHG) emissions. 

The effect of fertilizer application practices on grain and vegetable yields of MCLS in Ghana and 

Burkina Faso was also quantify using detailed information on fertilizer management practices and 

yield collected from 317 MCLS farms distributed across three (3) districts/provinces in the Upper 

East region of Ghana (Kassena Nankana, Builsa North, and Bongo) and over the Plateau central 

of Burkina Faso (Loumbila, Ziniaré, and Zitenga). Data was summarized, based on their grain and 

vegetable yields under (1) major fertilizer sources, (2) N fertilizer rate (kg ha−1), (3) fertilizer 

application timing, and (4) fertilizer placement methods. The SIMPLACE modelling framework 

was also used to simulate the output of typical MCLS farms. Applying such a framework allowed 

us to estimate the effect of future climate change on crop (maize, millet, sorghum, and peanut) 

yield and livestock numbers in the selected locations in Ghana and Burkina Faso. The findings of 

the meta-analysis showed that moderating variables such as drainage class, stocking density, 

climate, N fertilizer amount, fertilizer type, and soil texture exerted greater control over the GHG 

emissions in MCLS. Similarly, results showed that fertilizer source and country-specific 

recommended N fertilizer rates significantly increased (P < 0.05) yields of most grain crops in both 

Burkina Faso and Ghana, and all vegetable crops in Ghana. On the other hand, the SIMPLACE 

model was calibrated and validated for grain yield prediction of MCLS. Bias quantity, mean 

residual error and root mean squared error was used to determine the agreement between observed 

and model-simulated grain yield. Model evaluation indicated that maize and sorghum yields were 

slightly and moderately overestimated, respectively. Conversely, grain yields of millet and peanut 

were moderately underestimated. Overall the mean residual error (MR) was between -12% to 18% 

which was judged satisfactorily. For livestock numbers, the model deviated from observed values 

by recording an MR of 27%. Furthermore, the validated model was used to estimate grain yields 

and livestock numbers for the past (2000-2024) and project their future changes using downscaled 

Global Circulation Model (GCM) projections (2025–2050). The results demonstrated that in the 

future, the study locations will likely experience a significant decline in maize (up to -34%), millet 
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(up to -57%), sorghum (up to -53%), peanut (up to -23%), and a significant increase in livestock 

numbers (up to 181%). 

Keywords: soil GHG emission, fertilizer management, SIMPLACE, livestock, grain yield 
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CHAPTER ONE: INTRODUCTION 

1.1 Problem statement and justification 

Sustainable intensification of agriculture aims to increase resource-use efficiency and limit the 

expansion of the agricultural land area in part by leveraging ecosystem services (e.g., soil fertility, 

nutrient cycling, grassland restoration) and harnessing ecosystem resilience mechanisms such as 

soil carbon accrual (Sanderson et al., 2013). Walker (2020) refers to resilience as the ability of an 

agricultural system to cope with climate variability and change, and it is rooted in the principle of 

exposure, sensitivity, and adaptive capacity.  

One concept that expands and is consistent with a sustainable and resilient ecosystem; whether 

biological, temporal, or spatial – is the diversification of agricultural systems through mixed crop-

livestock systems (MCLS). Sere and Steinfield (1996) defined MCLS as those in which at least 

10% of the feed comes from crops and/or crop-by-products or more than 10% of the total 

agricultural production comes from non-livestock farming activities. MCLS have been shown to 

improve productivity per unit of land area and labour (Ghahramani & Moore, 2016), shifts in soil 

biological, physical and chemical properties (de Carvalho et al., 2018; Rahman et al., 2019), water 

and nutrient cycling (Martins et al., 2016) and plant-soil interactions (Rahman et al., 2019). Mixed 

crop-livestock systems are also reported to enhance climate change resilience through buffering 

mechanisms in both field-level biophysical processes, e.g., nutrient cycling (Szymczak et al., 

2020) or improved crop productivity (Tracy & Zhang, 2008), and farm-level socioeconomics, e.g., 

economic risk mitigation and livelihood diversification (Bell et al., 2014). Similarly, it is estimated 

that 69% of global milk production and 61% of global ruminant meat production are sourced from 

crop-livestock mixed systems (Ghahramani & Moore, 2016). 

If global warming continues at the current trajectory, the global average temperature is likely to 

increase by 1.5 ℃ by 2050 compared to pre-industrial levels (Thornton et al., 2014). A higher and 

faster temperature increase of 2 ℃ has even been projected for Africa. Similarly, many projections 

on West Africa’s future climate indicate adverse impacts that are likely to lead to productivity 

crises unless sustainable solutions are in place. The Intergovernmental Panel on Climate Change 

(IPCC) estimates that crop-growing periods in West Africa may shorten by an average of 20% by 

2050, causing a 40% decline in cereal yields and a reduction in cereal biomass for livestock (IPCC, 

2022). This is attributed to the projected 5% decline in rainfall and frequently long-lasting and 
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intense droughts which are likely to increase the area of arid and semiarid land by 5–8% by 2050 

(IPCC, 2022). Similarly, changes in the availability and quality of forage resources, access to 

water, species and breeds of livestock that can be kept, livestock mobility, and animal diseases are 

specific impacts of climate change on livestock being reported for West Africa (Zougmoré et al., 

2016).  The four Global Climate Models (GCMs) used by Jalloh et al. (2013) all projected a 

temperature rise from 1.5 to 2.3 °C between 2000 and 2050, while changes in mean annual rainfall 

ranged from a drop of 23 mm per year to a rise of 22 mm per year. These projected changes are 

expected to cause adverse impacts West Africa, a region that produces at least 30% of the food 

requirements (crop and livestock) of the African continent. 

Adapting crop and livestock production systems (mixed or specialized) to the changing climate is 

of great importance in the Sub-region. However, despite the fact that many smallholder farming 

systems in West Africa involve the interactions of crop and livestock systems, the modelling of 

climate impact on the mixed system using combinations of detailed crop and livestock models is 

comparatively under-developed (Thornton & Herrero, 2001). A similar observation was reported 

by Ghahramani and Moore (2016), who found that, crop-livestock modelling studies, conducted 

in the Sudan Savanna zone of West Africa were uncommon. One of the few studies was from  

Rigolot et al. (2017) who examined the impact of climate change on smallholder crop-livestock 

systems in Burkina Faso. While specific impacts of climate change have been reported for crops 

(Defrance et al., 2020; Roudier et al., 2011; Sultan et al., 2019) and livestock (Niggol et al. 2007; 

Zougmoré et al. 2016) in West Africa, it is uncertain how future conditions will impact mixed 

crop-livestock systems, especially in the Sudan Savannah zone of West Africa given the data 

scarcity on this agricultural system (Ghahramani & Moore, 2016; Thornton & Herrero, 2001). As 

for all modelling activities, the most efficient way to proceed depends on the nature of the systems 

under study and the precise questions that must be addressed (Thornton & Herrero, 2001). In this 

study, we will use an existing integrated crop-livestock model, under the SIMPLACE (Scientific 

Impact assessment and Modelling Platform for Advanced Crop and Ecosystem management) 

modelling framework, a process-based simulation tool to understand the potential effect of climate 

change on crop-livestock farming systems in the Sudan Savannah zone of West Africa. To achieve 

this, the model was calibrated and validated based on observations and further applied to explore 

the impact of climate change based on future climate projections from the Global Climate Model 

(GCM) GFDL-ESM4: Geophysical Fluid Science Laboratory-Earth System Modelling 
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(https://www.gfdl.noaa.gov/earth-system-esm4/), for future climate scenarios in (2025-2050) 

relative to a historical baseline of 2000-2024. 

1.2 State of the knowledge 

1.2.1 Environmental and management factors affecting greenhouse gas fluxes from soils in 

mixed crop-livestock systems 

Mixed crop-livestock systems (MCLS) present a viable method for sustainably intensifying 

agricultural practices (Kumar et al., 2019). These systems contribute to the production of diverse 

and nutritious food while supporting rural economies and minimizing further environmental 

degradation (HLPE, 2019). MCLS have gained renewed interest as they are crucial to ecological 

intensification strategies, which aim to reduce reliance on synthetic inputs by leveraging ecosystem 

services (Bommarco et al., 2013). However, the inherent spatial and temporal complexities of 

MCLS  (Franzluebbers et al., 2014) necessitate comprehensive, interdisciplinary evaluations to 

develop effective management guidelines (Ghimire et al., 2013; Liebig et al., 2020). 

Management practices, such as crop selection and cropping systems, significantly impact 

greenhouse gas (GHG) emissions by influencing the quality and quantity of crop residues returned 

to the soil (Sainju et al., 2008). Nitrogen fertilization generally enhances N2O emissions 

(Dusenbury et al., 2008; Mosier et al., 2006) but has variable effects on CO2 and CH4 emissions. 

The application of manure and urine to soil can also contribute to GHG emissions. Additionally, 

environmental factors like soil type and climate can determine whether a farming system acts as a 

source or sink for GHGs (Peterson et al., 2020). Cavigelli et al. (2012) highlighted the importance 

of evaluating the mitigation potential of agricultural systems like MCLS in reducing GHG 

emissions. Despite this, limited research has explored the capacity of MCLS to achieve this goal. 

Thus, it is crucial to assess how environmental factors and management decisions influence GHG 

fluxes in MCLS. 

 

 

https://www.gfdl.noaa.gov/earth-system-esm4/


4 
 

1.2.2 The impact of fertilizer application on grain and vegetable yield in mixed crop-

livestock systems 

Smallholder farmers in Sub-Saharan Africa predominantly engage in subsistence farming, which 

is characterized by limited productivity, nutrient depletion, and dependency on rain-fed agriculture 

(Akinseye et al., 2024; Lal et al., 2015). These farmers are also increasingly facing the challenges 

of a warming climate, which has been linked to negative impacts on crop yields in the region (Lal 

et al., 2015; Nyoni et al., 2024; Srivastava et al., 2012). To address these challenges, enhancing 

food production through improved agricultural practices is critical. Fertilization has emerged as a 

viable strategy for boosting crop productivity (Cai et al., 2019; Liu et al., 2021). However, 

fertilization practices must minimize negative environmental impacts while maintaining or 

improving soil quality (Lal et al., 2015).  

A widely accepted framework for sustainable fertilization is the "4R" principle, which advocates 

for using the right nutrient source, applying it at the right time, with the right method, and at the 

right rate. Mixed crop-livestock systems (MCLS) are increasingly being proposed as an alternative 

to reverse soil fertility decline and reduce environmental degradation while enhancing crop yields 

(Da Silveira Bueno et al., 2021; Peterson et al., 2020; Rahman et al., 2019). Despite their potential, 

limited research has been conducted in real-world settings, particularly among small-scale farmers, 

necessitating a more comprehensive evaluation of fertilizer management practices within the 

context of MCLS in Sudan-Savannah of West Africa. 

1.2.3 The use of process-based models to simulate mixed crop-livestock systems  

The interactions between crops, livestock, and agroecosystems are complex and multifaceted 

(Parsons et al., 2011). Given this complexity, mathematical models have become increasingly 

essential for quantifying and understanding these systems. They are critical for supporting 

decision-making, optimizing resource use, and developing adaptation strategies, particularly in 

response to challenges like climate change (Wallach et al., 2018). Simulation modelling offers a 

valuable framework for analyzing crop-livestock systems, as highlighted by Masikati et al. (2017), 

with the potential to achieve environmental, economic, and social objectives that field experiments 

or participatory approaches might struggle to address.  

Thornton and Herrero (2001) emphasized that due to the intricate interactions within these 

systems, modelling can provide a feasible approach to assess the impacts of various interventions 
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or changes. However, the model application is often constrained by a lack of comprehensive data 

(both biophysical and socioeconomic) and validated modelling tools. Moreover, while few 

integrated assessment tools exist, existing models can be coupled to provide useful insights 

(Masikati et al., 2017). Bationo et al. (2012) also noted that expanding the use of these tools, 

especially in the African context, could significantly improve our understanding of interventions 

to optimize crop-livestock productivity with fewer resources, compared to traditional field 

experiments. Therefore, for a comprehensive evaluation of crop-livestock systems, it is crucial to 

develop or employ modelling frameworks that can integrate and analyze the trade-offs and 

synergies within these systems at various scales. 

1.2.4 Assessing the potential effect of the projected climate change on mixed crop-livestock 

productivity 

The global population is projected to reach approximately 9.55 billion by 2050, with much of this 

growth anticipated in developing countries (Alexandratos & Bruinsma, 2012). In Sub-Saharan 

Africa, smallholder mixed crop-livestock systems (MCLS) are expected to play a crucial role in 

ensuring food security (Rigolot et al., 2017). However, the ability of these systems to meet 

increasing food demands must be assessed in the context of a changing climate (Thornton & 

Herrero, 2015). Despite the significance of MCLS, there is limited knowledge regarding the 

specific impacts of climate change on such systems in Sub-Saharan Africa (Escarcha et al., 2018; 

Rigolot et al., 2017; Thornton et al., 2014). One challenge lies in the fact that much of the research 

tends to focus on isolated components of the system (Zougmoré et al., 2016). Moreover, 

discussions on the effects of climate change on MCLS, particularly in Sub-Saharan Africa are 

often framed in general, qualitative terms (e.g., Thornton et al. 2014; Thornton and Herrero 2015), 

while studies that provide quantitative assessments remain scarce. To accurately assess the 

potential impact of climate change on MCLS, a systems-level approach at the farm scale is 

essential, one that incorporates the interactions between different farm components and processes 

at various scales (Descheemaeker et al., 2016). Without well-quantified assessments of climate 

risks, there is a significant risk of either overestimating or underestimating the true impacts of 

climate change on MCLS (Thornton et al., 2014). 
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1.3 Research hypothesis 

I. Nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2) emissions from soils under 

MCLS will not be affected by environmental and management factors. 

II. Grain and vegetable yields will not be influenced by fertilizer application practices in 

MCLS. 

III. The SIMPLACE model when calibrated with empirical farm data is capable of actually 

simulating the annual output of different crop-livestock farms under varying weather 

conditions. 

IV. The expected future climate conditions will not cause a difference in the output of 

individual crop-livestock farms in the Sub-humid Savannah of Burkina Faso and Ghana. 

1.4 Objectives 

1.4.1 Overall objective 

The overall objective of this research was to assess the productivity of mixed crop-livestock farms 

in the Sudan Savannah of Burkina Faso and Ghana through survey studies, model simulations and 

climate scenario analysis. 

1.4.2 Specific objectives 

I. Determine the response patterns of nitrous oxide (N2O), methane (CH4), and carbon 

dioxide (CO2) emissions in MCLS across diverse environments and management 

scenarios. 

II. Quantify the potential impact of current fertilizer application practices on grain and 

vegetable yields in smallholder MCLS of Ghana and Burkina Faso. 

III. Validate the SIMPLACE model, to simulate the output of typical crop-livestock farms 

based on actual data collected at farm scale. 

IV. Apply the validated model for the estimation of climate change impacts on mixed-crop 

livestock production system at farm scale in the Sub-humid savannah of Burkina Faso 

and Ghana. 
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Sudan savanna zone of West Africa 

The Sudan Savanna is a semi-arid transitional zone located between Africa's arid Sahel region and 

the more humid tropical Guinea zone. Stretching from the Atlantic Ocean in the West to the Indian 

Ocean in the east (TerrAfrica, 2011), this ecosystem encompasses several West African countries, 

including Benin, Burkina Faso, Ghana, Mali, Mauritania, Niger, Nigeria, Senegal, and Togo. 

Agriculture forms the backbone of the economy in this region, providing livelihoods for the 

majority of its residents (Callo-Concha et al., 2013). However, despite its agricultural potential, 

various abiotic and biotic challenges hinder the region's productivity. Key limiting factors include 

irregular water availability due to erratic rainfall and frequent droughts (Boansi et al., 2019), 

declining soil fertility (MacCarthy et al., 2018), and the slow adoption of improved farming 

practices. 

2.1.1 Climate of the Sudan Savannah of West Africa 

The climate of the Sudan Savannah is primarily influenced by the West African Monsoon (WAM) 

system (Nicholson et al., 2013). Annual precipitation in the region typically ranges between 600 

and 900 mm (Callo-Concha et al., 2013; Ker, 1995), with much of the rainfall generated by 

mesoscale convective systems (Bliefernicht et al., 2018). This rainfall is characterized by 

significant spatiotemporal variability, particularly at smaller scales, which presents challenges for 

rain-fed agriculture (Bliefernicht et al., 2018). According to OSS (2019), annual rainfall in this 

zone decreased by an average of 20-40% between 1931–1960 and 1968–1990, compared to a 15% 

reduction in the tropical rainforest regions. This decline has led to the southward movement of 

isohyets by approximately 150-200 km (OSS, 2019) . Since the mid-1990s, there has been a partial 

recovery in rainfall levels, although this improvement does not necessarily indicate a full 

"regreening" of the region or a return to previous environmental conditions (Dardel, 2014).   

2.1.2 Climate projections for the Sudan Savannah zone of West Africa 

2.1.2.1 Precipitation 

Rainfall projections for West Africa indicate a precipitation gradient, with reductions in the west 

and increases in the east (Dosio et al., 2021; Ranasinghe et al., 2021). This pattern is observed 

even at 1.5 °C of global warming, with the intensity of these changes increasing at higher warming 

scenarios (Sylla et al., 2018). At 2 °C of warming, projections suggest a drier, more drought-prone 
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climate in West Africa, particularly towards the end of the 21st century (Sylla et al., 2016). 

Meteorological droughts in West Africa are expected to lengthen from around 2 months (1980–

2014) to about 4 months during 2050–2100 under Representative Concentration Pathways (RCP) 

8.5 and SSP5-8.5 (Ukkola et al., 2020). 

Despite models predicting overall decreased rainfall across West Africa, the Sudan savanna is 

projected to face the most severe droughts in the coming decades (Ayanlade et al., 2022). These 

precipitation shifts are likely to cause significant changes in West Africa's agro-ecological zones 

(high confidence). OSS (2019) noted a southward shift of isohyets by 150–200 km in this region. 

However, climate projections carry uncertainties, influenced by different General Circulation 

Models (GCMs) used in Climate Model Intercomparison Projects (CMIP) (Christensen et al., 

2013). While GCMs largely agree on broader trends, there is significant variability among them 

(Zappa & Shepherd, 2017). For example, under RCP4.5 and RCP8.5 scenarios from the GFDL-

ESM-2M model, Danso (2015) projected rainfall increases of 40%, 44%, and 47% in three Sudan 

savanna locations (Dano, Vea, and Dassari) by 2050. Conversely, ensemble mean projections from 

the Beijing Normal University Earth System Model (BNU-ESM), Canadian Earth System Model 

(CanESM2), and Max Planck Institute Earth System Model (MPI-ESM-MR) under RCPs 2.6, 4.5, 

and 8.5 suggest rainfall reductions of 2%, 4%, and 1% in the dry savannas of northern Benin 

(Amouzou et al., 2019). Khelifa et al. (2021) attributed uncertainties in rainfall projections to rising 

temperatures and potential evapotranspiration. However, Klutse et al. (2016) found that ensemble 

mean computations significantly reduce the variability among individual model predictions. 

2.1.2.2 Temperature 

The increasing temperatures and their potential impacts on climate change in West Africa have 

been highlighted by numerous studies (Arfasa et al., 2024; Defrance et al., 2020; W. Sawadogo et 

al., 2024; Zougmoré et al., 2016). At global warming levels of 1.5 °C, 2 °C, and 3 °C above pre-

industrial levels, West Africa’s mean annual temperatures are projected to rise by approximately 

0.6 °C, 1.1 °C, and 2.1 °C, respectively, compared to the 1994–2005 baseline (Trisos et al., 2022). 

The number of hot days per year is also expected to increase across all warming scenarios, with 

more significant rises at higher warming levels (Trisos et al., 2022). 

Using ensemble mean predictions from models such as BNU-ESM, CanESM2, and MPI-ESM-

MR, Amouzou et al. (2019) forecasted rising minimum temperatures of +1.0 °C (RCP 2.6), +2.0 
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°C (RCP 4.5), and +4.7 °C (RCP 8.5), along with maximum temperature increases of +1.1 °C 

(RCP 2.6), +2.0 °C (RCP 4.5), and +4.6 °C (RCP 8.5) for the dry savanna in northern Benin, West 

Africa. Similarly, projections for the Vea catchment in Ghana suggest temperature increases of 

2.1–3.5 °C under SSP4.5 and 2.7–4.15 °C under SSP8.5 (Arfasa et al., 2024). In the Sudan-Sahel 

region of Burkina Faso, temperatures could rise by over 4.3 °C by the end of the century under 

SSP8.5. Crucially, climate models predict more frequent dry spells in the Sudan savanna zone 

(Danso, 2015), likely leading to increasingly arid conditions that threaten livelihoods and food 

security. Callo-Concha et al. (2013) suggested that the combination of high temperatures and 

degraded soils in this region may be key factors contributing to poor soil fertility, a major limitation 

to improving crop productivity under changing climate conditions. 

2.1.3 Soil 

The soils of the Sudanian zone of West Africa are formed on Paleoproterozoic granitoid bedrock, 

with variations in Neoproterozoic and Cenozoic layers depending on location (Sandwidi, 2007). 

The landscape is predominantly flat to gently undulating, with slight depressions that form dry 

valley, and is characterized by ferralitic soils known for their stable microstructure and excellent 

initial drainage properties (OSS, 2019). Hilltops are often capped with iron, featuring shallow, 

sandy soils that are well-drained, and in some areas, rock outcrops are present. These soils 

transition to yellow-brown clay on the mid-slopes. Nitrogen and phosphorus are the primary 

nutrients limiting agricultural productivity (Dibabe, 2000; Mitchell et al., 1979; Sanchez, 1976). 

Although the total phosphorus content can be relatively high, soils with clayey subsoils or iron 

mottles tend to have low levels of plant-available phosphorus. In contrast, potassium (K) is 

generally not a limiting nutrient in soils derived from granitic parent materials (Nye & Greenland, 

1960). The cation exchange capacity (CEC) is typically low, around 4 meq 100 g-1, and base 

saturation is generally above 35%. However, soils in this region tend to acidify under intensive 

cultivation (Sanchez, 1976). This issue is exacerbated by the fact that 40% of agricultural land is 

currently affected by human-induced degradation (Zougmoré, 2003). 
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2.1.4 Farming system in Sudan Savannah zone of West Africa 

In the semi-arid Sudanian regions of West Africa, agro-pastoral systems dominate the landscape, 

where livelihoods are largely dependent on crops, livestock, and off-farm employment (Callo-

Concha et al., 2013; Robinson et al., 2011). Historically, shifting cultivation through fallow 

systems is widespread in the Sudan Savanna (Andriesse & Fresco, 1991). These fallows were 

essential for replenishing soil fertility after periods of continuous cropping (Callo-Concha et al., 

2013). However, increasing pressure on land and natural resources has led to a reduction in fallow 

periods, resulting in the loss of woody species, declining soil fertility, and expansion of cropping 

into marginal lands (De Ridder et al., 2004; Sanchez, 1976).  

De Ridder et al. (2004) noted that while continuous cropping can lead to soil fertility depletion, 

the rate of decline is variable and may not be immediately apparent. This variability is influenced 

by farmers' cropping choices and the spatial management of their farms. For example, Prudencio 

(1993) highlighted that farm layout often follows a concentric pattern, with three land types: 

compound land, family land, and bush-land. Compound land, close to the homestead, benefits from 

organic inputs like household waste and manure, resulting in higher fertility and more intensive 

cropping. Evidence from Burkina Faso suggests that continuous cropping can even improve certain 

soil fertility indicators compared to long-term fallow on compound land (Prudencio, 1993). Family 

land often employs intercropping with fewer manure applications, while bush-land, used primarily 

for grazing, still incorporates fallow practices (Bationo et al., 1996; Ouédraogo, 2004; Prudencio, 

1993). Average farm sizes in these systems are generally small, with most farmers focusing on 

subsistence crop production. For instance, in Ghana’s Upper East Region, the average farm size is 

just 0.6 hectares, and 87% of farmers manage less than 1 hectare (Amanor-Boadu et al., 2015). 

The integration of crops and livestock is common in these systems, providing benefits such as 

supplemental income and food security. Key crops include maize (Zea mays), sorghum (Sorghum 

bicolor), pearl millet (Pennisetum glaucum), rice (Oryza sativa), peanuts (Arachis hypogaea), and 

cowpea (Vigna unguiculata) (Powell, 2014). However, yields are often low due to factors such as 

climate variability, limited use of external inputs like fertilizers, and labour shortages (Bjornlund 

et al., 2020; Ntare et al., 2008; Schindler, 2009). The cropping calendar typically starts in May or 

June, driven by rainfall distribution and the availability of organic matter (manure, compost), 

which also significantly influences yields (Callo-Concha et al., 2013). In Burkina Faso, yield 
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variability from 1961 to 2020 is closely linked to fluctuating rainfall patterns (Sanou et al., 2023), 

a trend also observed in Ghana's Sudan Savanna (Adimassu et al., 2023). Low fertilizer use further 

contributes to soil fertility depletion, often described as "soil mining," where nutrients are extracted 

faster than they are replenished (Leitner et al., 2020; ten Berge et al., 2019). To counteract this, 

integrating livestock with crops has proven beneficial for nutrient cycling, improving farm 

productivity, and enhancing resilience to climate variability (Bell et al., 2014; Peterson et al., 2020; 

Szymczak et al., 2020). 

2.2 Mixed Crop-Livestock systems 

Sere and Steinfield (1996) defined mixed crop-livestock systems (MCLS) as those in which at 

least 10% of the feed comes from crops and/or crop-by-products or more than 10% of the total 

agricultural production comes from non-livestock farming activities. This system integrates crop 

and livestock production to leverage the benefits of interactions between the two (Ryschawy et al., 

2012). The goal of combining these activities is to create resources that can be strategically applied 

to improve the efficiency, productivity, and sustainability of the integrated farming system (Afi & 

Parsons, 2023). MCLS have been shown to improve productivity per unit of land area and labour 

(Ghahramani & Moore, 2016), shifts in soil biological, physical, and chemical properties ( de F. 

Carvalho et al., 2018; Rahman, Larbi, et al., 2019), water and nutrient cycling (Martins et al., 2016) 

and plant-soil interactions (Rahman, Larbi, et al., 2019). Crop-livestock mixed systems are also 

reported to enhance climate change resilience through buffering mechanisms in both field-level 

biophysical processes, e.g., nutrient cycling (Szymczak et al., 2020) or improved crop productivity 

(Tracy & Zhang, 2008), and farm-level socioeconomics, e.g., economic risk mitigation and 

livelihood diversification (Bell et al., 2014). Similarly, it is estimated that 69% of global milk 

production and 61% of global ruminant meat production are sourced from crop-livestock mixed 

systems (Ghahramani & Moore, 2016). 

The adoption of integrated crop-livestock farming can also present challenges, including 

competition for natural resources and potential environmental impacts. Excessive vegetation 

removal through grazing or fodder harvesting, along with soil tillage by animal traction, can lead 

to environmental degradation (Williams et al., 1999). Furthermore, integrated crop-livestock 

systems may impact property rights, equity, and risk management within farming communities 

(Williams et al., 1999). Competition for land due to population growth, agricultural expansion, 
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and grazing requirements may hinder farmers from realizing the full benefits of mixed crop-

livestock systems. For example, in sub-Saharan Africa (SSA), smallholder farmers in crop-

livestock systems often contend with fragmented landholdings, seasonal climate variability, 

reliance on family labor, and limited access to transportation and markets (Amejo et al., 2018). 

Addressing these issues requires technological innovations and agricultural policies tailored to the 

needs of smallholders in SSA, grounded in a thorough understanding of their production goals and 

the organizational structure of mixed crop-livestock systems (Amejo et al., 2018). 

2.2.1 Typologies of MCLS 

The integration of crops and livestock can be structured and organized at the field, farm, and 

territorial levels. At each of these levels, mixed crop-livestock systems (MCLS) display varying 

degrees of integration, which are associated with differing volumes of external inputs and outputs 

across both time and space. 

2.2.1.1 Field-level integration 

In this type of MCLS, crops and livestock share the same field at different times. Primarily, the 

field is used for crop production, including both annual and perennial forage, while livestock graze 

during the off-season or between crop rows, such as in orchards or vineyards (Hilimire, 2011). 

Peterson et al. (2020) described four types of MCLS within this integration level: (1) Forage 

Rotation – a multi-year cycle alternating annual crops with grazed forage crops (e.g., 3 years of 

grazed perennial ryegrass, 2 years of peanuts, and 1 year of corn); (2) Cover Cropping – an annual 

rotation of a main cash crop with a grazed, off-season cover or forage crop (e.g., summer soybean 

rotated annually with winter-grazed ryegrass); (3) Stubble Grazing – grazing livestock on crop 

residues left after harvest (e.g., grazing on corn stalks); (4) Dual-Purpose Crop – grazing an annual 

crop in its vegetative phase before it is harvested for grain (e.g., early-stage wheat grazed by sheep 

and then harvested for grain).  

Integrating grazing animals into cropland fosters unique interactions among plants, soil, and 

livestock that distinguish this system from other integration types (Lemaire et al., 2014). This level 

of integration offers a higher degree of crop-livestock interaction, as most fodder for livestock is 

cultivated on cropland, which also receives all manure produced. However, intensive stocking 

rates and frequent grazing have been linked to soil compaction and partial degradation (Ambus et 

al., 2018; de Carvalho et al., 2010). 
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2.2.1.2 Farm-level integration 

Crops and livestock are often spatially separated or maintained as small, independent enterprises 

within a farm (Hilimire, 2011; Peterson et al., 2020). According to Peterson et al. (2020), this 

configuration is frequently the default in smallholder systems, exemplified by the cut-and-carry 

method. In this system, crop residues are harvested for animal feed, while livestock manure is 

collected and used as a soil amendment. If livestock are housed in corrals, barns, or kraals, manure 

collection for field application becomes easier and can also be composted (Hilimire, 2011). 

Permanent pastures or communal grazing areas are typically allocated for supplementary feeding. 

In these systems, pastures or bushlands are large and generally located on steep hillsides, whereas 

arable and forage crops occupy more productive, irrigable, and well-drained land (Ryschawy et 

al., 2017).  

At the farm level, integration is usually highest on smaller farms and declines as farm size 

increases. This trend is often due to constraints in transporting manure, crop residues, and 

livestock, along with competition for manure as an energy source, construction material, and 

fertilizer. Corralling, where animals are kept overnight on fallow fields during the off-season, is 

another form of farm-level integration that enables manure and urine deposition, enhancing soil 

fertility and minimizing labour requirements for manure handling, storage, and spreading, with 

nitrogen loss reductions of 40–60% (Defoer et al., 2000; Powell et al., 2004; Powell, 2014; Sangaré 

et al., 2002). Corralling has been shown to improve crop yields more effectively than manure 

gathered from stalls or kraals alone (Powell, 2014). According to Liniger et al. (2011), corralling 

one adult sheep or goat in a 4m² area for five nights can deposit approximately 1 kg of manure dry 

matter. It is worth noting that, depending on how the farmer manages the corralled land, this system 

can represent field or farm-level integration. 

In Sub-Saharan Africa, farm-level integration is particularly prevalent (Peterson et al., 2021; 

Berdjour et al., 2024). Overall, key barriers to farm-level integration include a limited available 

workforce and a decline in the skills and knowledge required to optimize both crop and livestock 

systems (Asai et al., 2018; Martin et al., 2016). 
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2.2.1.3 Territory-level integration 

MCLS can also operate at larger scales than individual farms through collaboration between 

specialized crop and livestock farms (Martin et al., 2016; Russelle et al., 2007). Territory-level 

integration seeks to connect these specialized farms to promote both diversification and sustainable 

management of resources, reducing the negative impacts of intensification, such as grassland loss 

due to intensified livestock production (Moraine et al., 2014). As cited by Asai et al. (2018), Entz 

et al. (2023), and Martin et al. (2016) described three main forms of territory integration based on 

the degree of spatial, temporal, and organizational coordination among farms. The first and 

simplest form is direct partnerships between crop and livestock farms, where they exchange raw 

materials like manure, grain, fodder, and straw. A second type involves local crop and livestock 

farmer groups negotiating land-use patterns collaboratively. The third and most extensive form 

functions on a regional level, with spatially separated groups of crop and livestock farms 

coordinated by a third-party entity, such as an agricultural cooperative, without necessarily 

requiring direct communication among all involved farmers. 

Moraine et al. (2017) and Asai et al. (2018) identified spatial proximity as a key factor in enabling 

coordinated arrangements that foster stable and trusting relationships. Moreover, cooperation 

among specialized farms can open access to local resources that might otherwise remain 

unavailable or underutilized, such as land and livestock feed (Regan et al., 2017). Establishing 

direct, local markets could address the limitations of specialized supply chains, enhancing both 

economic outcomes (Moraine et al., 2017) and resource-use efficiency (Regan et al., 2017). 

However, organizational challenges can obstruct successful territory-level integration (Asai et al., 

2018), as it requires coordination across multiple participants and balancing individual versus 

collective goals (Ryschawy et al., 2017). For example, at this level, crop choices on specialized 

farms may not always align with the fodder requirements of nearby livestock farms, and similarly, 

manure availability and quality may not fully meet crop fertilization needs. 

2.3 Effect of MCLS on soil quality 

Soil quality refers to the ability of soil to function within natural or managed ecosystem boundaries, 

supporting plant and animal productivity, maintaining or enhancing water and air quality, and 

contributing to human health and habitation (Karlen et al., 1997). Integrating crop and livestock 

systems (MCLS) offers opportunities to address challenges such as low and declining soil fertility, 
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particularly for smallholder farmers. Studies have reported positive synergistic effects of MCLS 

on soil physical, chemical, and biological properties compared to monocropping systems (Lemaire 

et al., 2014; Rahman, Larbi, et al., 2019). However, the effects of MCLS on soil properties remain 

inconsistent and subject to debate. Variations in outcomes are likely influenced by management 

decisions, including crop type, livestock type, stocking density, and tillage methods. 

2.3.1 Soil physical properties 

Soil properties that enhance root growth, retain and supply water, hold and cycle nutrients, 

facilitate gas exchange, support biological activity, and store carbon are largely determined by soil 

physical attributes and processes (Schoenholtz et al., 2000). Unlike bulk density, which varies 

among soil types, attributes like soil texture and depth are relatively stable over time (Schoenholtz 

et al., 2000). Acosta-Martínez et al. (2004) reported significantly higher aggregate stability and 

bulk density in crop-livestock systems compared to continuous cotton systems. Similarly, 

comparisons of grazing and non-grazing management systems revealed higher macro-porosity in 

grazed areas following brachiaria and soybean cultivation (Bonetti et al., 2015). de Souza et al. 

(2010) suggested that grazing stimulates tillering and enhances root system development, which, 

according to Franzluebbers et al. (2012), improves soil structure, infiltration, aeration, and water 

retention. It is also known that the inclusion of multiple forages in MCLS, via their root systems 

significantly improves soil aggregate stability, macro-porosity, and hydraulic conductivity, which 

is particularly beneficial for highly fragile soils, such as sandy soils. In addition, their root growth 

can rearrange soil particles, favoring the flux of water and nutrients through better aggregation and 

connectivity of soil pores (Franzluebbers et al., 2011, Anghinoni et al., 2013). These effects are 

not only visible in the soil’s uppermost layer, but also through the soil profile (Lanzanova et al., 

2007).  

Conversely, other studies highlight the negative impacts of livestock grazing on soil quality in 

MCLS. For instance, corralling sheep and goats at stocking densities of 70 and 140 head/ha 

increased soil bulk density and reduced porosity compared to non-corralled plots (Rahman, Larbi, 

et al., 2019). Similarly, Moreira (2014) observed adverse effects in post-grazing conditions, such 

as increased soil compaction and reduced pore space. High-intensity grazing systems were also 

associated with reduced soil porosity (Ambus et al., 2018). Cecagno et al. (2016) noted that even 

low levels of soil compaction can adversely affect the physical properties of subsurface soil layers. 
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Soil physical properties at a depth of 0–5 cm were significantly influenced by cattle grazing, 

particularly in pastures with sward heights of 10 cm and 20 cm (Bonetti et al., 2019). As a result, 

the water infiltration rate decreased by 81% following grazing and by 47% after the soybean 

harvest in pastures with a sward height of 10 cm, compared to ungrazed areas. However, 

assessments of physical properties conducted during single time periods may fail to capture the 

dynamic and intricate interactions within the soil-plant-animal matrix (Simões et al., 2023). This 

underscores the need for a comprehensive understanding of how management practices within 

MCLS influence soil quality across varying conditions and over time. 

2.3.2 Soil chemical properties 

Efficient nutrient utilization is a critical aspect of mixed crop-livestock systems (MCLS), enabling 

the simultaneous achievement of productivity and environmental sustainability by reconnecting 

carbon and nitrogen cycles (Soussana & Lemaire, 2014). Nutrient cycling facilitated by ruminant 

livestock can reduce reliance on synthetic fertilizers for crops (Powell et al., 1996). However, 

excessive nutrient accumulation from livestock manure on croplands poses risks to water quality 

(Schoumans et al., 2014). Consequently, optimizing nutrient distribution across time and space is 

essential for sustainable mixed crop-livestock systems (MCLS) (Hochman et al., 2013).   

Despite the importance of chemical soil functions, distinguishing the chemical and biological 

indicators of soil quality can be challenging due to their interconnectedness (Schoenholtz et al., 

2000). For instance, mineralizable nitrogen (N) has been categorized within both groups (Reganold 

& Palmer, 1995). As a result, Schoenholtz et al. (2000) highlighted critical soil chemical properties 

related to agricultural soil quality, such as soil organic carbon status (e.g., organic carbon (OC) 

and organic matter), nutrient availability (e.g., organic nitrogen, total phosphorus, cation exchange 

capacity (CEC)), soil acidity (pH), and salinity (electrical conductivity (EC)), as key indicators of 

nutrient-supplying capacity. To maintain sustainable MCLS, it is essential to understand how 

management practices influence these indicators in soils under these systems.   

In their study of cover crop management within MCLS, Soussana & Lemaire (2014) found that 

intensive grazing by sheep reduced the carbon-to-nitrogen (C:N) ratio of cover crops, increasing 

soil inorganic N levels in areas where manure and urine were deposited. This process can disrupt 

the carbon and nitrogen cycles, potentially leading to N losses through nitrate leaching (Lazcano 

et al., 2022). Likewise, high grazing intensity in integrated crop-livestock systems (ICLS) has been 
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shown to increase soil nitrogen losses compared to moderate and light grazing intensities, 

highlighting the need to determine the optimal grazing pressure for sustainable ICLS management 

(Assmann et al., 2014). Additionally, grazing on cover crops and winter forage crops was found 

to either increase or have no significant impact on near-surface total and labile phosphorus stocks 

in MCLS (da Silva et al., 2014; Liebig et al., 2012). Evaluating the effects of crop-livestock 

interactions on soil quality, Rahman et al. (2019) observed a significant increase in soil organic 

carbon in sheep and goat-corralling systems compared to non-corralling controls. Livestock urine 

contributes hydroxide ions during urea hydrolysis, enhancing soil pH, while also providing 

nutrients such as nitrogen and potassium. These findings align with earlier reports suggesting that 

MCLS improve soil pH, nitrogen, organic carbon, and potassium (Ikpe & Powell, 2002; Rahman, 

Larbi, et al., 2019).   

Similarly, livestock grazing has been shown to enhance soil health by increasing soil carbon and 

organic matter content (Brewer & Gaudin, 2020). However,  da Silva et al. (2014) noted that forage 

rotation within MCLS did not significantly affect total soil organic carbon and nitrogen but 

influenced soil acidity and exchangeable cations. Soil acidification, which serves as an indirect 

indicator of nutrient-use efficiency (Smith & Doran, 1997), was found to be less pronounced in 

treatments involving livestock, regardless of grazing intensity, compared to treatments without 

grazing. This reduced acidification is attributed to the higher retention of divalent cations, such as 

exchangeable calcium (Ca²⁺) and magnesium (Mg²⁺), in grazed systems (da Silva et al., 2014; 

Martins et al., 2014). These findings highlight the nuanced effects of MCLS on soil properties, 

emphasizing the importance of tailored management practices to maximize soil health benefits.   

2.3.3 Soil biological properties 

Soil biological activity plays a vital role in restoring degraded soils, enhancing crop production, 

and supporting ecosystem services (Doran & Zeiss, 2000; Lehman et al., 2015). Spatial and 

temporal variations in environmental factors and management practices necessitate the 

development of agroecosystems that enhance the soil microbiome (Babin et al., 2019). Sekaran et 

al. (2021) noted that soil biological properties are highly sensitive to changes induced by 

management practices and ecological stress.  

As a result, research by Chen et al. (2020) revealed that grazing management can influence soil 

microbial communities and their diversity either directly or indirectly. Through grazing activities, 
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the deposition of manure, contributes to the functional capabilities of microbial communities, 

thereby improving soil health. Similarly, the incorporation of manure in soils under crop-livestock 

integration has been shown to increase soil microbial biomass carbon (MBC), microbial biomass 

nitrogen (MBN), and soil microbial quality (SMQ) (Rahman, Larbi, et al., 2019). The authors 

explained that feces and urine from grazing animals add organic matter to the soil, providing 

substrates for soil organisms and stimulating microbial activity. However, increased grazing 

intensity reduces soil carbon content, which, in turn, promotes bacterial diversity by decreasing 

the dominance of the phylum Actinobacteria while reducing fungal diversity by increasing the 

dominance of the fungal phylum Ascomycota (Eldridge et al., 2017; Sinha et al., 2024). Soil 

microbial biomass, actinomycetes, gram-positive bacteria, arbuscular mycorrhizal fungi (AMF), 

and overall fungal abundance were observed to be significantly higher in native Cerrado soils 

compared to monoculture pastures and MCLS (Sarto et al., 2020).  

Similarly, grazing of forages disturbs the soil and affects the quantity and composition of soil 

organic carbon (SOC), altering microbial community structures and soil biochemical processes 

(Sandhu et al., 2019; Sekaran et al., 2019). The addition of feces and urine by grazing animals also 

modifies rhizosphere exudation patterns and botanical compositions (Clegg, 2006). Furthermore, 

crop rotations involving legumes and grasses, particularly when preceded by pasture in MCLS, 

have been shown to enhance total fungal and bacterial populations, actinobacteria abundance, and 

enzymatic activity (Sousa et al., 2020). Plant diversity also influences soil microbial communities 

by altering residue quality, increasing the quantity and diversity of exudates, and subsequently 

affecting microbial community composition and structure (Martucci do Couto et al., 2016). 

2.4 Effect of MCLS on soil greenhouse gas (GHG) emissions 

Agricultural practices are significant contributors to global greenhouse gas (GHG) emissions, 

including nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2) (Barsotti et al., 2013; 

IPCC, 2014). Integrated farming systems, such as mixed crop-livestock, have been proposed as a 

sustainable alternative (de F. Carvalho et al., 2018; de Albuquerque Nunes et al., 2021). These 

systems offer mutualistic interactions between crops and livestock, potentially enhancing both 

agricultural productivity and environmental quality (Barsotti et al., 2013; de Moraes et al., 2014). 

However, the impact of MCLS on mitigating soil GHG emissions varies due to differences in 

system modalities, management practices, and environmental conditions. Therefore, given the 
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growing significance of MCLS, it is crucial to evaluate how management strategies and 

environmental factors influence N2O, CH4, and CO2 emissions from soils under MCLS compared 

to arable croplands or non-integrated systems. 

2.4.1 Nitrous oxide (N2O) emission from soils under MCLS 

Nitrous oxide (N2O) plays a critical role in both climate change and the depletion of stratospheric 

ozone (Wuebbles, 2009). It is primarily generated in soils through microbial processes, including 

nitrification (ammonia oxidation) and denitrification (nitrate reduction) (Torres et al., 2016). 

Numerous studies have identified key crop management factors such as fertilizer type, application 

rate and timing, crop type, and tillage practices as significant influencers of N2O emissions. 

Recognizing the influence of management practices on N2O emissions in agricultural soils, 

Dieckow et al. (2015) reported that black oat (Avena strigosa) achieves high yields in mixed crop-

livestock systems (MCLS) under moderate grazing and nitrogen (N) fertilization rates of 75–150 

kg N ha-1, with lower N2O emissions compared to intensive grazing systems. Elevated N2O 

emissions in intensively grazed systems were attributed to extended stocking periods, which 

increase nitrogen inputs to the soil via animal excreta (Assmann et al., 2015; Han et al., 2008). 

When soybean was integrated into MCLS, Nogueira et al. (2016) found an 80% increase in N2O 

emissions compared to the pasture phase, possibly due to the combined effects of residual animal 

excreta in the pasture phase and nitrogen exudates released by soybean roots. Early sowing of 

ryegrass in soybean systems reduced N2O emissions by 18.5% (821.3 vs. 1007.3 μg N2O-N m-2 h-

1) compared to late sowing (Pilecco et al., 2019). 

Past research highlights the variable impacts of management practices on N2O emissions in MCLS, 

emphasizing the need for further research to clarify how management strategies and environmental 

conditions can reduce these emissions effectively. For example, continuous cropping systems 

under no-tillage management exhibited higher N2O emissions compared to MCLS under similar 

conditions (Sato et al., 2017). Similarly, lower stocking rates (693 vs. 876 kg live weight ha-1) in 

MCLS reduced N2O emissions due to less animal trampling, which improved soil structure and 

increased total soil porosity (Amadori et al., 2022). Continuous corn systems, often relying on 

synthetic fertilizers, exhibited greater N2O emissions compared to perennial grasslands 

(Christenson et al., 2021). On subtropical Ferralsols in Southern Brazil, cumulative N2O emissions 

from MCLS were over three times higher than continuous cropping systems (4.3 vs. 1.3 kg N2O-
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N ha-1), primarily due to nitrogen inputs and surface compaction (Piva et al., 2014). The role of 

fertilizer nitrogen in driving N2O emissions is well-documented and linked to nitrification and 

denitrification processes triggered by increases in soil inorganic nitrogen (NH4
+ or NO3

-) 

(McDonald et al., 2022; Xu et al., 2023). Liebig et al. (2020) observed that N2O fluxes were highest 

during the corn and spring wheat phases of rotation in MCLS (mean = 45 μg N2O-N m-2 h-1) and 

lowest during the soybean and cover crop phases (mean = 20 μg N2O-N m-2 h-1). This suggests 

that MCLS incorporating perennial grasses or grass-dominated cover crops are more effective at 

mitigating greenhouse gas emissions (Christenson et al., 2021; Liebig et al., 2020). 

Interestingly, substituting N fertilizer with phosphorus (P) or potassium (K) at half the 

recommended rate reduced cumulative N2O emissions by 59% in an MCLS (de Carvalho et al., 

2022). Additionally, (Abagandura et al., 2019) found no significant effect of grazing on cumulative 

N2O emissions.  

2.4.2 Methane (CH4) emission from soils under MCLS 

Methane (CH4) is the second most significant greenhouse gas (GHG) after carbon dioxide (CO2) 

in terms of global warming potential (Forster et al., 2007). Even small fluctuations in atmospheric 

CH4 levels can have a substantial impact on global warming (Bridgham et al., 2013). CH4 

emissions are influenced by the balance between methanogens and methanotrophs (Zhang et al., 

2018). Methanotrophs oxidize CH4 in aerobic environments, making the soil a CH4 sink, whereas 

methanogens release CH4 under anaerobic conditions (Lee et al., 2018). In mixed crop-livestock 

systems (MCLS), animal manure is recognized as a notable CH4 source (USEPA, 2021), with over 

70% of CH4 emissions attributed to enteric fermentation and only 4 - 6% to manure (Conrad, 1996; 

Maze et al., 2024). As a result, upland soils are typically minor emitters or major sinks of CH4 (Jin 

et al., 2019; Liebig et al., 2010). 

Christenson et al. (2021) observed no consistent grazing season effects on CH4 fluxes from 

perennial grass or continuous corn phases of MCLS. Across study years, soil CH4 fluxes fluctuated 

around zero regardless of management practices. Similarly, grazing and nitrogen (N) fertilizer 

application had no significant impact on soil CH4 fluxes, which were often characterized by CH4 

uptake (Bratti et al., 2022). Given that CH4 production is more prevalent under anoxic conditions 

(Conrad, 1996), low CH4 emissions in these studies may have been due to the poorly drained soils 

at the study sites. In such soils, CH4 diffusion into the soil is the primary factor limiting emissions 
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(Abagandura et al., 2019). Singh et al. (2020) found no significant effect of cover crops or grazing 

on daily and cumulative CH4 fluxes, likely due to the short grazing durations that limited manure 

and urine accumulation. Similarly, Tang et al. (2013)  reported no significant differences in CH4 

uptake between lightly grazed and ungrazed sites. 

Contrastingly, some studies reported net CH4 effluxes in pasture areas compared to cropland soils, 

potentially due to increased bulk density and reduced aeration porosity caused by animal trampling 

(Neto et al., 2011). On a subtropical Ferralsol in MCLS subjected to sheep grazing and N 

fertilization, Piva et al. (2019) observed a net CH4 influx, suggesting methanotrophic activity. 

However, CH4 emission peaks coincided with high soil ammonium levels, possibly due to 

competition between ammonium and CH4 for methane monooxygenase, an enzyme critical for 

CH4 oxidation (Bédard & Knowles, 1989; Hütsch, 1998). This competition likely reduced CH4 

consumption, resulting in CH4 release. Similar findings were reported by Zanatta et al. (2010), 

who observed CH4 emission peaks shortly (4 – 6 days) after N fertilizer application. These findings 

highlight the complexity of CH4 emissions in MCLS and underscore the need to understand the 

mechanistic drivers of CH4 fluxes under varying management and environmental conditions. 

2.4.3 Carbon dioxide (CO2) emission from soils under MCLS 

Quantifying the impact of management practices on carbon dioxide (CO2) emissions is essential 

for optimizing carbon reduction strategies in crop-livestock systems (Liu et al., 2024). According 

to Barsotti et al. (2013), variations in soil and environmental conditions, management practices, 

and measurement methods across locations can significantly influence CO2 fluxes (Sainju et al., 

2008). 

Increased carbon (C) substrate availability, primarily from sheep feces and urine returned to the 

soil during grazing, likely stimulates microbial activity, especially under conditions of elevated 

soil temperature and moisture. This phenomenon was observed in MCLS settings, where grazing 

treatments showed higher CO2 fluxes compared to chemical treatment plots (Barsotti et al., 2013). 

The deposition of excrement, including manure and urine, enhances the decomposition of organic 

carbon by heterotrophic microbes, contributing to elevated CO2 emissions. Within MCLS, crop 

type and the associated root and shoot respiration are critical factors influencing CO2 fluxes. 

Perennial crops such as alfalfa exhibit higher CO2 fluxes due to greater belowground biomass and 

root respiration compared to annual crops (Barsotti et al., 2013). Alfalfa’s larger root biomass 
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relative to durum wheat (Triticum durum) and forage grasses (Sainju et al., 2011), has been linked 

to increased CO2 fluxes, particularly in systems incorporating a mix of alfalfa (Medicago sativa) 

and grasses compared to annual crops (Sainju et al., 2008). Additionally, forage rotation systems 

in MCLS are likely to contribute to higher CO2 emissions than mono-crop systems due to increased 

biomass production both above and below ground, which intensifies root respiration. Higher 

cumulative CO2 fluxes in grazing legume systems compared to grazing grass systems have been 

attributed to the faster decomposition of legume residues due to their lower C:N ratio (N. Singh et 

al., 2020a). Furthermore, the decomposition of residual aboveground and belowground biomass 

from previous crops in ungrazed plots can also emit significant amounts of CO2 (Singh et al., 

2020a). 

These findings highlight the complex interactions between management practices, crop type, and 

environmental factors in determining CO2 emissions in MCLS, underscoring the importance of 

tailoring practices to mitigate emissions while maintaining system productivity. 

2.5 Effect of MCLS on crop yields 

Mixed crop-livestock systems (MCLS) have historically been used for sustaining agricultural 

production globally, particularly before the widespread use of synthetic fertilizers in the 20th 

century (Franzluebbers, 2007). Although the extensive application of fertilizers during this period 

significantly increased crop yields, it also negatively impacted environmental quality. These 

adverse effects included increased nitrogen leaching into groundwater, eutrophication, and 

elevated GHG emissions (Huo et al., 2022). Furthermore, the intensive use of commercial 

fertilizers, especially nitrogen-based ones, contributed to increased soil acidity and the 

development of degraded soils with diminished responsiveness to further fertilizer applications for 

maintaining crop yields (Herrero et al., 2010; Sainju et al., 2011). In such cases, MCLS has been 

identified as a viable strategy to enhance soil quality while sustaining agricultural productivity (de 

Camargo et al., 2024; Rahman, Larbi, et al., 2019). 

Rahman et al. (2019) reported notable improvements in maize grain and biomass yields when 

optimal combinations of livestock stocking density, maize plant density, and fertilizer rates were 

applied to Ferric Lixisols. Similarly, Akakpo (2020) demonstrated that farmers practicing MCLS 

could achieve enhanced grain and fodder yields of legumes through rhizobium inoculation and 

phosphorus (P) fertilization. In an integrated crop-livestock system evaluated over two growing 



23 
 

seasons (2015/2016 and 2016/2017) with soybean and sorghum, de Carvalho et al. (2022) observed 

higher yields for both crops (except soybean in the first season) when recommended fertilizer rates 

were used, compared to systems using half the recommended rates. Additionally, better soil 

conditions in MCLS provided resilience to environmental stresses such as drought and frost, 

resulting in less yield reduction for soybeans and pastures (Salton et al., 2014). Agostini et al. 

(2012) attributed increased corn yields in stubble-grazing MCLS to a combination of high stocking 

rates and shallow tillage practices. Furthermore, Baumhardt et al. (2009) found that limited grazing 

of dryland wheat forage and sorghum stover improved overall productivity in a wheat-sorghum 

rotation without significant reductions in grain yields. Similarly, Cicek et al. (2014) reported no 

adverse yield effects on two subsequent grain crops after grazing green manure, compared to the 

traditional incorporation of green manure through tillage. 

Contrasting findings have been reported in some cases. For instance, Komarek et al. (2021) found 

no significant agronomic benefits in maize leaf stripping within crop-livestock systems. Similarly, 

Lazcano et al. (2020) observed no significant yield differences in vineyards subjected to sheep 

grazing. While neutral effects of MCLS on crop yields are common, literature often highlights 

other benefits such as improved whole-system economic productivity, enhanced soil health, and 

water conservation (de Oliveira et al., 2014; Sanderson et al., 2013). The complexity of designing 

and implementing effective MCLS often contributes to inconsistent outcomes. Negative results 

are frequently attributed to suboptimal management practices, including insufficient synthetic 

fertilizer application, inappropriate stocking rates, and inadequate manure management (de 

Moraes et al., 2014; Peterson et al., 2020). Hence, in a meta-analysis of 66 MCLS studies, Peterson 

et al. (2020) reported that, when grazing is incorporated into cropping system designs, average 

crop yields matched those of ungrazed systems across diverse environmental and management 

contexts. These findings underscore the importance of tailoring MCLS management strategies to 

specific environmental and system requirements while adhering to best management practices to 

optimize productivity and sustainability. 

2.6 Effect of MCLS on livestock productivity 

In mixed crop-livestock systems (MCLS), livestock plays a multifaceted role, contributing to 

system productivity through the provision of food, feed, draught power, and manure (Herrero et 

al., 2010; Peden et al., 2007). These systems reduce reliance on commercial feed by utilizing crop 
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or fodder biomass. Moreover, the synergies of MCLS may have benefits that extend beyond 

enhanced crop yields and livestock weight gain (Addah et al., 2022). 

For instance, in a three-year wheat-sorghum-fallow (WSF) rotation system, cattle grazing (Bos 

taurus) resulted in average daily weight gains of 3.8 kg ha-1 day-1, with gains ranging from 2.3 to 

6.5 kg ha-1 day-1 (Baumhardt et al., 2009). The study highlighted that this forage rotation sequence 

consistently produced sufficient stover and forage to support cattle grazing for about one month 

annually in seven out of eight years. In comparison to MCLS, mixed crop-livestock-tree systems 

reduced the average daily gain (ADG) of beef heifers by 32% due to the competitive effects of 

trees on forage growth (da Silveira Pontes et al., 2018). Supporting this observation, Lin et al. 

(1998) noted that certain forage species, particularly C3 perennial grasses, can maintain 

productivity under 50% sunlight at rates similar to those in full-sun conditions. Improved livestock 

performance has also been reported in other systems. Djallonké rams in an integrated groundnut-

sheep system demonstrated higher dry matter and crude protein intake, resulting in superior weight 

gain (Rahman, et al., 2019b). Similarly, feeding sheep with stripped maize leaves enhanced dry 

matter intake, daily weight gain, and overall efficiency compared to grazing on native pasture 

(Addah et al., 2022). This highlights the dual-purpose value of crops, as smallholder farmers often 

view both forage and seed/grain yields as equally important (Olorunju et al., 1995). Furthermore, 

the rumen degradation characteristics of crop residues in MCLS are critical determinants of forage 

quality and, consequently, animal performance (Larbi et al., 1999). 

Despite the evident benefits of MCLS, much of the existing research focuses predominantly on 

crop performance, often overlooking the livestock component. To fully understand the potential 

of these systems, future studies must examine how MCLS can simultaneously enhance both crop 

yields and livestock productivity. 

2.7 Impact of climate change on MCLS 

Climate change is expected to impact the crop, livestock, and grazing components of mixed 

farming systems in diverse ways, disrupting their interactions and resource flow (Figure 1) 

(Descheemaeker et al., 2016). These disruptions will, in turn, affect the functioning and 

performance of the entire system. Projections indicate that mixed farming systems in Africa may 

experience two major transitions by the 2050s (Thornton & Herrero, 2015). The first involves a 

decline in the number of reliable crop-growing days, while the second is linked to increases in 
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maximum temperatures during cropping seasons, rising above 30°C. At such temperatures, many 

staple crops and livestock species are likely to suffer adverse effects. 

The IPCC predicts that by 2050, the crop-growing periods in West Africa could shorten by 20%, 

leading to a 40% reduction in cereal yields and a decrease in cereal biomass for livestock 

(Zougmoré et al., 2016). Crop suitability is also impacted by changes in the growing season length 

and the increased frequency of extreme weather events, which raise the likelihood of crop failure 

(Porter & Semenov, 2005). Higher temperatures are expected to accelerate plant growth cycles, 

reducing yield potential (Schlenker & Lobell, 2010; Sultan et al., 2013). However, certain crops 

may benefit from these changes; for example, maize in highland regions could thrive due to 

warmer temperatures (Thornton & Herrero, 2015), and cassava, a heat- and drought-resistant 

starch crop, might benefit from increased CO₂ levels (Liu et al., 2008). Additionally, shorter 

growing periods may help crops avoid drought during grain filling (Asseng et al., 2011). 

Climate change will also impact livestock at both the species and breed levels (Zougmoré et al., 

2016). Farmers may need to shift to heat-tolerant breeds or species better suited to hotter and drier 

conditions, such as small ruminants like sheep and goats, which are more resilient to heat and 

require less water (Lemaire et al., 2014). Specific effects on livestock may include changes in 

forage availability and quality, water access, mobility, and increased mortality (Powell et al., 

2004). Beyond these component-level effects, system-wide changes in mixed farming systems due 

to climate change are also anticipated (Descheemaeker et al., 2016). 

For example, Masikati et al. (2017) found that climate change impact on maize grain yields varied 

by herd size: a reduction of 9%, 3%, and -2% was observed for farmers with no cattle, small herds, 

and large herds, respectively. For maize stover, the declines were 5%, 6%, and 4%, respectively. 

Conversely, sorghum and groundnut yields, both grain and stover, were unaffected (Masikati et 

al., 2017). Similarly, Thornton & Herrero, (2015) noted that the effects of climate change on crop-

livestock systems differ across farm types and crops. Under a high-emission scenario (RCP8.5), 

Rigolot et al. (2017) projected that climate change could significantly limit production in crop-

livestock systems regardless of farm size. However, these systems might shift toward a greater 

reliance on livestock since animals are better adapted to arid and variable climates than crops. 

Livestock can feed on crop residues when grain harvests fail and utilize spatial and temporal 

variations in feed availability (Morton, 2007; S. Vetter, 2005). As annual crops become less viable, 
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there may be a shift toward livestock-oriented systems (Jones & Thornton, 2009). Climate-induced 

biome shifts, such as those affecting grasslands and rangelands, will likely influence grazing 

potential in Africa. However, the interactions between climate change and other factors like fire 

and grazing introduce uncertainties, making precise predictions challenging (Descheemaeker et 

al., 2016). 

Despite the importance of mixed systems like MCLS in adapting to climate change, they have 

been underrepresented in global agricultural assessments (Herrero et al., 2010; Thornton et al., 

2014). For instance, IPCC reports often separate discussions of crops, livestock, fisheries, and 

forestry, without integrated assessments of mixed systems (Thornton et al., 2014). Moreover, 

research on the whole-farm impacts of climate change, including future projections for mixed 

systems, remains limited (Ghahramani & Moore, 2016; Masikati et al., 2015). However, Thornton 

et al. (2014) noted that assessments can only analyze what has been published, underscoring the 

need for more comprehensive studies on these systems.  

 

Figure 1. Adapted from Descheemaeker et al. (2016): Schematic representation of the 

effects of climate change on mixed crop–livestock systems. 
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2.8 Contribution of simulation models to MCLS 

Mixed crop-livestock systems (MCLS) face significant challenges in meeting the growing food 

demands of a rising global population and adapting to shifts in dietary preferences, particularly in 

urban areas with increasing incomes (Herrero et al., 2010; Tarawali et al., 2011). These pressures 

are compounded by climate change, which places additional strain on these systems, requiring 

them to adapt and innovate. MCLS are inherently complex, involving interrelated biophysical 

components such as crops, livestock, soil, climate, and vegetation, alongside socioeconomic 

factors like markets, off-farm income, and management decisions (Masikati et al., 2017). To 

improve the efficiency and sustainability of these systems, research must identify potential 

intervention points by analyzing the interaction of these components across spatial and temporal 

scales (Masikati et al., 2017). 

Simulation modeling has proven to be a valuable tool for analyzing the intricate interactions within 

MCLS and assessing overall system efficiency (de Wit, 1992). For example, Zingore et al. (2009) 

combined multiple models to evaluate strategies for enhancing the productivity and profitability 

of resource-constrained crop-livestock farms. Data collection was facilitated using the Integrated 

Modelling Platform for Mixed Animal Crop Systems (IMPACT), which was linked to the 

Household Resource Use Optimization Model (HROM). HROM was used to optimize net cash 

income, while APSIM (Agricultural Production Systems sIMulator) and RUMINANT models 

simulated nutrient resource management in crop and milk production, respectively. Additionally, 

the Dynamic North Florida Dairy Farm Model (DyNoFlo), which incorporates Markov chain 

simulations of cow flows and crop model simulations for historical climate years (e.g., El Niño 

and La Niña years), was utilized to evaluate nitrogen leaching on dairy farms (Cabrera et al., 2006). 

In another study, Kragt et al. (2012) assessed the cost-effectiveness of soil carbon sequestration by 

integrating biophysical modeling using APSIM with whole-farm economic modeling via the 

Model of an Integrated Dryland Agricultural System (MIDAS). However, results from field 

studies often show mixed outcomes due to the short duration of crop-livestock interactions. To 

address this, Rai et al. (2022) developed a simplified simulation methodology using the Decision 

Support System for Agrotechnology Transfer (DSSAT) to evaluate the long-term effects of cover 

crop grazing on maize production. 
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Similarly, Moreau et al. (2013) introduced CASIMOD’N, an integrative model designed to assess 

the impact of farming systems on nitrogen dynamics at the catchment level. This model includes 

components such as Topmodel-based Nitrogen Transfer and Transformation (TNT2), which 

accounts for spatial processes like nitrate leaching and its effects on downstream areas (Oehler et 

al., 2009), TOURNESOL, which ensures consistency between crop allocation and manure 

production, and FUMIGENE, which allocates organic and mineral fertilizers (Chardon et al., 

2012). Another study by Dueri et al. (2007) employed a dynamic model (Stella CH-farm) to 

analyze nitrogen losses and exports in dairy and arable farming systems. Rufino et al. (2011) 

utilized NUANCES-FARMSIM to simulate interactions at the village level, revealing that long-

term grazing and crop residue removal can lead to declines in soil carbon stocks. Prolonged dry 

seasons and reduced residue availability may also result in cattle losses, impacting draught power 

and manure production. However, these effects can be mitigated by utilizing residues from non-

livestock farms, which can sustain up to 30% of cattle feed during the dry season. Parsons et al. 

(2011) developed an integrated crop-livestock model to evaluate the biophysical and economic 

outcomes of farming practices in sheep systems. The model, built using Vensim™, integrates 

scientific and practical knowledge about sheep management, flock dynamics, nutrient partitioning, 

labour, and economics. It combines sheep production and manure data from the Small Ruminant 

Nutrition System (SRNS) with weather, crop, and soil dynamics simulated daily by APSIM. The 

evaluation confirmed the model's effectiveness in capturing the complex interactions between 

crops, livestock, and farmers. 

Simulation models thus serve as critical tools for assessing the sustainability and productivity of 

MCLS. However, their application in Sub-Saharan Africa (SSA) remains limited, despite their 

potential to address pressing challenges in complex farming systems (Masikati et al., 2017). Key 

barriers include insufficient data (biophysical and socioeconomic), a lack of skilled expertise, and 

the absence of validated modeling frameworks. To address these gaps, there is a pressing need to 

develop an integrated framework that incorporates detailed data from typical crop-livestock farms 

at varying scales to evaluate and enhance the productivity and resilience of MCLS in SSA.  
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2.9 The SIMPLACE framework 

2.9.1 Overview 

The Scientific Impact Assessment and Modelling Platform for Advanced Crop and Ecosystem 

Management (SIMPLACE) is an open-source software platform developed at the University of 

Bonn. Its design is rooted in the principle of creating tailored model structures to address specific 

research or analytical questions (Enders et al., 2023). The latest version, SIMPLACE v5.0, 

emphasizes three key paradigms: flexibility, performance, and transparency. While typical 

simulation experiments can be efficiently conducted on personal computers, SIMPLACE includes 

advanced features to address performance challenges, supporting computationally demanding 

tasks such as gridded simulations, model calibration, scenario analysis, and uncertainty analysis 

(Enders et al., 2023). The platform is designed for compatibility with multiple systems, including 

High-Performance Computing (HPC) environments, enabling scalability as HPC systems become 

increasingly accessible in research institutions (Vetter, 2013). Implemented using the Java® 

programming language, SIMPLACE leverages an object-oriented design (Gamma et al., 1995) and 

incorporates specialized packages for advanced input/output handling, relational database 

management, internal data exchange, and multi-threaded simulations (Enders et al., 2023). 

SIMPLACE v5.0 supports various external data input formats, including SQL databases, CSV, 

JSON, NetCDF, DBF, and XML. It can also directly read JSON and XML data streams from URL-

based servers (Enders et al., 2023). 

2.9.2 ModelSolution 

The ModelSolution in SIMPLACE is where all linkages and rules for data exchange and 

processing between I/O interfaces, resources, and SimComponents are explicitly defined (Enders 

et al., 2023). This structure provides maximum flexibility for designing and testing complete 

model frameworks. Multiple SimComponents can be assembled in a predefined execution 

sequence to address specific research problems or test scientific hypotheses. As described by 

Enders et al. (2010, 2023)  the developers of the SIMPLACE framework, a ModelSolution is 

specified using an XML file format with five key sections: (i) constant variables (<variables>), (ii) 

interfaces (<interfaces>), (iii) resources and data transformers (<resources>), (iv) SimComponents 

structure and linkages (<simmodel>), and (v) outputs (<outputs>). Additionally, a model 

description section (<description>) is included for documentation and quality checks. 
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SimComponents are modular software units that comprise mathematical formulations for one or 

more processes and can be regarded as sub-models. These SimComponents are declared as 

<simcomponent> objects within the <simmodel> section, where they are executed in sequence 

and linked to other SimComponents or <resource> objects. SIMPLACE offers a wide array of 

SimComponents for modeling key processes in crop growth and agroecosystems, such as crop 

phenology, shoot growth, biomass accumulation, yield formation, water and nitrogen demands, 

root growth, soil temperature and water dynamics, root water uptake, and soil carbon and nitrogen 

dynamics (Enders et al., 2023). Many SimComponents are derived from well-established models, 

which are also available in SIMPLACE as integrated components. These include generic crop 

models ranging from simple to highly detailed, such as LINTUL 2 and 5 (Van Oijen & Lefelaar, 

2008; Wolf, 2012), GECROS (Yin & van Laar, 2005), and SUCROS (Goudriaan & van Laar, 

2012). Users can combine SimComponents to create model configurations tailored to the target 

system, ensuring compatibility with available input data and enabling the quantification of 

uncertainties related to model structure and detail. 

The flexibility and advanced interfacing capabilities of SIMPLACE also facilitate the integration 

of external models without requiring modifications to the sub-module source code (Enders et al., 

2023). This feature makes it suitable for developing integrated assessment models that quantify 

the effects of various drivers on complex systems. However, despite the critical importance of 

mixed crop-livestock systems (MCLS) to global food security, integrated assessments of these 

systems remain limited, with the work of Srivastava et al. (2025) being a notable exception. This 

thesis builds on this gap by using actual farm-scale data to calibrate and validate existing crop-

livestock models within SIMPLACE. The aim was to evaluate the potential of these models to 

simulate outputs from typical crop-livestock farms based on real-world data, thereby enhancing 

the understanding and predictive capacity of these systems. 
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CHAPTER THREE: RESEARCH METHODOLOGY 

3.1 Environmental and management factors affecting greenhouse gas fluxes from soils in 

mixed crop-livestock systems– A meta-analysis 

Here, a meta-analysis of 21 independent mixed crop-livestock system (MCLS) studies was 

conducted to compare soil greenhouse gas (GHG) fluxes from croplands of MCLS with fluxes 

from croplands within purely arable systems. This sub-chapter therefore focuses on Objective 1 of 

the thesis, to determine the response patterns of nitrous oxide (N2O), methane (CH4), and carbon 

dioxide (CO2) emissions in MCLS across diverse regions and management scenarios. 

3.1.1 Data collection  

3.1.1.1 Literature search strategy 

A comprehensive literature search was conducted using Scopus (https://www.scopus.com/), 

ScienceDirect(https://www.sciencedirect.com/), and Google Scholar (https://scholar.google.com/) 

to identify peer-reviewed articles published between 1 January 2003 and 31 December 2022, that 

examined the GHG response of MCLS. The last search was done in May 2023 with the keywords: 

(“crop-livestock*”) AND (“soil greenhouse gas”) OR (“methane”) OR (“CH4”) AND (“carbon 

dioxide”) OR (“CO2”) AND (“nitrous oxide”) OR (“N2O”) AND (“soil emission”). In total 1,222 

studies were identified from the database searches. The reference list within the selected research 

articles was also gleaned to identify studies that meet our initial selection criteria (see section 

3.1.1.2). The literature search adhered to the Preferred Reporting Items for Systematic Reviews 

and Meta-Analysis (PRISMA) guidelines (Appendix 1) (Moher et al., 2009). 

3.1.1.2 Study selection criteria 

The following criteria were used to select suitable studies: (1) studies focusing on spatially 

integrated crop-livestock systems (field-level integrated systems) with an arable (control) system, 

i.e., croplands not grazed or subjected to manure application. Studies on crop-livestock-forest 

systems or livestock-grassland systems were excluded; (2) field experiments were required, 

excluding life cycle assessment studies; (3) studies had to report or allow calculation of mean 

cumulative/annual soil GHG (N2O, CH4, CO2) emissions for both integrated treatment and control; 

(4) replication number (n), standard deviation (SD), or standard error (SE) had to be provided; (5) 

only original research, datasets, or dissertations were included, excluding reviews, book chapters, 

or conference proceedings. In total, 99 observations from 21 papers (2013–2022) across two 

https://www.scopus.com/
https://www.sciencedirect.com/
https://scholar.google.com/
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continents (Figure 1) met these criteria and were included in this meta-analysis (Table 1). Among 

them, 20 papers reported soil N2O emissions, 14 reported CH4 emissions, and 7 reported CO2 

emissions (Table 1). 

3.1.1.3 Data extraction 

For each study, data were extracted on cumulative/annual GHG emissions from MCLS treatments 

and their controls (arable treatments). GHG measurements from all studies were standardized, 

converting observed values to (kg CO2-C ha-1, kg CH4-C ha-1, kg N2O-N ha-1) for analysis. Besides 

the response variable, our database included experimental design details, experiment period, and 

standard deviation when available. Information from the materials and methods sections, results, 

tables, and figures was meticulously extracted. When data appeared only in figures, values were 

obtained using the figure calibration plugin in Fiji (ImageJ) software (v.1.5.4f). Similarly, when 

standard deviations (SD) were not reported, they were computed from the reported replication 

number (n) and standard error (SE) values using the equation: 

 

        𝑆𝐷 = 𝑆𝐸 𝑥 √𝑛                                                            (1) 

The dataset was categorized based on various moderating factors, including climate, soil and 

drainage classes, crop species, livestock type, stocking density, tillage practices, fertilizer type, 

and nitrogen (N) application rates. Climate data were classified using the updated Köppen-Geiger 

climate classification map (Kottek et al., 2006). Soil texture, drainage, and soil classes were 

derived from the Harmonized World Soil Database v2.0 (Nachtergaele et al., 2023). These 

categorizations utilized latitude and longitude coordinates associated with each study. Crop species 

were grouped into functional categories based on FAO definitions (FAO, 2020), while livestock 

species were divided into small ruminants (sheep) and cattle. Stocking densities were categorized 

as low, moderate, or high, based on descriptions in the original studies. Tillage practices were 

grouped into conservation tillage (CST), including no-till, strip-till, and ridge-till, and conventional 

tillage (CNT), which included mouldboard and chisel ploughing. Fertilizer application was treated 

as binary (yes/no), with 'yes' indicating fertilizer use and 'no' indicating no application. Fertilizers 

were further classified into nitrogen (N) fertilizers (e.g., N-P-K, urea, UAN), phosphorus (P) 

fertilizers (e.g., TSP, SSPf), and organic fertilizers (e.g., compost). Nitrogen application rates were 
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divided into low (≤120 kg N ha-1) and high (>120 kg N ha-1) levels, following (Shakoor et al., 

2021). If information about tillage or fertilizer application was unavailable, it was assumed that 

neither tillage nor fertilizer application occurred for those observations. 

3.1.2 Data analysis 

Analyses were performed using the randomForest package (Liaw & Wiener, 2002) and the boot 

package (Cathy & Ripley, 2017; Davison & Hinkley, 1997) in R version 4.3.1. Funnel plots were 

utilized to visually inspect for potential publication bias, and the “trim and fill” method (Duval & 

Tweedie, 2000) was applied to test the robustness of results against funnel plot asymmetries. An 

Egger test indicated no significant evidence of publication bias (z = -1.09, p = 0.27). Rosenberg’s 

fail-safe number (Rosenberg, 2005) suggested that 9,618 additional studies would be needed to 

nullify the statistical significance of the combined effect size in this analysis. 

To evaluate the impact of the MCLS and related variables (climate, stocking density, fertilizer, 

drainage class, soil texture, crop type, livestock type, tillage, and MCLS type) on soil GHG 

emissions, we computed the natural log of the response ratio (lnRR) following the approach 

outlined by Borenstein et al. (2009); 

                                      In𝑅𝑅 = In (
X̄𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑

X̄𝑎𝑟𝑎𝑏𝑙𝑒
)                                                          (2) 

Where X̄𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 and X̄𝑎𝑟𝑎𝑏𝑙𝑒 are the mean values of N2O, CH4, and CO2 emission from MCLS 

(integrated) and arable (control) systems, respectively. If the RR value is zero, RR > 1, and RR < 

1, it means the absence, positive, or negative impact, respectively, of the integrated MCLS on soil 

GHG emissions compared to the arable system (control). The variance (v) of InRR was calculated 

as follows: 

                        𝑉 =
𝑆𝐷𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑

2

𝑁𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑𝑀𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑
2 +

𝑆𝐷𝑎𝑟𝑎𝑏𝑙𝑒
2

𝑁𝑎𝑟𝑎𝑏𝑙𝑒𝑀𝑎𝑟𝑎𝑏𝑙𝑒
2                                             (3) 

Where Nintegrated, SDintegrated, Mintegrated versus Narable, SDarable, Marable are the number of replicates, 

standard deviation, and mean of the response variables in integrated (grazing) and control 

(ungrazed) plots respectively. Weight was then allocated to each InRR observation in proportion 

to the inverse of within-study variance (1/v). 
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The bias-corrected and accelerated (Bca) bootstrapping method from the R boot package was used 

to calculate the overall mean effect size and its 95% confidence interval (CI), utilizing 4,999 

iterations (Pittelkow et al., 2015). A significant effect of the integrated MCLS is indicated if the 

95% CI does not include zero. For easier interpretation, the lnRR was back-transformed to calculate 

the percentage change (∆lnRR) using the formula                                  

                                               ∆𝐼𝑛𝑅𝑅 = [exp(𝐼𝑛𝑅𝑅) − 1] × 100                                                 (4) 

To identify key variables influencing the prediction of GHG emissions from the integrated MCLS, 

a non-parametric random forest analysis was performed (Pittelkow et al., 2015) using the 

randomForest package in the R programming environment. Variable importance was ranked using 

lnRR as the response variable and categorical predictors, including crop type, livestock type, 

tillage, drainage class, stocking density, soil texture, climate, fertilizer type, nitrogen (N) fertilizer 

application rate, and MCLS type. The random forest (RF) permutation importance metric, which 

is more reliable for predictors with diverse or numerous categories (Strobl et al., 2007), was 

employed. Following Peterson et al. (2020), variable importance was assessed through a series of 

steps: (1) The percentage increase in mean squared error (MSE) was calculated by removing each 

variable from the model, with an increase in MSE indicating reduced model accuracy. (2) The 

most important variable (the one causing the highest percent increase in MSE) was normalized to 

a value of 1. (3) The relative importance of the remaining variables was calculated in relation to 

this benchmark. 
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3.2 Impact of fertilizer applications on grain and vegetable yields in smallholder Mixed 

Crop-Livestock systems (MCLS) in Burkina Faso and Ghana.. 

"This chapter/section has been adapted for publication in [DOI: 10.1016/j.eja.2025.127525]. 

These sections have been reproduced in compliance with the copyright policies of both WASCAL 

and the publisher  

(https://www.elsevier.com/about/policies-and-standards/publishing-ethics#Authors)” 

 

Mixed crop-livestock (MCL) systems have the potential to boost crop yields, enhance nutrient 

cycling, and reduce reliance on chemical fertilizers. However, most studies supporting these claims 

were not conducted under real-world conditions of small-scale farmers or followed an integrated 

approach. Hence, this sub-chapter focuses on Objective 2 of the thesis, which employed a survey 

activity that seeks to understand and quantify the potential impact of current fertilizer application 

practices on grain and vegetable yields in smallholder MCLS of Ghana and Burkina Faso. 

3.2.1 Description of study location 

Farm surveys were conducted in the Loumbila (12° 50’ N, 1° 39’ W), Ziniaré (12° 57’ N, 1° 29’ 

W), and Zitenga (12° 73’ N, 1° 31’ W) communes of the Oubritenga province of Burkina Faso, as 

well as in the Kassena Nankana (10° 91’ N, 1° 13’ W), Builsa North (10° 80’ N, 1° 16’ W) and 

Bongo (10° 88’ N, 0° 85’ W) districts of the Upper East Region of Ghana (Figure 2). These surveys 

covered the 2021/2022 (Ghana) and 2022/2023 (Burkina Faso) cropping seasons (i.e., the annual 

cycle of crop production activities). 

3.2.2 Climate 

The study locations fall within the Sudan Savannah zone of West Africa. Daily mean temperature 

(℃) and rainfall (mm) data for this zone were sourced from the AgERA5 dataset, the fifth 

generation of Agrometeorological European Reanalysis, available through the Copernicus Climate 

Data Store (Boogaard et al., 2020). Temperature (℃) and rainfall (mm) data are presented as the 

mean values for all study areas within each country. In Ghana, the total rainfall recorded was 

625.80 mm in 2021 and 830.66 mm in 2022 (Figure 3c-d), with mean temperatures of 27.6 ℃ and 

27.0 ℃, respectively. In Burkina Faso, total rainfall amounted to 608.20 mm in 2022 and 529.47 

mm in 2023 (Figure 3a-b), while the mean temperatures were 27.8 ℃ in 2022 and 28.5 ℃ in 2023 

(Figure 3a-b). 

https://www.elsevier.com/about/policies-and-standards/publishing-ethics#Authors
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Figure 2. A map showing the communes and districts where the surveys were conducted in 

Burkina Faso and Ghana, respectively. 

 

Figure 3. Daily rainfall and temperature of surveyed communes in Burkina Faso (a) 2022, 

(b) 2023 and districts in Ghana (c) 2021 and (d) 2022. The dotted vertical line marks the 

final day of rainfall in the cropping season. 
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3.2.3 Soil 

The dominant soils in the study areas of Ghana are Lixisols, characterized by topsoil (0-30 cm) 

properties of pH 6.3 (H2O), organic carbon (OC) 0.53% (by weight), total exchangeable bases 

(TEB) 4.0 cmol kg-1, cation exchange capacity (CEC) 4.0 cmol kg-1, and a sandy-loam texture 

(Nachtergaele et al., 2023). Similarly, the study areas in Burkina Faso have soils belonging to the 

Plinthosols group, with topsoil (0-30 cm) properties of pH 5.9 (H2O), OC 0.50% (by weight), TEB 

4.5 cmol kg-1, CEC 5.0 cmol kg-1, and a sandy-loam texture (Nachtergaele et al., 2023). 

3.2.4 Survey procedure 

In Burkina Faso and Ghana, ten and five enumerators, respectively, were trained to conduct 

surveys. Data were collected through face-to-face interviews using a digital questionnaire hosted 

on the KoboToolBox platform and deployed via KoBoCollect (v2023.1.2 in Burkina Faso and 

v2022.2.3 in Ghana). A total of 101 MCLS farmers participated in the study (58 in Burkina Faso 

and 43 in Ghana), covering 361 fields (143 in Burkina Faso and 218 in Ghana). Agronomic 

management data for each farmer's field were obtained through questionnaires and field 

measurements. For instance, crop yield data for the first cropping season were gathered from 

farmers' responses, while yields for the second season were measured from a 5 × 5 m subplot 

within each main plot. This process required two field visits: the first to set up the 5 × 5 m quadrat 

using field pegs (Appendix 6) and to record field information (e.g., GPS coordinates and area in 

square meters), and the second for harvesting and weighing the yield from the subplot. In cases 

where crops had reached physiological maturity at the time of data collection (e.g., early-planted 

millet), a single visit was sufficient to gather all necessary data. 

After the survey, a review of individual crop fields for data completeness led to the exclusion of 

44 fields. These fields were removed because they were inaccessible, preventing the collection of 

essential data such as coordinates, area (sqm), and yield. Additionally, seven fields were excluded 

due to insufficient sample sizes (n = 1) for certain crops, including rice, sesame, zucchini, 

cucumber, and carrot in Burkina Faso, as well as Bambara groundnut and eggplant in Ghana. A 

root and tuber crop, sweet potato (n = 3), was also excluded in Ghana. As a result, the study dataset 

consisted of 307 individual grain and vegetable crop fields, comprising 123 fields from Burkina 

Faso and 184 from Ghana. Summary statistics for the final sample are provided in Table 1. 
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Table 1. Farm sample characteristics for mixed crop-livestock farmers in Burkina Faso and 

Ghana 

  Burkina Faso  Ghana 

 Mean Standard deviation Mean Standard deviation 

Cropland area 

(ha) 0.31 0.53 0.18 0.16 

Grain crops 0.36 0.57 0.19 0.17 

Maize 0.27 0.29 0.18 0.15 

Millet 0.41 0.38 0.12 0.08 

Sorghum 0.29 0.33 0.18 0.23 

Rice - - 0.23 0.19 

Peanut 0.59 1.08 0.22 0.17 

Cowpea 0.32 0.61 0.15 0.06 

Soybean - - 0.12 0.06 

Green beans 0.36 0.38 - - 

Vegetable crops 0.08 0.09 0.09 0.09 

Tomato 0.09 0.08 0.04 0.01 

Egg plant 0.01 0.00 - - 

Pepper - - 0.13 0.10 

Livestock number  20.5 26.9  19.8 27.7 

Cattle  8.6 10.4  7.6 4.6 

Sheep  14.2 9.1  11.4 17.1 

Goat  11.5 7.1  10.7 6.6 

Pig  15.0 1.4  12.1 20.8 

Poultry  40.1 40.8  46.0 39.3 

 

3.2.5 Data collection 

Each of the 307 crop fields was mapped using a Global Positioning System (GPS) to determine 

the cultivated area for each crop. Agronomic management and yield data collected included 

planting dates, fertilizer application schedules, harvest dates, types of chemical fertilizers used, 

quantities of fertilizer applied (kg plot-1), fertilizer application methods (broadcast, side placement, 

or furrow), and grain or fruit weight (kg per 25 m²). To assess the impact of agronomic 

management practices on yield, the analysis focused on fertilizer source, application method, 

timing of chemical and manure fertilizer application, and nitrogen application rates (kg ha-1). 
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3.2.5.1 Fertilizer management 

MCLS farms were classified into four fertilizer source categories based on the type of fertilizer 

used: no fertilizer, manure, chemical fertilizer, and combined (manure + chemical fertilizer). 

Fertilizer placement methods were recorded and categorized as broadcast, side placement, or 

furrow. The timing of chemical fertilizer and manure application was calculated using Equations 

4 and 5, respectively. For manure, an average nitrogen (N) content of 1.6% was assumed, 

representing contributions from cattle, small ruminants, pigs, and poultry (Sileshi et al., 2017). The 

N content of chemical fertilizer was determined using Equation 6. The total nitrogen applied to 

each crop field was calculated as the sum of the N contributions from both manure and chemical 

fertilizer (Equation 7). 

                                      𝛥𝑇 = 𝐷𝑓 − 𝐷𝑝                                                        (5)       

 

                                      𝛥𝑇 = 𝐷𝑝 − 𝐷𝑓                                                         (6) 

The application time was then classified as optimum if ΔT ≤ Tr or late if ΔT > Tr. Where Df is the 

fertilizer application date, Dp is the planting date, ΔT is the difference between fertilizer 

application date and planting date (in days), and Tr is the maximum number of days from planting 

date for the fertilizer application to be considered within the recommended time for each crop type 

(Appendix 3). On the other hand, manure application was considered optimum when Tr was 

between 0 to 3 weeks before planting (WABP). 

 

                                        𝑁𝐶𝐻𝐸𝑀 =  
(𝑄 𝑋 𝐶)

100
                                                             (7) 

                   

                                  𝑁𝑇𝑂𝑇𝐴𝐿 = 𝑁𝐶𝐻𝐸𝑀 + 𝑁𝑀𝐴𝑁                                              (8) 

The N rate (kg ha-1) was considered low if NTOTAL < NCR or recommended if NTOTAL ≥ NCR. Where 

NCHEM is the rate of N (kg ha-1) applied through chemical fertilizer application, Q is the quantity 



40 
 

of chemical fertilizer (kg) applied, C is the fertilizer grade for N in the applied fertilizer, NMAN is 

the amount of N in manure, NTOTAL is the total amount of N (kg ha-1) applied, and NCR is the crop 

type and country-specific N rate (kg ha-1) recommendation (Appendix 4). 

The contribution of manure and chemical fertilizer to the total nitrogen (N) rate (kg ha-1) applied 

to each crop type was determined by summing the amounts of N applied as manure and chemical 

fertilizer for all surveyed farms. For example, for maize, the total N from both sources was 

calculated, and then the respective shares of manure and chemical fertilizer within this total were 

determined. 

3.2.5.2 Yield determination 

The yields of both grain and vegetable crops during the second cropping season were measured 

using a 5 x 5 m quadrat in each crop field. Grain crops were harvested at physiological maturity, 

processed (e.g., dehusking, shelling), and measured. Relatively low rainfall and high temperatures 

during the physiological maturity phase provided favourable drying conditions for the grains. 

Likewise, vegetables were harvested at physiological maturity and weighed to determine their fruit 

yield. All yield measurements were standardized and reported in kilograms per hectare (kg ha-1). 

3.2.6 Statistical analysis 

Mean grain and fruit yields were analysed to evaluate the effects of fertilizer source, application 

method, timing, and nitrogen rate (kg ha-1) using one-way Analysis of Variance (ANOVA). 

Normality of the data distribution was evaluated using visual inspection of Q–Q plots. Levene’s 

test was employed to examine the assumption of homogeneity of variances. When this assumption 

was violated, Welch’s one-way ANOVA was applied as an alternative approach to account for 

unequal variances (Wilcox, 2003). When significant differences were detected, Tukey's post-hoc 

test was used for mean comparisons, with statistical significance set at a 5% probability level or 

less (P ≤ 0.05). 

To assess the accuracy of farmer-reported yields compared to measured yields, regression analysis 

was conducted, correlating reported yields with measured yields. The coefficient of determination 

(R2) from the linear model was used to evaluate the agreement between the two. Reported yields 

showed a strong alignment with measured yields, with R2 values as follows: for Burkina Faso, 

grain yield (R2 = 0.8) and fruit yield (R2 = 0.85); and for Ghana, grain yield (R2 = 0.5) and fruit 
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yield (R2 = 0.76) (Appendix 5). All statistical analyses were conducted using R statistical software 

(version 4.3.1). 
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3.3 Calibration and validation of SIMPLACE model for simulation of mixed crop-livestock 

systems in West Africa. 

Mixed crop-livestock systems (MCLS) enhance farm productivity and resource use efficiency by 

utilizing complex interactions among crops, livestock, and grassland. However, determining 

optimal system performance through observational assessments necessitates numerous field 

experiments, which are often constrained by limited time and resources. To address these 

challenges, this sub-chapter focuses on Objective 3 of the thesis by utilizing the SIMPLACE 

modelling framework to simulate the outputs of typical crop-livestock systems. The model is 

calibrated and validated using actual farm-scale data collected from mixed crop-livestock systems 

in Ghana and Burkina Faso. 

3.3.1 Integrated model description 

3.3.1.1 Crops and grass growth simulation modules 

In this study, crop yield and grass biomass were simulated by integrating the SIMPLACE 

<LINTUL5> and SIMPLACE <Grassland> solutions within the SIMPLACE modelling 

framework. The LINTUL5 model simulates potential yields under optimal conditions, considering 

factors such as solar radiation and temperature. Additionally, water-limited yield simulations 

account for constraints imposed by temperature, radiation, water availability, and soil properties, 

while nutrient-limited yield simulations incorporate nutrient restrictions. Biomass production is 

modelled based on intercepted radiation and its allocation to various crop organs according to 

developmental stages. Phenological development is determined by the accumulation of thermal 

time, while photosynthesis and crop growth rates are estimated using intercepted light and 

radiation use efficiency. The crop growth cycle is simulated from emergence to physiological 

maturity. The parameters of the model and values used for the crop types (maize, millet, sorghum, 

peanut) are shown in Table 2. 
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Table 2. Parameters of the SIMPLACE model and values used for the crop types 

 Values used in the model  

Parameters Maize 

(var. 

Obatanpa) 

Millet 

(var. CIVT) 

Sorghum 

(var. CSM 

335) 

Peanut 

(var. Fleur 

11) 

Units 

Temperature sum from emergence to anthesis (TSUM1) 880 1230 750 422 °C day 

Temperature sum from anthesis to maturity (TSUM2) 900 400 540 1285 °C day 

Radiation use efficiency* (RUE) 3.6-1.1 3.4-2.9 3.6-3.5 3.2-1.8 gMJ-1 

Specific leaf area (SLATB) 0.018-0.015 0.024-0.017 0.03-0.028 0.016-0.014 m2g-1 

Maximum Relative increase in LAI (RGRLAI) 0.03 0.03 0.03 0.03 haha-1d-1 

Reduction in yield per degree hour above a threshold 

temperature 

0.0025 0.0025 0.0025 0.0025  

Maximum N concentration in storage organs 0.0152 0.0152 0.01 0.0392 gg-1 

Maximum P concentration in storage organs 0.0027 0.0027 0.0027 0.0039 gg-1 

Maximum K concentration in storage organs 0.032 0.032 0.032 0.0091 gg-1 

Fraction of crop N uptake by biological fixation (NFIXF) 0 0 0 0.8  

Critical N concentration as fraction of maximum N 

concentration (FRNX) 

1.0 1.0 1.0 0.7 gg-1 

Critical P concentration as fraction of maximum N 

concentration (FRPX) 

1.0 1.0 1.0 0.7 gg-1 

Critical K concentration as fraction of maximum N 

concentration (FRKX) 

1.0 1.0 1.0 0.5 gg-1 
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3.3.1.2 Livestock population growth simulation module 

The daily changes in livestock population across six age-gender classes (JuvenileMale, 

SubAdultMale, AdultMale, JuvenileFemale, SubAdultFemale, AdultFemale) were simulated 

using the livestock population dynamics module. This simulation is based on tracking the number 

of animals within each class and their transition from one age category to the next. Population 

changes were driven by key parameters: birth rates (defined as "Parturition," or the number of 

births per adult female per year), class-specific mortality rates (e.g., “Adult Female Mortality 

Fraction” per year), transition rates (as defined in Equation 4), intake rates, and offtake rates 

(expressed in a total number of animals). Birth rate calculations rely on the input parameter 

"Parturition," which may be adjusted using the "Prolification" fraction to account for the survival 

rate at birth. Surviving offspring are then divided into male and female categories using the user-

defined "Female At Birth" fraction. In periods of feed energy deficiency, birth rates are further 

adjusted using the “Production Nutrition Index,” a daily value calculated by the “Livestock Energy 

Stress” component. The transition of animals from juvenile to sub-adult and from sub-adult to 

adult classes is governed by the “gamma” factor, which quantifies the rate of progression between 

age classes. 

                                           𝛤 =  
𝑠𝑢𝑟𝑣𝑑−1− 𝑠𝑢𝑟𝑣𝑑

1− 𝑠𝑢𝑟𝑣𝑑
                                                                       (9) 

Where “Γ” is the gamma factor, “surv” is the survival probability (as fraction 1 - mortality fraction 

– offtake fraction) and “d” is the user-defined timespan of an animal staying in a given age-gender 

class (in years) 

The computation of daily changes in animal numbers for each age-gender class was further refined 

by incorporating feedback mechanisms between mortality rates and energy supply deficits. These 

deficits are captured through the “Maintenance Nutrition Index,” which is derived from the 

“Livestock Energy Stress” simulation component. Mortality is subsequently adjusted based on the 

input parameter “Maintenance Nutrition Mortality Factor,” allowing energy-related stress to 

dynamically influence population changes. 

                         𝑀𝐹 = (1 − 𝑀𝑁𝐼) × 𝑀𝑀𝐹 + 𝑀𝑁𝐼                                                        (10) 
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Where “MF” is the mortality factor, “MNI” is the maintenance nutrition index, “MMF” is the 

maintenance nutrition mortality factor and “MNI” is the maintenance nutrition index. 

3.3.2 Model inputs 

3.3.2.1 Weather data  

AgERA5 is a high-resolution, global climate dataset developed by the Joint Research Centre (JRC) 

of the European Commission (https://cds.climate.copernicus.eu/datasets/sis-agrometeorological-

indicators?tab=overview). It is specifically tailored for agricultural applications and provides 

consistent, daily meteorological data derived from the ERA5 reanalysis produced by the European 

Centre for Medium-Range Weather Forecasts (ECMWF). Covering the period from 1979 to the 

present, AgERA5 offers climate variables that are essential for agricultural modelling and analysis, 

such as temperature, precipitation, solar radiation, wind speed, humidity, and more. The data is 

spatially aggregated to a resolution of 0.1° x 0.1° (~10 km), making it highly suitable for both 

regional and global scale studies. 

AgERA5 incorporates post-processing steps to better match the needs of the agricultural 

community, including bias correction techniques and adjustments for variables relevant to crop 

and soil modelling. 

3.3.2.2 Soil data 

The model required various soil characteristics, including pH, bulk density (kg m-3), organic 

carbon and nitrogen concentrations (expressed in kg kg⁻¹), soil texture components (percentages 

of clay, silt, and sand), as well as key hydrological properties such as field capacity and wilting 

point (measured in mm m⁻³). These parameters were extracted from the ISRIC-WISE 

(International Soil Reference and Information Centre – World Inventory of Soil Emission 

Potentials) database, based on the coordinates of the central point within each MCL farm/parcel. 

3.3.2.3 Crop management and yield data 

Agronomic management data were collected for individual farmer fields; 143 in Burkina Faso and 

218 in Ghana (detailed information of study sites are found in chapter 3.2.1) using a combination 

of structured questionnaires and direct field assessments. Crop-specific fertilizer rates were 

gathered from farmer’s responses. Similarly, yield information for the initial cropping season 

(2021 in Ghana; 2022 in Burkina Faso) was primarily based on farmer-reported estimates, whereas 
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data for the subsequent season (2022 in Ghana; 2023 in Burkina Faso) were obtained through 

standardized plot-level measurements. Specifically, yield was assessed from a designated 5 × 5 m 

subplot established within each main field. Data collection involved two field visits: the first to 

construct the subplot using field pegs and to document field metadata, including GPS coordinates 

and field dimensions (in square meters); and the second to harvest and weigh yield from the 

subplot. In instances where crops had already reached physiological maturity (e.g., early-sown 

millet), a single visit was sufficient to complete all necessary measurements. 

3.3.2.4 Livestock population data 

Utilizing the same study locations outlined in Chapter 3.2.1 and data collection methodologies, 

data on livestock populations including cattle, sheep, goats, pigs, and poultry were collected. For 

each MCLS household, the number and average weight of animals were recorded across six 

distinct age-gender categories: Juvenile Male, Sub-Adult Male, Adult Male, Juvenile Female, Sub-

Adult Female, and Adult Female (see Appendix 7-8). 

3.3.3 Datasets used for model calibration 

For model calibration, empirical data collected from crop-livestock farms through survey activities 

were utilized. These data included fertilizer application rates and crop yields for maize, millet, 

sorghum, and peanut selected based on their widespread cultivation by farmers and the availability 

of relevant datasets for model calibration.  

3.3.4 Model evaluation 

The model performance was evaluated based on the bias quantity (BQ), mean residual error (MR) 

and the root mean squared error (RMSE). Evaluating model performance using observed data is 

essential, and statistical analysis is recognized as the key method for comparing model outputs 

with observed data (Yang et al., 1999; Yang et al., 2014). Hence, the relationship between the 

observed and simulated crop yield, and livestock population are assessed using the following 

methods in Table 3. 
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Table 3. Measures of agreement between observed data and model-simulated values 

Name Equation Meaning and range 

Bias Quantity 𝐵𝑖 =  𝑂𝑖 −  𝑆𝑖 Bias measures the average difference 

between measured and calculated 

values, a positive value means under-

prediction, whereas a negative value 

means over-prediction (Yang 2020). 

Mean 

Residual 

Error 

𝑀𝑅 =  
𝑆𝑖 − 𝑂𝑖

𝑂𝑖
 

MR Represents the percentage 

difference between simulated and 

observed data. It evaluates the accuracy 

of the simulated values compared to the 

statistical (observed) data (Srivastava et 

al., 2025).  

Root Mean 

Squared 

Error 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
 ∑(𝑆𝑖 − 𝑂𝑖 )

2 

RMSE comprises both precision and 

accuracy and has the same units as the 

variable of interest. Hence it indicates 

how far off predictions are from the 

actual observed values. Very sensitive 

to outliers. 

Coefficient of 

determination 
𝑅2 = 1 −  

𝛴𝑖=1
𝑛 (𝑂𝑖 − 𝑆𝑖)

2

𝛴𝑖=1
𝑛 (𝑂𝑖 −  Ō)2

 
From 0 to 1.R2 close to 1 indicates 

model fits very well, and close to 0 

indicates poor performance of model in 

prediction. 

  𝑆𝑖 = 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠, 𝑂𝑖 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠, Ō = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠, 𝑛 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛s  
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3.4 Applying the validated model for the estimation of climate change effect on MCLS 

In Sub-Saharan Africa, smallholder mixed crop-livestock systems (MCLS) are projected to remain 

integral to achieving food security. Nonetheless, their capacity to sustain rising food demands 

requires critical evaluation within the context of ongoing and anticipated climate change. Hence, 

this sub-chapter focuses on Objective 4 of the thesis, which applies the validated model from 

Objective 3, to estimate the climate change effect on grain yield and livestock population in 

smallholder MCLS of Ghana and Burkina Faso. 

3.4.1 Study area 

3.4.1.1 Climate 

The climate for the reference locations in the communes of Obritenga province of Burkina Faso 

and the districts of the Upper East region of Ghana were the same as described under Chapter 3.2.1 

(Table 4). 

Table 4. Climate of the study areas in Burkina Faso and Ghana 

Country Communes/ 

district 

Latitude (N) Longitude (W) Average 

annual rainfall 

(mm) 

Mean 

temperature 

(°C) range 

Burkina Faso Loumbila 12° 50’ 1° 39’ 

650 23.0–33.0 Ziniaré 12° 57’ 1° 29’ 

Zitenga 12° 73’ 1° 31’ 

 

Ghana Kassena 

Nankana 

10° 91’ 1° 13’ 

927 25.5–29.9 
Builsa North 10° 80’ 1° 16’ 

Bongo 10° 88’ 0° 85’ 
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3.4.1.2 Soil 

The characteristics of soils in the study areas (Table 5), were the same as described under chapter 

3.2.3 described by Nachtergaele et al. (2023). 

Table 5. Physico-Chemical properties of soil in the study areas of Burkina Faso and Ghana 

Soil parameters 

 

Burkina Faso 

(0 – 30 cm) 

 

Ghana 

(0 – 30 cm) 

Predominant soil type Plinthosols Lixisols 

pH(H2O)  5.9 6.3 

aOCC (by weight) 0.50% 0.53% 

bTEB (cmol kg-1) 4.5 4.0 

cCEC (cmol kg-1) 5.0 4.0 

Soil textural class Sandy loam Sandy loam 

aOCC = organic carbon content, bTEB = total exchangeable bases, cCEC = cation exchange 

capacity 

 

3.4.2 Datasets for climate analysis 

Data on soil, crop and livestock were the same for baseline and future as described under chapter 

3.3.2.2 to 3.3.2.4 

3.4.2.1 Climate data 

Climate data were obtained for the time slices 2020–2024 and 2025–2050 representing the baseline 

and future climate, respectively. Projections of future climate were obtained using Coupled Model 

Intercomparison Project Phase 6 (CMIP6) dataset available at 100 km spatial resolution and one 

shared SSP, namely, ssp585, for carbon emissions (IPCC, 2014). The future time-scale weather 

series and the corresponding projected carbon dioxide (CO2) concentration, according to SSPs 

used in all crop model simulations without bias correction, are 380 as the baseline and 450 for 

ssp585. The GCM used in the current simulations was GFDL-ESM4: Geophysical Fluid Science 

Laboratory-Earth System Modelling (https://www.gfdl.noaa.gov/earth-system-esm4/). The 

https://www.gfdl.noaa.gov/earth-system-esm4/
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GFDL-ESM4 is described in detail by Krasting et al. (2018), and Dunne et al. (2020) and has been 

shown to have one of the best simulations over West Africa among all the models from CMIP6 

(Agbor et al., 2023; Almazroui et al., 2020; Faye & Akinsanola, 2022). 

3.4.3 Data analysis 

To assess the effect of future climate projections on grain yield and livestock numbers of MCLS 

farmers in the study locations, simulations were conducted using the SIMPLACE simulation 

model. The weather data were replaced by the projected weather data of near-term (2025-2050) 

climate scenarios. Baseline grain yield and livestock number were compared with simulated grain 

yield and livestock number, respectively as projected by the selected GCM (GFDL-ESM4) for the 

near-time period. In addition, the impact of climate change on grain yield and livestock number 

were evaluated by calculating the relative change as following equation 11 and 12, respectively: 

                           ∆𝑌𝑖𝑒𝑙𝑑 =
𝑌𝑖𝑒𝑙𝑑𝐹𝑢𝑡𝑢𝑟𝑒 − 𝑌𝑖𝑒𝑙𝑑𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑌𝑖𝑒𝑙𝑑𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 𝑥 100                                               (11)  

Where ∆𝑌𝑖𝑒𝑙𝑑 is the relative yield change 

𝑌𝑖𝑒𝑙𝑑𝐹𝑢𝑡𝑢𝑟𝑒 is the yield for the climate scenarios 

𝑌𝑖𝑒𝑙𝑑𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the yield for the baseline scenarios 

 

                  ∆𝐿𝑛𝑢𝑚𝑏𝑒𝑟 =
𝐿𝑛𝑢𝑚𝑏𝑒𝑟𝐹𝑢𝑡𝑢𝑟𝑒 − 𝐿𝑛𝑢𝑚𝑏𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐿𝑛𝑢𝑚𝑏𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 𝑥 100                                (12) 

Where ∆𝐿𝑛𝑢𝑚𝑏𝑒𝑟 is the relative change in livestock number 

𝐿𝑛𝑢𝑚𝑏𝑒𝑟𝐹𝑢𝑡𝑢𝑟𝑒 is the livestock number for the climate scenarios 

𝐿𝑛𝑢𝑚𝑏𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the livestock number for the baseline scenarios 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.1 Environmental and management factors affecting greenhouse gas fluxes from soils in 

mixed crop-livestock systems– A meta-analysis 

4.1.1 Research on MCLS and soil GHG fluxes 

The meta-analysis incorporated 99 observations extracted from 21 studies published between 2013 

and 2022 across two continents; North America and South America (Figure 4), meeting the 

established selection criteria (see section 3.1.1.2). Among these, 20 studies provided data on soil 

N2O emissions, 14 on CH4 emissions, and 7 on CO2 emissions (Appendix 2). The dataset 

predominantly represented North and South America (Figure 1), reflecting the greater adoption 

and research focus on field-level (co-located) MCLS within these regions (Peterson et al., 2020). 

In contrast, MCLS practices in Africa, Europe, and Asia are more commonly implemented at the 

farm or regional scale (Chen et al., 2023; Peyraud et al., 2014; Rufino et al., 2021). In confirming 

this, a meta-analysis by Peterson et al. (2020) on yields in co-located MCLS revealed data 

exclusively from North America, South America, and Australia. Additionally, there has been a 

noticeable decline in the prevalence of MCLS in Europe and Asia. Across all farming systems; 

crop-only, livestock-only, and mixed farms, integrated systems account for just 10–20% of farms 

in Europe (Franzluebbers, Lemaire, et al., 2014; Garrett et al., 2020; Peyraud et al., 2014) and less 

than 10% in Asia (Garrett et al., 2020). 

 

Figure 4. Distribution of MCLS experiments measuring GHGs emission included in our meta-

analysis. 
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4.1.2 MCLS and GHGs: Overall effect 

Our findings indicate that mixed crop-livestock systems (MCLS) had no significant impact on soil 

N2O emissions compared to arable systems. Many of the studies on N2O included in this analysis 

observed RR < 1 from integrated systems, most of the impacts were minor as compared to studies 

with RR > 1. In contrast, MCLS significantly elevated CH4 and CO2 emissions by 40% (CI: 13%–

75%) and 38% (CI: 15%–62%), respectively (Figure 5), underscoring their substantial contribution 

to these greenhouse gases. On the other hand, the relative importance of variables influencing 

GHG emissions in MCLS, as shown in Figure 6, was ranked as follows: drainage class > stocking 

density > climate > N fertilizer amount > fertilizer type > soil texture > crop type > tillage > 

livestock type > MCLS type. The random forest model achieved a mean squared error of 0.82 for 

the test set. 

MCLS contribute to enhanced ecosystem functioning, nutrient cycling (Szymczak et al., 2020), 

and improved farm-level socioeconomics, such as livelihood diversification and economic risk 

mitigation (Bell et al., 2014). However, their role in GHG emissions remains contentious. While 

N2O emissions under MCLS showed a neutral effect compared to arable systems, CH4 emissions 

increased significantly. This rise is likely due to the incorporation of livestock manure, a well-

documented source of CH4 flux (Iqbal et al., 2023; USEPA, 2021), and soil compaction caused by 

livestock trampling, which reduces aeration porosity (Piva et al., 2019; Ribeiro et al., 2020). 

Similarly, the increase in CO2 emissions can be attributed to heightened microbial activity and 

carbon mineralization triggered by the addition of livestock manure. Manure not only introduces 

soil microbes but also stimulates microbial respiration, as supported by findings from Lecain et al. 

(2000) and Olaleye et al. (2020). The latter reported elevated CO2 emissions under conditions of 

continuous heavy grazing compared to light grazing or ungrazed pastures, consistent with our 

observations. 
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Figure 5. Overall effect of MCLS on cumulative/annual GHGs emissions relative to the 

unintegrated system.  

NB: Number of observation/number of studies for each category appears in parentheses. Points 

represent the effect of MCLS on GHGs, with the GHG emissions from the paired arable systems 

denoted by the dashed vertical line. Error bars depict 95% bias-corrected-accelerated bootstrap 

confidence intervals. Asterisks (*) indicate a significant GHG response in MCLS compared to the 

arable system. 

 

Figure 6. Relative variable importance ranking. The rankings are generated using a random forest 

permutation procedure, employing the effect size of MCLS relative to arable systems as the 

response variable 
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4.1.3 Effect of drainage class on GHGs emissions  

Figures 7a–c illustrates the influence of drainage class on soil N2O, CH4, and CO2 emissions in 

mixed crop-livestock systems (MCLS). Our findings show that poorly and imperfectly drained 

soils under MCLS significantly increased N2O emissions by 38% (CI: 18%–63%) and 23% (CI: 

1.9%–48%), respectively, compared to arable systems (Figure 7a). Similarly, MCLS under 

moderately well drained soils significantly increased CO2 emission by 32% (CI:8%-58%) (Figure 

7c). On the other hand, drainage class had no significant influence on CH4 emissions under MCLS 

as compared to arable systems (Figure 7b).  

These results align with existing evidence highlighting the critical role of drainage in regulating 

mineralization and denitrification processes (Kumar et al., 2014). The observed increase in N2O 

emissions in poorly and imperfectly drained soils under MCLS can be attributed to several factors, 

including altered soil properties, drainage conditions, and nitrogen inputs from livestock. Elevated 

moisture levels in poorly drained soils likely enhance denitrification, leading to greater N2O 

production (Venterea et al., 2008). Soil compaction, common in MCLS, creates anaerobic 

conditions favorable for N2O generation during denitrification (Beare et al., 2009). Furthermore, 

the deposition of livestock urine and dung introduces additional water and labile nutrients, which 

further stimulate N2O emissions (Cai et al., 2017). 

4.1.4 Stocking density influence on GHGs emissions 

Figures 7d–f present the effect sizes of stocking density on soil N2O, CH4, and CO2 emissions 

under MCLS. Moderate and high stocking densities significantly increased N2O emissions by 38% 

(CI: 14%–64%) and 23% (CI: 3%–48%), respectively, compared to arable systems (Figure 7d). 

Conversely, CH4 emissions were 15% higher (CI: 7%–58%) under low stocking densities (Figure 

7e), while CO2 emissions showed no significant differences across all stocking densities in MCLS 

and arable systems (Figure 7f). 

The observed sensitivity of N2O and CH4 emissions to stocking density variations suggests that 

these gases respond more strongly to changes in stocking rates than CO2 (Figures 7d–f). The higher 

N2O emissions at moderate and high stocking densities likely result from increased manure 

deposition, which elevates NH4
+ and NO3

- availability as substrates for microbial nitrification and 

denitrification processes, as noted by Yao et al. (2017). Interestingly, CH4 emissions were 

unexpectedly higher at low stocking densities, a result contrary to prior studies linking high grazing 
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intensities to increased soil compaction and anaerobic conditions that elevate CH4 emissions (De 

Klein and Ledgard, 2005; Piva et al., 2014). The mechanisms behind elevated CH4 emissions under 

low stocking densities remain unclear, but this finding diverges from earlier research suggesting 

reduced soil CH4 uptake under high grazing pressures. 

 

Figure 7. Effect of MCLS on cumulative/annual GHGs emission relative to arable system within 

drainage class for (a) N2O, (b) CH4, and (c) CO2 and stocking density for (d) N2O, (e) CH4, and (f) 

CO2.  
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NB: Number of observation/number of studies for each category appears in parentheses. Subgroup 

analysis excluded categories with fewer than three observations. Points represent the effect of 

MCLS on GHG, with the paired arable system GHG denoted by the dashed vertical line. Error 

bars depict 95% bias-corrected-accelerated bootstrap confidence intervals. Asterisks (*) indicate a 

significant GHG response in MCLS compared to the arable system. 

4.1.5 Effect of climate on GHGs emissions 

The effect sizes of climate on N2O, CH4, and CO2 emissions from MCLS are presented in Figures 

8a, 8b, and 8c. MCLS significantly increased N2O emissions by 38% (CI: 13%–63%) in tropical 

climates and 44% (CI: 18%–72%) in temperate climates. However, no significant difference was 

observed in continental climates (32%, CI: -0.2%–60%) compared to arable systems (Figure 8a). 

For CH4 emissions, significant increases were recorded in temperate (38%, CI: 14%–64%) and 

continental (36%, CI: 9%–63%) climates, while the effect size for tropical climates could not be 

determined due to insufficient data (n = 0) (Figure 8b). Across all climate categories, CO2 

emissions from MCLS were comparable to those from arable systems, indicating no significant 

differences (Figure 8c). 

Precipitation and temperature emerged as pivotal factors influencing the observed trends in GHG 

emissions across climate zones. In tropical and temperate climates, the higher minimum 

temperatures (Tmin) and minimum precipitation levels (Pmin) likely extended the duration of 

anaerobic soil conditions, leading to elevated N2O emissions. This aligns with previous findings 

by Pärn et al. (2018) and Barnard et al. (2005), who attributed higher N2O emissions in these 

regions to increased microbial activity facilitated by warm, moist conditions. Additionally, tropical 

zones foster microbial nitrification and denitrification processes conducive to N2O emissions (Xu-

Ri et al., 2012). 

Conversely, CH4 emissions were significantly influenced by temperature variations, with 

temperate and continental zones exhibiting higher emissions than tropical zones. These results may 

be explained by the synergistic effect of livestock excretions (manure and urine) and cooler Tmin 

conditions, which create an optimal environment for methanogenic bacterial activity. Supporting 

studies by Cai et al. (2017) highlighted the abundance of methanogenic bacteria in animal manure 

as a key driver of CH4 emissions. Similarly, prior research (Naser et al., 2007) demonstrated 

elevated CH4 emissions in cool temperate and frigid regions compared to tropical and subtropical 

areas. 
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For CO2 emissions, all climate zones displayed a neutral effect, suggesting that MCLS does not 

substantially influence soil CO2 fluxes compared to arable systems. This consistency across 

climates may reflect a balance between increased microbial respiration due to manure inputs and 

other offsetting factors, such as soil carbon sequestration processes. In summary, the findings 

demonstrate that N2O and CH4 emissions are strongly influenced by climatic conditions, 

particularly temperature and precipitation, while CO2 emissions remain unaffected across all 

climate zones.  

4.1.6 Effect of fertilizer type on GHGs emissions 

Significant increases in N2O (23%, CI: 2% - 47%) and CH4 (38%, CI: 15% - 61%) emissions were 

observed for nitrogen (N) fertilizer application in MCLS (Figures 8d and 8e). However, replacing 

N fertilizer with phosphorus (P) fertilizer, organic fertilizer, or no fertilizer resulted in no 

significant difference in N2O and CH4 emissions between MCLS and arable systems. Similarly, 

no notable differences in CO2 emissions were observed across all fertilizer types (Figure 8f). 

The observed increase in N2O emissions aligns with the widely accepted hypothesis of a linear 

relationship between N application and N2O flux. N-based fertilizers, such as urea and ammonium 

sulfate, intensify soil N2O emissions by boosting nitrification and denitrification rates (Campanha 

et al., 2019; Plaza-Bonilla et al., 2018; Thomas et al., 2017). Manure, known for its high N 

mineralization rates (Akiyama et al., 2004), further compounds this effect, particularly within 

MCLS where its combination with N fertilizers elevates soil nitrogen levels. This synergistic effect 

has been documented in prior studies, such as Piva et al. (2014), who observed a significant surge 

in N2O fluxes following urea application in both MCLS and purely arable croplands, though the 

increase was more pronounced in MCLS. Similarly, Shakoor et al. (2018) noted elevated N2O 

emissions at higher levels of nitrogen application.  

While upland soils typically emit minimal CH4 (Singh et al., 2020b), our results reveal that mineral 

N fertilizer application increased CH4 emissions in MCLS compared to arable systems. This could 

be attributed to livestock trampling in MCLS, which increases soil bulk density, reduces porosity, 

and diminishes aeration. The reduced aeration may suppress methanotrophic activity, which is 

responsible for oxidizing CH4 into CO2 under aerobic conditions (Saggar et al., 2008). 

Additionally, Zanatta et al. (2010) observed CH4 emission peaks occurring 4–6 days after N 
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fertilizer application, further highlighting the interplay between fertilizer management and soil 

properties. 

 

Figure 8. Effect of MCLS on cumulative/annual GHGs emission relative to arable system within 

climate categories for (a) N2O, (b) CH4, and (c) CO2 and fertilizer categories for (d) N2O, (e) CH4, 

and (f) CO2.  

NB: Number of observation/number of studies for each category appears in parentheses. Subgroup 

analysis excluded categories with fewer than three observations. Points represent the effect of 

MCLS on GHG, with the paired arable system GHG denoted by the dashed vertical line. Error 

bars depict 95% bias-corrected-accelerated bootstrap confidence intervals. Asterisks (*) indicate a 

significant GHG response in MCLS compared to the arable system. 
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4.1.7 Effect of mineral N fertilizer amount on GHGs emissions 

Both low and high rates of N application significantly influenced N2O and CH4 emissions, while 

CO2 emissions remained unaffected across all rates (Figures 9a, 9b, and 9c). Specifically, N2O 

emissions increased significantly under both low (33%, CI: 13%–55%) and high (38%, CI: 16%–

62%) N application rates (Figure 9a). In contrast, only the high N application rate significantly 

elevated CH4 emissions by 31% (CI: 4%–57%) (Figure 9b). For CO2 emissions, neither low (30%, 

CI: -9%–66%) nor high (31%, CI: -10%–62%) N application rates showed significant differences 

between MCLS and the arable system (Figure 9c). 

The relationship between N application rates and greenhouse gas emissions is well-documented, 

with a linear increase in N2O emissions corresponding to rising N fertilizer rates (Dobbie and 

Smith, 2003; Yu, 2011). The Intergovernmental Panel on Climate Change (IPCC) suggests that 

1% of applied nitrogen is emitted as N2O. Our meta-analysis confirms this trend, with N2O 

emissions from MCLS increasing almost linearly with N application rates compared to the arable 

system (Figure 9a). The increased N2O emissions in MCLS can be attributed to the higher 

availability of NH4
+ and NO3

- derived from both mineral fertilizers and livestock manure which 

serve as substrates for nitrification and denitrification processes. Animal manure has been reported 

to contain NH4
+ concentrations ranging from 147 to 4638 mg kg-1 and NO3

- concentrations from 

3.97 to 120 mg kg-1 (Kim et al., 2019). This elevated nitrogen availability in MCLS soils likely 

drives the observed differences in N2O emissions between MCLS and arable systems. 

CH4 emissions were significantly higher under high N application rates (>120 kg N ha-1) in MCLS 

compared to arable systems (Figure 9b). This increase may stem from the combined effects of 

mineral N fertilizer and manure deposition, which enhance methanogen activity. Nitrogen is 

known to stimulate methanogens, which convert organic matter into CH4 (Bodelier and Laanbroek, 

2004). Additionally, ammonium in the soil competes with CH4 for active methane 

monooxygenase, resulting in higher CH4 emissions in ammonium-rich soils (Bédard and Knowles, 

1989; Hütsch, 1998). Interestingly, the relationship between nitrogen and CH4 emissions is not 

universally consistent. Some studies suggest that nitrogen fertilizer can suppress CH4 production, 

as nitrate reduction intermediates (e.g., nitrite, NO, and N2O) are toxic to methanogens (Yao et al., 

2012). However, Hütsch et al. (1993) proposed that such inhibitory effects may take several years 

of sustained fertilizer application (>7 years) to manifest. 
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Figure 9. Effect of MCLS on cumulative/annual GHGs emission relative to arable system within 

mineral N fertilizer rate categories for (a) N2O, (b) CH4, and (c) CO2.  

NB: Number of observation/number of studies for each category appears in parentheses. Subgroup 

analysis excluded categories with fewer than three observations. Points represent the effect of 

MCLS on GHG, with the paired arable system GHG denoted by the dashed vertical line. Error 

bars depict 95% bias-corrected-accelerated bootstrap confidence intervals. Asterisks (*) indicate a 

significant GHG response in MCLS compared to the arable system. 

4.1.8 Effect of soil textural classes on GHGs emissions 

From our results, MCLS under sandy soils significantly increased N2O emissions by 38% (CI: 

15% to 61%), whereas loam (17%, CI: -4% to 42%) and clay (18%, CI: -11% to 37%) did not 
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show any significant difference between MCLS and arable systems (Figure 10a).  On the other 

hand, loamy soils had no significant influence on CH4 emissions under MCLS as compared to 

arable systems (Figure 10b). Conversely, when MCLS was implemented on clay soils, CH4 

emissions significantly increased by 33% (CI: 13% to 55%) relative to the arable system (Figure 

10b). Confidence intervals could not be generated for sandy soils due to the small number of 

observations (n = 2) realised for studies on CH4 emission. Moreover, sandy soils under MCLS as 

compared to arable systems significantly contributed to a higher CO2 emission of 36% (CI: 9% to 

63%). In contrast, the effect of loamy soils (18%, CI: -18% to 37%) on CO2 emission was not 

significantly different between MCLS and arable systems (Figure 10c). Confidence intervals were 

unable to be computed for clay soils due to lack of CO2 emission data in the studies incorporated 

into our analysis 

The cation exchange capacity (CEC) significantly impacts N2O emissions by regulating the 

availability of ammonium in the soil. Among the textural classes analyzed in our meta-analysis, 

sandy soils demonstrated the lowest CEC values (CUCE, 2007). As a result, the greater availability 

of soil ammonium-N, derived from both N-based mineral fertilizers and livestock manure in sandy 

soils under MCLS, likely contributes to increased N2O production. De Visscher et al. (1998) 

reported that higher NH4
+ inputs in soils with low CEC are associated with elevated N2O 

emissions. Similarly, Fernando et al. (2005) investigated NH4
+ adsorption from manure and 

ammonium sulfate in soils with differing CEC levels, finding that clay-rich soils had NH4
+ 

adsorption maxima of 1000 and 909 mg NH4
+ kg-1 soil for manure and (NH4)2SO4 treatments, 

respectively. In contrast, sandy soils exhibited lower NH₄⁺ adsorption maxima of 625 mg NH4
+ kg-

1 for manure and 217 mg NH4
+ kg-1 for (NH4)2SO4. These findings align with our study. 

Clayey soils within MCLS showed significantly higher CH4 emissions (Figure 10b). Similar 

results have been reported in studies examining fine-textured soil effects on CH4 emissions (Ball, 

2013; Shakoor et al., 2021). According to Islam and Weil (2000), fine-textured soils contain more 

fine pores, which foster anaerobic conditions. Dutaur and Verchot (2007) corroborated this, noting 

that such conditions in fine pores encourage CH4 emissions. Additionally, manure application 

introduces methanogenic bacteria while simultaneously depleting oxygen levels, thereby creating 

anaerobic conditions conducive to CH4 production (Jarecki et al., 2008). This effect has been 

observed to trigger immediate increases in CH4 fluxes (Chan and Parkin, 2001; Sherlock et al., 
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2002). The combination of methanogenic bacterial inoculation via manure and the prevalence of 

anaerobic conditions in fine-pored clay soils likely results in elevated CH4 emissions in MCLS. 

In the case of CO2 emissions, sandy soils in MCLS exhibited the highest levels compared to the 

arable system. This can be attributed to the inherent properties of sandy soils, which are 

characterized by larger particle sizes and increased macropores that influence gas transport 

(Sadeghi et al., 2018; Teixeira et al., 2012). Additionally, grazing livestock excrement, including 

manure and urine, enhances microbial activity by providing organic carbon for decomposition. 

This process, driven by heterotrophic microbial communities, further amplifies CO2 emissions. 

These findings are consistent with Mangalassery et al. (2014), who highlighted that higher porosity 

in sandy soils facilitates water and air movement, enhancing aerobic microbial respiration and 

organic matter mineralization, leading to increased CO2 flux. 

4.1.9 Effect of crop type on GHGs emissions 

MCLS had no effect on N2O emission for cereals, legumes, and oil seed crops (Figure 10d). 

However, when grapes were included, MCLS had a significantly positive (36%) effect on N2O 

emission relative to the arable system (Figure 10d). Alternatively, cereals in MCLS significantly 

increase CH4 emission relative to the arable system by 36% (CI: 14% to 59%) (Figure 10e). 

Conversely, there was no difference between MCLS and arable systems for CH4 and CO2 emission 

when the crop was either a legume, oil seed, or grape (Figure 10e and f).  

Research shows that GHG emissions differ across crop types due to variations in input usage and 

nutrient-use efficiencies. Even within the same crop type, emissions can vary significantly between 

farms, depending on agronomic practices. Optimizing fertilizer management through the 4 R’s: 

right source, right rate, right time, and right place, is essential for maximizing yield and minimizing 

soil GHG emissions across various crop systems (Snyder, 2017). MCLS combined with grape 

production in vineyards demonstrated significantly higher N2O emissions (Figure 10a). Several 

management-related factors may explain this trend. All MCLS vineyard plots in the study received 

organic fertilizers, particularly compost. Supporting this observation, Longbottom and Petrie 

(2015) reported a substantial increase in N2O emissions in compost-treated vineyards, with 

emissions peaking 13–19 days after application, reaching levels up to 40 times those of the control. 

Additionally, optimal nitrogen application in vineyards through fertigation is recommended during 

active root growth phases, such as just before flowering and harvest (Comas et al., 2010). Nitrogen 
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applications outside these periods could lead to elevated N2O emissions (Longbottom and Petrie, 

2015). Furthermore, grapevines are often cultivated in soils with low sorption capacities (Niemiec 

et al., 2021), increasing nitrogen availability for nitrifying bacteria. This aligns with our findings 

of higher cumulative N2O emissions in MCLS vineyards. 

For cereals within MCLS, the meta-analysis revealed significantly higher CH4 emissions 

compared to cereals in arable systems (Figure 10b). Crop type played a critical role in influencing 

soil CH4 emissions. For instance, both maize and paddy fields are well-documented sources of 

CH4 fluxes (Shakoor et al., 2021; Wu et al., 2023). However, among the two cereals, rice is 

particularly recognized for its substantial CH4 contributions (Shang et al., 2011). However, the 

cereals studied in MCLS here were predominantly maize and wheat. The conflicting results 

suggest that generalizing crop-type impacts on CH4 emissions is premature due to the complex 

interplay of factors such as microbial composition, soil nitrogen availability, and variations in soil 

aeration and porosity (Bodelier and Laanbroek, 2004; Guardia et al., 2016). 
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Figure 10. Effect of MCLS on cumulative/annual GHGs emission relative to arable system within 

soil texture categories for (a) N2O, (b) CH4, and (c) CO2 and crop type for (d) N2O, (e) CH4, and 

(f) CO2.  

NB: Number of observation/number of studies for each category appears in parentheses. Subgroup 

analysis excluded categories with fewer than three observations. Points represent the effect of 

MCLS on GHG, with the paired arable system GHG denoted by the dashed vertical line. Error 

bars depict 95% bias-corrected-accelerated bootstrap confidence intervals. Asterisks (*) indicate a 

significant GHG response in MCLS compared to the arable system. 
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4.1.10 Effect of tillage on GHGs emissions 

Our results showed that, between MCLS and arable systems, conventional tillage had no 

significant effect on soil N2O, CH4, and CO2 emission, whereas with exception of CO2 emission, 

conservation tillage increased them significantly (Figure 11a, and b). However, the magnitude of 

N2O (43%) was larger than CH4 (26%). 

Conservation tillage methods, such as minimum or no-till, are known to improve soil quality 

(Lingling et al., 2014), increase soil carbon and nitrogen (Lazcano et al., 2022), and boost crop 

yields (Pittelkow et al., 2015). However, their effect on greenhouse gas (GHG) emissions is 

inconsistent, with studies reporting both increased (Pandey et al., 2013; Yao et al., 2013) and 

decreased emissions (Rutkowska et al., 2018; Yeboah et al., 2016) compared to conventional 

tillage. Our meta-analysis revealed that conservation tillage in MCLS significantly increased N2O 

and CH4 emissions compared to arable systems using the same practices. 

Higher N2O fluxes in MCLS with conservation tillage may result from enhanced soil properties 

due to manure incorporation (Iqbal et al., 2023) and conservation tillage itself (Alhassan et al., 

2021). These practices improve soil structure, moisture retention, and organic matter, promoting 

conditions such as increased water-filled pore space, which drive N2O emissions (Dobbie and 

Smith, 2003). Additionally, N2O emissions correlate positively with soil temperature and moisture 

(Trujillo-Tapia et al., 2008) and are influenced by stimulated nitrification and denitrification 

processes in moist soils (Davidson and Swank, 1986). On the other hand, CH4 emissions are 

affected by tillage (Alhassan et al., 2021; Shakoor et al., 2021) and livestock trampling (Ambus et 

al., 2018). Conservation tillage combined with grazing-induced soil compaction increases bulk 

density, reduces pore space, and fosters anaerobic conditions (Bayer et al., 2012). These factors 

inhibit methanotrophs and enhance CH4 emissions through anaerobic decomposition of soil 

organic matter (Álvaro-Fuentes et al., 2008; Plaza-Bonilla et al., 2014). 

4.1.11 Effect of livestock type on GHGs emissions  

MCLS with small ruminants showed significantly higher N2O (52%) and CH4 (42%) emissions 

compared to arable systems, while CO2 emissions (31%, CI: -3% to 61%) were not significantly 

different (Figure 11d, e, and f). However, when small ruminants were replaced with cattle, no 

significant differences were observed in N2O (30%, CI: -10% to 63%), CH4 (31%, CI: -10% to 
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61%), or CO2 (15%, CI: -20% to 36%) emissions between integrated and arable systems (Figure 

11d, e, and f). 

Consistent with our meta-analysis (Figure 11d, e, and f), sheep excrement significantly increases 

N2O and CH4 emissions from agricultural soils (Zhao et al., 2021). This is due to differences in 

manure decomposition rates linked to livestock digestive systems, even with the same diet 

(Schlecht et al., 1998). Sheep dung decomposes slower than cattle dung due to its pelletized form, 

which resists fragmentation (Souto et al., 2005), potentially reducing the availability of active 

organic substances and mineral N. However, sheep manure contains higher nutrient 

concentrations, which are more evenly distributed (Bakker et al., 2004) and provide a steady 

nitrogen source for nitrifying bacteria, increasing cumulative N2O emissions in MCLS. Studies 

also report higher N levels in sheep manure compared to cattle (Shriver et al., 2003; Valdés-

Correcher et al., 2019). 

Methane (CH4) emissions from manure are largely influenced by the animal species, the 

composition and digestibility of their feed, and the microbial populations in their rumen and 

digestive tracts (Sejian et al., 2016). Wan et al. (2021), using the Shannon diversity index, reported 

greater microbial community diversity in sheep manure compared to cattle manure. Grazing 

animals also play a critical role in removing plant biomass and cycling nutrients back into the soil 

through dung and urine (Güsewell et al., 2005). Among livestock, feed quality significantly 

determines the nutrient content of manure returned to the soil. Small ruminants, such as sheep, 

tend to favor plants with higher nutritional value compared to cattle (Valdés-Correcher et al., 

2019). In our meta-analysis, leguminous crops, such as cowpea and common bean, emerged as 

highly nutritious and preferred livestock fodder (Asibuo et al., 2008; Usman et al., 2013). 

However, these crops have been linked to increased methane production in livestock. Ansah et al. 

(2021) documented significantly higher CH4 emissions in rams fed cowpea and groundnut, while 

Bamualim et al. (2008) highlighted that forage feeds high in crude fiber exacerbate methane 

emissions. Similarly, studies have shown that cowpeas and groundnuts have higher crude fiber 

content compared to crops like maize, wheat, and rice (Ibrahim et al., 2006; Jeremiah et al., 2015). 

These findings explain the elevated CH4 emissions associated with sheep in our study, attributed 

to their distinct feeding preferences and the composition of their diets, as supported by these 

observations. 
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4.1.12 Effect of MCLS type on GHGs emissions 

Our result revealed that different MCLS types had similar GHGs emissions between integrated 

and arable systems, except for forage rotation systems, where grazing of forages contributed to 

significantly higher N2O (46%), CH4 (33%) and CO2 (31%) emissions than arable systems; no 

forage grazing controls (Figure 11g, h and i). Consequently, In a 5-year crop rotation experiment 

involving 3 years of alfalfa followed by wheat and barley, N2O emissions were reported to be 

twice as high as those observed in a corn-wheat-corn-wheat-barley rotation system (Asgedom and 

Kebreab, 2011). Similarly, in a 24-year rotation study, Ross et al., (2008) compared three systems: 

(1) a continuous annual grain system, (2) a rotation involving faba bean, red clover, and alfalfa 

with manure, and (3) a continuous perennial grass-legume forage system supplemented with 18 kg 

N ha-1 year-1 of fertilizer and white clover (Trifolium repens). Nitrogen losses to the atmosphere 

were measured at 4 kg N ha-1 year-1 for the continuous annual grain system, 28 kg N ha-1 year-1 for 

the rotation, and 24 kg N ha-1 year-1 for the continuous perennial grass-legume forage system. 

These findings suggest that rotational forage systems, depending on the sequence and type of 

grazed forage crops, can function either as a source or sink of N2O emissions. 

On the other hand, (Abagandura et al., 2019) found no significant impact of crop rotational 

diversity on CH4 flux. Similarly, Behnke et al. (2018) observed that a corn-soybean rotation 

produced CH4 fluxes comparable to those of continuous corn or soybean systems, even after 17 

years of rotation. However, studies by Ozlu and Kumar (2018) and Lee et al. (2018) highlight that 

soil's role as a CH4 source or sink depends on the balance between CH4-releasing microorganisms, 

which thrive under anaerobic conditions, and CH4-consuming microorganisms, which are more 

active under aerobic conditions. 

The soil CO2 flux results suggest that forage rotation within a MCLS may lead to increased soil 

CO2 emissions. In an MCLS experiment, Tracy and Zhang (2008) observed higher SOC 

concentrations in integrated crop–oat-pasture systems compared to a continuous corn system. It is 

plausible that in our study, the surplus SOC in the surface layers of forage rotation under MCLS 

provided additional substrates for soil microorganisms to respire. Likewise, the inclusion of 

multiple cover crops in rotation with corn and sorghum resulted in higher CO2 emissions compared 

to cases with no cover crop in both corn and sorghum (Acharya et al., 2022). This was attributed 

to the increased total soil respiration (heterotrophic + root) induced by multiple cover crops. It is 
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well-documented that plant root respiration can contribute anywhere from 7% to 90% of the total 

soil respiration, contingent on factors such as growth stage, vegetation type, and soil conditions 

(Hanson et al., 2000; Larionova et al., 2006). 

 

Figure 11. Effect of MCLS on cumulative/annual GHGs emission relative to arable system within 

tillage categories for (a) N2O, (b) CH4, and (c) CO2; livestock categories for (d) N2O, (e) CH4, and 

(f) CO2 and MCLS type for (g) N2O, (h) CH4, and (i) CO2.  

NB: Number of observation/number of studies for each category appears in parentheses. Points 

represent the effect of MCLS on GHG, with the paired arable system GHG denoted by the dashed 

vertical line. Error bars depict 95% bias-corrected-accelerated bootstrap confidence intervals. 

Asterisks (*) indicate a significant GHG response in MCLS compared to the arable system. 
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4.2 Impact of fertilizer applications on grain and vegetable crops in smallholder Mixed Crop-

Livestock systems (MCLS) in Burkina Faso and Ghana. 

4.2.1 Effect of fertilizer source on yields 

With the exception of peanut and soybean yields in Ghana, fertilizer source significantly 

influenced grain yields in both countries (Fig. 12a and b). In Burkina Faso, the combined 

application of chemical fertilizer and manure resulted in the highest (P < 0.05) grain yields: 1905 

kg ha-1 for maize, 1501 kg ha-1 for sorghum, 1959 kg ha-1 for millet, 1538 kg ha-1 for peanut, and 

2932 kg ha-1 for green beans (Fig 12a). While the yield for cowpea under chemical fertilizer was 

greater, it was not significantly different from the yield obtained with the combined fertilizer 

application. For grain crops in Ghana, the combined application of chemical fertilizer and manure 

resulted in increased (P < 0.05) yields of 1935 kg ha-1 for maize and 2025 kg ha-1 for sorghum. In 

contrast, rice showed a response of 2685 kg ha-1 when chemical fertilizer was applied alone. Wei 

et al. (2016), reported that the combined application of manure and chemical fertilizer significantly 

increased yields of grain crops (maize, rice, and wheat) by an average of 129% compared to no 

fertilizer (control), 29.6% compared to manure application only, and 7.6% compared to chemical 

fertilizer only. These findings are consistent with our findings. However, in Ghana crops such as 

millet and cowpea, in the absence of chemical fertilizer or combined, the application of manure 

alone was sufficient to produce a significant yield response compared to plots with no fertilization 

(Fig. 12b). Nonetheless, the yield advantage remained below the national average yield for millet 

(1500 kg ha-1) and cowpea (1670 kg ha-1) (MoFA, 2022). 

On the other hand, higher (P < 0.05) fruit yields were recorded under combined application of 

fertilizer for onion (12,087 kg ha-1) and eggplant (14,370 kg ha-1) in Burkina Faso. Conversely, 

when chemical fertilizer was applied alone, tomato produced the highest (P < 0.05) fruit yield of 

16,075 kg ha-1. (Fig. 12c).  Similarly, in Ghana, the combination of manure and chemical fertilizer 

had an additive effect, resulting in increased (P < 0.05) fruit yields of 18,180 kg ha-1 for tomato 

and 40,500 kg ha-1 for pepper (Fig. 12d). The increased in fruit yield may be due to the availability 

of N, P, K and also the supply of organic matter by manure application. Khalid et al. (2014) and 

Geremew et al. (2019) also observed similar advantages on tomato fruit yields with combined 

manure and chemical fertilizer applications, and attributed the positive effect to improved soil 

nutrient status.  



70 
 

 

Figure 12. The effect of fertilizer source on grain (a – b) and fruit (c – d) yield in Burkina Faso 

and Ghana, respectively.  

NB: Values are means of two cropping seasons. Sample size of each mean in brackets. Error bars 

represent the standard deviation. Values under each crop type with the same letter are not 

significantly different from each other at the P<0.05 level. "n.a" indicates missing data on fertilizer 

source level for a crop type. 

4.2.2 Effect of fertilizer placement on yields 

Figure 13 illustrates the impact of fertilizer placement methods on grain and fruit yields. In Burkina 

Faso, the furrow method of fertilizer application, when utilized, led to either significantly higher 

(p < 0.05) or numerically greater grain and fruit yields compared to broadcasting and side 

placement methods (Fig. 13a and c). The lower yields associated with broadcast and side 

placement methods can be attributed to the higher nutrient losses through volatilization and soil 

erosion associated with surface applications. In contrast, furrow application, a sub-surface 

fertilizer placement method, has been reported to enhance nutrient uptake and yield. Research 

indicates that crop roots tend to proliferate around the fertilizer zone, with deeper placement 

promoting root density and nitrogen uptake (Li et al., 2009). Previous field studies have shown 

that deep fertilizer placement (> 10 cm), as opposed to surface applications, significantly increases 
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yields and improves nitrogen use efficiency (Nkebiwe et al., 2016; Rychel, 2023). In confirming 

this, Wang et al. (2022) reported that deep urea placement promoted deep root proliferation in 

winter wheat, enhancing nitrogen uptake and water utilization. In Ghana, grain yields showed no 

significant response to different fertilizer placement methods (Fig. 13b). However, for vegetable 

crops, fertilizer placement methods significantly influenced yields. Side placement resulted in the 

highest fruit yields, with an average increase of 40% for tomatoes and 398% for peppers compared 

to broadcasting (Fig. 13d). The significantly higher fruit yields that were achieved with side-

placement (surface banded) in Ghana, can be primarily attributed to a more suitable alignment 

between the frequency of side-placed fertilizer applications and nutrient availability. Unlike other 

grain crops in Ghana, pepper and tomato are the only crops to which smallholder farmers within 

the study area apply chemical fertilizer up to 4 times, from the seedling stage to first plucking 

(harvest). Numerous studies suggest that it is crucial to optimally match nutrient supply with crop 

uptake in both time and space to increase nutrient-use efficiency (Chen et al., 2006; Lu et al., 

2019). 
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Figure 13. The effect of fertilizer placement method on grain (a – b) and fruit (c – d) yield in 

Burkina Faso and Ghana, respectively.  

NB: Values are means of two cropping seasons. Sample size of each mean in brackets Error bars 

represent the standard deviation. Values under each crop type with the same letter are not 

significantly different from each other at the P<0.05 level. "n.a" indicates missing data on fertilizer 

placement level for a crop type. 

4.2.3 Effect of fertilizer application timing on yields 

The effects of the timing of chemical fertilizer and manure application are shown in Figures 14 

and 15, respectively. In Burkina Faso, applying chemical fertilizer at the optimum time 

significantly increased (p < 0.05) maize yield by 24%, onion yield by 42%, and eggplant yield by 

31% (Figure 14a and c). Conversely, late application of chemical fertilizer significantly increased 

(p < 0.05) millet yield by 78% (Figure 14a). In Ghana, no significant yield response was observed 

for grain crops under the different timing of chemical fertilizer application (Figure 14b). However, 

when chemical fertilizer was applied within the optimum period for pepper, fruit yield increased 

(p < 0.05) from 10,033 kg ha-1 to 32,240 kg ha-1. It is noteworthy that only a few crops showed 

significant responses to the timing of chemical fertilizer application, and even among these, the 

results did not consistently support the optimal timing. For instance, sorghum demonstrated better 

yields with late fertilizer application. Several factors could explain this observation. Marenya and 

Barrett (2009) highlighted that inorganic fertilizer is less effective on farmers' fields with low soil 

organic matter, irrespective of application timing. Additionally, challenges related to fertilizer 

application methods (broadcasting and side placement) observed in the study area, such as heavy 

rainfall or a sudden dry spell immediately after fertilization, may have diminished the effectiveness 

of precise timing. Genotypic variations also play a significant role in crop response to fertilization. 

For example, Ganyo et al. (2019) found that in the Sudano-Sahelian climate of Senegal, long-cycle 

sorghum genotypes benefited more from late fertilization compared to short-cycle varieties.  

On the other hand, the timing of manure application had a significant impact on grain and vegetable 

crops in Burkina Faso, with yield responses for sorghum (75%), millet (81%), green beans (78%), 

and tomato (61%) being significantly higher when manure was applied within the optimum period 

compared to late application (Figure 15a and c). Conversely, to our findings on manure application 

timing in Burkina Faso, delayed application of manure in Ghana increased (p < 0.05) grain yields 

of rice by 16%, millet yield by 20% and pepper fruit yield by 238% compared to early (optimum) 
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manure application (Figure 15b and d). The varying responses to manure application timing can 

be attributed to several interacting factors: (1) decomposition rates, (2) nutrient release rates, and 

(3) the animal source of the manure (Chikowo et al., 2010; Sileshi et al., 2017). Sileshi et al. (2017) 

noted that the rate of nitrogen (N) release over time differs depending on the animal source. For 

instance, 32%, 75%, and 90% of the N in manure from cattle, poultry, and pigs, respectively, 

becomes available during the first year of application (Eghball et al., 2002). These factors provide 

a plausible explanation for the observed variations in the effects of manure application timing in 

this study. 

 

Figure 14. The effect of timing of chemical fertilizer application on grain (a – b) and fruit (c – d) 

yield in Burkina Faso and Ghana, respectively.  

NB: Values are means of two cropping seasons. Sample size of each mean in brackets. Error bars 

represent the standard deviation. Values under each crop type with the same letter are not 

significantly different from each other at the P<0.05 level. "n.a" indicates missing data on fertilizer 

timing level for a crop type. 
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Figure 15. The effect of timing of manure application on grain (a – b) and fruit (c – d) yield in 

Burkina Faso and Ghana, respectively.  

NB: Values are means of two cropping seasons. Sample size of each mean in brackets. Error bars 

represent the standard deviation. Values under each crop type with the same letter are not 

significantly different from each other at the P<0.05 level. "n.a" indicates missing data on manure 

application timing level for a crop type. 
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4.2.4 Effect of applied N fertilizer on yields 

In Burkina Faso, yields of sorghum, cowpea and green beans were significantly influenced 

(p<0.05) by the rate of nitrogen (N) applied, such that when compared with low application rates, 

applying the recommended rate increased yields by 36%, 52% and 86%, respectively. Similarly, 

for Ghana, grain crops such as rice, sorghum, millet, and cowpea showed a significant response to 

the rate of nitrogen (N) applied (Figure 16b). Applying N at the recommended rate resulted in 

higher (p<0.05) grain yields compared to the low N application rate (Figure 16b). Although the 

recommended N application did not result in significant differences for other grain crops, it 

generally showed a tendency to increase yields. The variation of grain yield response patterns 

between crop types and countries is expected, given that the effect of N application on crop yield 

depends on several factors. Weather, particularly rainfall in dryland crop production areas, is a 

primary driver of both crop growth and soil nutrient availability, with drastic year-to-year 

variability (Arnall et al., 2013; Mosisa et al., 2022). Our findings from Figure 3, support this 

assertion. Similarly, in exploring the causes of poor crop responses to applied N on African soils, 

(Sileshi et al., 2022) identified soil type as a crucial determinant. According to the authors, the 

major soil types in our study area; Plinthosols in Burkina Faso and Lixisols in Ghana, are poorly 

responsive to NPK fertilizers. Additionally, the different pH levels of these soils will result in 

varying N availability (Wibberley, 2006). However, due to the lack of data on the recommended 

N rate for onion and eggplant (in Burkina Faso) and tomato (in Ghana), formal statistical testing 

between recommended and low N rates was not feasible (Figure 16c). 

Figure 17 highlights that manure was the primary source of nitrogen (N) in MCLS. However, in 

this study, the N content of manure was estimated as 1.6% of the total dry matter applied, which 

may not accurately represent the actual N content. Chikowo et al. (2010) reported a low recovery 

efficiency of manure-derived N across Sub-Saharan Africa (median: 0.19 kg N kg-1). As a result, 

despite the substantial quantities of manure applied to MCLS croplands and its significant 

contribution to total N (Figure 17), nutrient losses and low recovery efficiency likely influenced 

the observed yield outcomes (Figure 16). This is evident in the variable correlations between N 

applied and crop yields, ranging from weak to strong. In Burkina Faso, the correlations were: 

sorghum (R2 = 0.07), green beans (R2 = 0.05), and cowpea (R2 = 0.57). In Ghana, the correlations 

were: sorghum (R2 = 0.26), millet (R2 = 0.23), cowpea (R2 = 0.59), rice (R2 = 0.30), and pepper 

(R2 = 0.86) (Figure 18). Furthermore, the absence of data on recommended N rates for onion and 
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eggplant in Burkina Faso and tomato in Ghana (Figure 16c, d) indicates that the combined 

application of chemical fertilizer and manure (Figure 17) was insufficient to meet the specific N 

requirements of these vegetable crops. 

 

 

Figure 16. The effect of N rate (kg ha-1) applied on grain (a – b) and fruit (c – d) yield in Burkina 

Faso and Ghana, respectively.  

NB: Values are means of two cropping seasons. Sample size of each mean in brackets. Error bars 

represent the standard deviation. Values under each crop type with the same letter are not 

significantly different from each other at the P<0.05 level. "n.a" indicates missing data on the N 

rate level for a crop type. 
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Figure 17. Contribution of manure and chemical fertilizer to the rate of N (Kg ha-1) applied to 

crop type in MCLS farms. 
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Figure 18. Variations between yields and the amount of N applied (kg N ha-1) for grain and 

vegetable crops in Burkina Faso and Ghana (b). The solid blue line through the data points is a 

regression line. 
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4.3 Calibration and validation of SIMPLACE model for simulation of mixed crop-livestock 

systems in West Africa. 

4.3.1 Evaluation of model performance 

4.3.1.1 Maize grain yield 

The comparison between observed and simulated maize grain yield for six districts; Bongo, Builsa 

North, Kassena Nankana (In Ghana) and Loumbila, Ziniaré, Zitenga (In Burkina Faso) are 

presented in Figures 19 and 23a. At the crop level, the model performance was reasonable for 

maize yield collectively across six districts, with RMSE value of 228.78 kg ha-1, R2 value of 0.01, 

and MR value of 3.06% (Figure 23a). Simulated maize yield at the district levels were found to be 

moderately overestimated at Bongo (MR = 11.86%, BQ = -184.44), Builsa North (MR = 11.69%, 

BQ = -180.87) and Loumbila (MR = 22.42%, BQ = -342.33). Conversely, the model 

underestimated at Kassena Nankana (MR = -16.18%, BQ = 315.59) and Zitenga (MR = -11.19, 

BQ = 174.62). However, the best model performance was observed at Ziniare (MR = -0.26%, BQ 

= 4.96) (Appendix 9). Observed data used for this analysis, consisted of district-aggregated records 

from typical mixed crop–livestock farming systems which consist of a wide range of maize 

cultivars and yield potentials. This implies under no limiting factors (water, nutrients) and no 

reducing factors (weeds, pests and disease), the duration of the vegetative and reproductive period 

becomes the critical factor for capturing the dynamics of simulated maize yield. Previous studies 

that employed SIMPLACE  similarly reported on the contribution of maize cultivar or 

heterogeneity (even under the same conditions) to yield uncertainties (Kamali et al., 2022; Nguyen 

et al., 2022). 
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Figure 19. Model calibration and validation for maize grain yield (from 2000 – 2024) at the district 

level in Ghana (Bongo, Builsa North, Kassena Nanakana) and Burkina Faso (Loumbila, Ziniare, 

Zitenga). 

4.3.1.2 Millet grain yield 

Simulated millet yield when compared with observed yields resulted in a RMSE value of 139.89 

kg ha-1, R2 value of 0.96, and MR value of -12.08% (Figure 23b). The model’s predictions for the 

millet yield were consistently underestimated at all six districts; Bongo (MR = -0.12, BQ = 

155.55), Builsa North (MR = -0.20, BQ = 264.18), Kassena Nankana (MR = -0.07, BQ = 76.50), 

Loumbila (MR = -0.17, BQ = 77.49), Ziniaré (MR = -0.10, BQ = 88.31), and Zitenga (MR = -

0.04, BQ = 61.33) (Figure 20; Appendix 9). This could possibly be due to the model’s inability to 

account for field-level heterogeneity in management practices. For instance, management practices 

such as planting date are not homogeneous for farmers. Therefore, considering a planting window 

as representative of an entire district could reduce the model accuracy in terms of yield simulation. 

Srivastava et al. (2016) indicated that decisions about sowing dates are more complex than those 

assumed in existing crop models. In line with this, model simulations have already shown yield 

reductions depending on planting dates in semi-arid Eastern Africa (Silungwe et al., 2019). 

Therefore, refining the model inputs to incorporate field-specific planting dates could improve our 
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simulations to outcomes which are in agreement with observed field data. Nonetheless, the overall 

model performance was satisfactorily with the relatively low RMSE. 

 

Figure 20. Model calibration and validation for millet grain yield (from 2000 – 2024) at the district 

level in Ghana (Bongo, Builsa North, Kassena Nanakana) and Burkina Faso (Loumbila, Ziniare, 

Zitenga). 

4.3.1.3 Sorghum grain yield 

The comparison between observed and simulated sorghum grain yield for six districts; Bongo, 

Builsa North, Kassena Nankana (In Ghana) and Loumbila, Ziniaré, Zitenga (In Burkina Faso) are 

presented in Figures 21 and 23c. The model performance was satisfactorily with an RMSE value 

of 263.22 kg ha-1, R2 value of 0.34, while the MR, on average produced ~18 % deviation between 

simulated and the observed yields (Figure 23c). The prediction of sorghum yield when applying 

the calibrated model for the different districts is illustrated in Figure 21. The model over estimated 

sorghum yields at Bongo (MR = 0.25. BQ = -313.82), Builsa North (MR = 0.08, BQ = -132.99), 

Kassena Nankana (MR = 0.27, BQ = -334.11), Loumbila (MR = 0.06, BQ = -82.53), and Ziniaré 

(MR = 0.46, BQ = -420.55) (Appendix 9). However, at Zitenga the model was slightly 

underestimated by an MR value of -0.05 and a BQ value of 64.96 (Figure 21; Appendix 9). It was 

evident that the model adequately represents overall yield patterns across districts, maintaining the 
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relative order between higher- and lower-yielding areas in the simulated data. This suggests that 

the SIMPLACE model can effectively simulate sorghum yields at the field scale. In the Sudan 

Savannah regions of West Africa, most sorghum farmers either do not apply fertilizer or cultivate 

sorghum on less fertile soils (Adam et al., 2020). Such uniformity in management practices may 

reduce yield uncertainties, thereby minimizing discrepancies between simulated and observed 

data. These findings are also consistent with the results of Akinseye et al. (2017), who evaluated 

crop model enhancements by comparing sorghum simulation outputs in West Africa. 

 

Figure 21. Model calibration and validation for sorghum grain yield (from 2000 – 2024) at the 

district level in Ghana (Bongo, Builsa North, Kassena Nanakana) and Burkina Faso (Loumbila, 

Ziniare, Zitenga). 

4.3.1.4 Peanut grain yield 

The comparison between observed and simulated peanut grain yields for six districts; Bongo, 

Builsa North, and Kassena Nankana (in Ghana) and Loumbila, Ziniaré, and Zitenga (in Burkina 

Faso) is illustrated in Figures 22 and 23d. The model demonstrated satisfactory performance for 

yield, with an RMSE of 276.60 kg ha-1, and an R2 value of 0.21. Additionally, the mean residual 

(MR) revealed an average deviation of approximately -13.36% between simulated and observed 
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yields (Figure 23d). The model’s predictions for peanut yield at the district levels were found to 

be slightly underestimated at Bongo (MR = -0.19%, BQ = 290.82), Loumbila (MR = -0.06%, BQ 

= 73.33), Ziniare (MR = -0.17, BQ = 220.93), and Zitenga (MR = -0.42, BQ = 562.52). Conversely, 

the model slightly overestimated at Kassena Nankana (MR = 0.05%, BQ = -61.88). However, the 

best model performance was observed at Builsa North (MR = 0.00%, BQ = -4.10) (Appendix 9). 

The relatively low mean residual (MR) values across all six districts indicate minimal 

discrepancies between simulated and observed peanut yields. Similarly, the RMSE and MR values 

at the crop level reflect strong agreement between simulated and observed data. This concordance 

likely stems from the high-quality calibration data, as the yield range used for calibration (1000–

1400 kg ha⁻¹) closely approximates the field-reported yield of approximately 1100 kg ha⁻¹ in West 

Africa (Adjei-Nsiah et al., 2018).  

 

Figure 22. Model calibration and validation for sorghum grain yield (from 2000 – 2024) at the 

district level in Ghana (Bongo, Builsa North, Kassena Nanakana) and Burkina Faso (Loumbila, 

Ziniare, Zitenga) 

Overall, the best model performance was observed for millet, with the lowest RMSE, although all 

crops showed reasonable results with RMSE < 278 kg ha-1 and MR < 19 %. No particular trends 

were observed with regards to model performance by location (Figure 23). 
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Figure 23. 1:1 Comparison of simulated and observed (a) maize, (b) millet, (c) sorghum, and (d) 

peanut grain yields across six districts. 

4.3.1.4 Livestock population estimation 

For livestock population, the comparison between observed and simulated numbers for six 

districts; Bongo, Builsa North, Kassena Nankana (In Ghana) and Loumbila, Ziniaré, Zitenga (In 

Burkina Faso) are presented in Figures 24a and b. At the livestock level, the model prediction 

looks reliable for capturing livestock numbers collectively across six districts with an RMSE value 

of 29.90, R2 value of 0.62, and an MR value of 27.59% (Figure 24b). Our result is consistent with 

Srivastava et al. (2025) who observed a model prediction for the livestock population in the 
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Sudanian region of West Africa with an MR value of 24.5%. On the other hand, the model’s 

prediction for livestock numbers at the district level was found to be slightly overestimated at 

Bongo (MR = 0.38, BQ = -40.03), Builsa North (MR = 0.69, BQ = -48.70) and Kassena Nankana 

(MR = 0.31, BQ = -35.24). In contrast, the model’s best performance was at Loumbila (MR = 

0.05, BQ = -4.70), Ziniare (MR = 0.05, BQ = -4.70) and Zitenga (MR = 0.15, BQ = -10.22) 

(Appendix 10). In the present study, livestock population dynamics were simulated by tracking 

animal numbers and their transitions across age groups, primarily regulated by birth rates, 

mortality, offtake, and intake rates. The model's performance at the district level suggests its 

capacity to effectively represent these transition processes. Furthermore, the livestock population 

included a mix of species (cattle, sheep, and goats) each with distinct reproductive and mortality 

characteristics, which can contribute to variability in population estimates. Hence, the model’s 

ability to reflect these interspecies differences suggests that irrespective of the livestock type, with 

the SIMPLACE integrated framework model one can already obtain acceptable livestock 

population predictions. 
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Figure 24. (a): Model calibration and validation for livestock number (from 2000 – 2024) and (b): 

1:1 Comparison of simulated and observed livestock numbers at the district level in Ghana (Bongo, 

Builsa North, Kassena Nanakana) and Burkina Faso (Loumbila, Ziniare, Zitenga) 
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4.4 Simulating climate change impacts on MCLS for mid-century  

4.4.1 Projected future climate change 

After calibrating and validating to assess the potential of SIMPLACE, in simulating the output of 

typical crop-livestock farms, the validated model was applied to estimate the effect of climate 

change on MCLS at farm scale in the Sub-humid savannah of West Africa. 

4.4.1.1 Rainfall under historical and future scenario 

The Study districts in Burkina Faso (Loumbila, Ziniaré, Zitenga) and Ghana (Kassena Nankana, 

Builsa North, Bongo) have only one rainy season from May to mid-October. These rainy seasons 

are most important because they influence seasonal and annual rainfall patterns during the past, 

present and projected (Arfasa et al., 2024). In the historical era from 2000 – 2024, the average 

cumulative rainfall was between 400 mm and 667 mm for the districts in Burkina Faso (Loumbila, 

Ziniaré, Zitenga) and in Ghana (Kassena Nankana, Builsa North, Bongo), respectively (Figure 25). 

Looking to the future, from 2025 – 2050, the projections indicate a decrease in average cumulative 

rainfall, with values ranging from 517 mm to 366 mm for the districts in both countries, 

respectively (Figure 25). Moreover, compared to the historical data, the areas in Ghana and 

Burkina Faso are anticipated to see a decrease in rainfall by 14.2 – 16.6% and 5.0 – 12.5%, 

respectively (Figure 25). Comparable findings have been reported for the Sudan Savannah zone of 

Ghana by Arfasa et al. (2024), where mean annual precipitation under the SSP 4.5 emission 

scenario is projected to decline by approximately 12.3% to 13.1%. Similarly, research conducted 

in the Dano region of Burkina Faso indicated reductions in mean annual rainfall by 25.2% and 

25.6% under the RCP 4.5 and RCP 8.5 scenarios, respectively (Okafor et al., 2021). These 

projected declines in precipitation are anticipated to intensify drought conditions across the Sudan 

Savannah of West Africa in the coming decades (Ayanlade et al., 2022). Additionally, the spatial 

distribution of future rainfall suggests a latitudinal shift, with precipitation zones moving from 

districts in Burkina Faso toward those in northern Ghana. As a result, a southward displacement 

of isohyets by 150 to 200 km has been observed within the Sudan Savannah region (OSS, 2019). 
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Figure 25. Current (2000 – 2024) and future (2025 – 2050) mean annual rainfall in Kassena 

Nankana, Builsa North, Bongo (Ghana) and Loumbila, Ziniare, Zitenga (Burkina Faso) for the 

model GFDL-ESM4.  

4.4.1.2 Minimum and maximum temperature under historical and future scenario 

In this study, projections for the period 2025–2050 indicate an increase in minimum temperature 

(Tmin) across the Ghanaian districts by approximately 0.7 ℃ to 1.0 ℃ (3.2% - 4.3%), and by 1.5 

℃ to 1.7 ℃ (6.6% - 7.4%) in the districts located in Burkina Faso, relative to the historical baseline 

(Figure 26). Notably, the presence of outliers in the projected Tmin values for Bongo, Loumbila, 

and Ziniaré suggests considerable variability, which may introduce uncertainty and potentially 

moderate the projected temperature increases in these areas (Figure 26). Likewise, projections 

indicate an increase in maximum temperature (Tmax) for the period 2025–2050, with estimated 

rises ranging from 0.2 °C to 0.5 °C (0.58%–1.44%) in the Ghanaian districts and from 0.4 °C to 

0.9 °C (1.12%–2.54%) in the districts of Burkina Faso, relative to historical observations (Figure 

27). The findings of this study suggest that, by the middle of the century, the study districts are 

predicted to experience a rise in temperature, potentially shifting the region toward more arid 

conditions (Sawadogo et al., 2024). This warming trend is also expected to increase the frequency 

of hot days annually (Trisos et al., 2022). The projected temperature rise in our study aligns with 

the estimates provided by Trisos et al. (2022), who reported that under global warming scenarios 

of 1.5°C, 2.0°C, and 3.0°C, mean annual temperatures in West Africa are expected to increase by 

approximately 0.6°C, 1.1°C, and 2.1°C, respectively. Such temperature increases are anticipated 
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to negatively affect agricultural systems, potentially leading to reduced crop yields or crop failure 

(Sawadogo et al., 2024), while also exerting pressure on livestock productivity and adaptability 

across different species and breeds (Zougmoré et al., 2016). 

 

Figure 26. Current (2000 – 2024) and future (2025 – 2050) mean annual minimum air temperature 

(°C) in Kassena Nankana, Builsa North, Bongo (Ghana) and Loumbila, Ziniaré, Zitenga (Burkina 

Faso) for the model GFDL-ESM4.  

 

Figure 27. Current (2000 – 2024) and future (2025 – 2050) mean annual maximum air temperature 

(°C) in Kassena Nankana, Builsa North, Bongo (Ghana) and Loumbila, Ziniaré, Zitenga (Burkina 

Faso) for the model GFDL-ESM4.   
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4.4.2 Crop yield under future climate scenarios 

4.4.2.1 Maize grain yield 

Simulated maize grain yield under baseline and future climate scenarios across six districts; 

Bongo, Kassena Nankana, Builsa North (Ghana) and Loumbila, Ziniaré, Zitenga (Burkina Faso) 

are shown in Figure 28a. When comparing the future scenario to the baseline, our results indicated 

a consistent decline in maize grain yield across all districts with Burkina Faso being the most 

affected (Figure 28a). When compared to the historical yield data, the districts in Ghana and 

Burkina Faso are anticipated to see a decline in grain yield by -15.89% to -22.03% and -30.39 to 

34.74%, respectively (Figure 29a). Previous studies confirm that climate change is having a 

predominantly negative impact on maize grain yield in Africa (Shi and Tao, 2014). In using three 

GCM’s (ECHAM6, MIROC5, NorESMI), Faye et al. (2018) found maize grain yield changes of 

-5% in the West African Sudan savannah. Nafi et al. (2021) reported a projected grain yield change 

of -11% for maize cultivated on poor soil with low water retention. More recently, Srivastava et 

al. (2025) identified substantial yield reductions of up to 88% under multiple GCM simulations 

(CCLM-MPI-ESM, WRF-HADGEM2, and WRF-MPI-ESM) in the same agro-ecological region. 

4.4.2.2 Millet grain yield 

Millet exhibited a similar declining trend in grain yield as observed for maize under future climate 

scenarios (Figure 28b). Relative to the historical baseline, projections indicate that districts in 

Ghana may experience reductions in millet grain yield ranging from -22.51% to -33.54%, however, 

the largest reduction of -54.72% to -57.81% could occur in Burkina Faso (Figure 29b). These 

findings are consistent with prior regional studies, which have reported diverse changes in millet 

yield across the Sudanian and Sahelian zones of West Africa, including changes of 0% to 41% 

(Sultan et al., 2013), -5% to -10% (Maccarthy et al., 2021), -11% (P. Singh et al., 2017), and even 

-78.2% (Srivastava et al., 2025). The observed variation across districts in our study supports the 

variations reported in the previous studies. Although it is difficult to attribute these variations to a 

single factor, differences in cultivars commonly used by crop-livestock farmers may partly explain 

the disparities. Several simulation studies conducted in the Sudanian and Sahelian savannah zones 

of West Africa have demonstrated that climate change impacts are not uniform across all millet 

cultivars. Losses tend to be greater in high-yielding modern cultivars characterized by short growth 

cycles (Sultan et al., 2013). For instance, Sultan et al. (2023) reported yield reductions of 47% and 
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44% for short-cycle and long-cycle millet varieties, respectively, under the RCP8.5 emission 

scenario. 

 

 

Figure 28. Grain yield (a) Maize, (b) Millet, (c) Sorghum and (d) Peanut in future scenarios (2025-

2050) compared to baseline (2000-2024) in Kassena Nankana, Builsa North, Bongo (Ghana) and 

Loumbila, Ziniare, Zitenga (Burkina Faso). Error bars represent the standard deviation. 

4.4.2.3 Sorghum grain yield 

Model simulations projected a consistent decline in sorghum grain yield across all study districts; 

Bongo, Kassena Nankana, and Builsa North in Ghana, as well as Loumbila, Ziniaré, and Zitenga 

in Burkina Faso, when compared to the baseline period (Figure 28c). Specifically, grain yield 

reductions are estimated to range from −26.03% to −31.07% in the Ghanaian districts, and from 

−50.29% to −53.38% in those of Burkina Faso (Figure 29c). The magnitude of the decline is 

notably more pronounced in the districts within Burkina Faso, suggesting a higher level of 
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vulnerability to projected climatic changes. However, the relatively large standard deviations 

observed for both baseline and future yields indicate a degree of uncertainty in the model outputs 

(Figure 28c). Nonetheless, these findings align with earlier work by Sultan et al. (2014), which 

showed that climate change leads to yield declines in sorghum across West Africa, including 

regions in the central Sahel where precipitation may be increasing. Furthermore, the observed 

variability in projected yields may indicate an increased risk of crop failure under warmer 

conditions. In this study, future scenarios showed relatively higher maximum temperatures in the 

Burkina Faso districts (Figure 27), which could further exacerbate the negative impact on yield. 

Previous studies on C4 crops such as maize (Schlenker and Lobell, 2010), millet, and sorghum 

(Sultan et al., 2013) have consistently identified elevated temperatures as a primary driver of yield 

reductions under climate change scenarios. Therefore, identifying the most vulnerable regions and 

developing crop varieties with enhanced resilience should be a priority for designing effective 

adaptation strategies.    

4.4.3.4 Peanut grain yield 

Figure 28d illustrates the simulated peanut grain yields under baseline and future climate 

conditions across six districts; Bongo, Kassena Nankana, and Builsa North in Ghana, along with 

Loumbila, Ziniaré, and Zitenga in Burkina Faso. A comparison of future projections against the 

baseline indicates a consistent decline in peanut yields across all locations (Figure 28d). 

Specifically, yield reductions are estimated to range from −10.47% to −11.46% in the Ghanaian 

districts and −15% to −23% in those of Burkina Faso (Figure 29d). Notably, the magnitude of 

projected yield decline is greater in the Burkina Faso districts compared to those in Ghana. The 

extent of yield reduction for peanuts is smaller relative to the declines observed for maize, millet, 

and sorghum in this study (Figures 29a, 29b and 29c). This observation contrasts with findings by 

Van Duivenbooden et al. (2002), who argued that groundnut is more vulnerable to climate 

variability than millet, primarily due to its shallow root system and reliance on the more heat-

sensitive C3 photosynthetic pathway, unlike the more heat-resilient C4 pathway used by millet 

and maize (Van Duivenbooden et al., 2002). Similarly, Faye et al. (2018a) reported increases in 

peanut yields under rain-fed conditions, projecting gains of 11% and 19% under RCP 4.5 and RCP 

8.5 scenarios, respectively. Nonetheless, the results of the present study are in line with those 
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reported by Sarr and Camara (2018), who also documented reductions in peanut grain yield using 

simulations conducted with the DSSAT model. 

 

Figure 29. Percentage change in grain yield (a) Maize, (b) Millet, (c) sorghum, and (d) peanut in 

future scenarios (2025-2050) for Kassena Nankana, Builsa North, Bongo (Ghana) and Loumbila, 

Ziniaré, Zitenga (Burkina Faso) 

4.4.3 Livestock number under future climate scenarios 

Model projections indicate a consistent increase in livestock numbers across all study districts, 

including Bongo, Kassena Nankana, and Builsa North in Ghana, as well as Loumbila, Ziniaré, and 

Zitenga in Burkina Faso (Figure 30a). Specifically, livestock populations are projected to rise by 

approximately 181.73% to 181.75% in Ghanaian districts and by 181.65% to 181.67% in those 

located in Burkina Faso (Figure 30b). Notably, the absolute increases are more pronounced in the 

Ghanaian districts. These projected trends may have significant implications for mixed crop-

livestock systems (MCLS) within the study regions, given the important role of livestock in 

enhancing system productivity. Livestock contributes to food, draught power, manure production, 
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and socio-economic support at the farm level (Herrero et al., 2010; Peden et al., 2007). However, 

a simultaneous rise in livestock numbers (Figure 30a and b) and a projected decline in forage 

availability due to climate change (Godde et al., 2020) may present substantial challenges. 

Previous research indicates that grass biomass could decline by as much as 57% across the 

Sudanian and Sahelian zones of West Africa under future climate conditions (Srivastava et al., 

2025). On a broader scale, global herbaceous biomass is projected to decrease by 4.7% by 2050 

under RCP 8.5 (Godde et al., 2020). These dynamics suggest that the projected rise in livestock 

populations, in tandem with decreasing forage resources, could exacerbate grazing pressure, 

necessitating robust planning and sustainable pasture management strategies in the study regions. 

 

Figure 30. (a) Livestock number in future scenarios (2025-2050) compared to baseline (2000-

2024) and (b) percentage change in livestock number in future scenarios (2025-2050) for Kassena 

Nankana, Builsa North, Bongo (Ghana) and Loumbila, Ziniaré, Zitenga (Burkina Faso). 
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The assessment of the productivity of mixed crop-livestock farms in the Sudan savannah of West 

Africa through survey studies, model application, and climate scenario analysis was relatively 

successful in determining soil GHG emissions in MCLS, yield response to fertilizer practices, and 

projected grain yield of farmers under future climate scenarios.  

The objective of the meta-analysis was to determine the response patterns of nitrous oxide (N2O), 

methane (CH4), and carbon dioxide (CO2) emissions in MCLS across diverse environments and 

management scenarios. The study revealed that, drainage classes, stocking density, climate, soil 

texture, amount and type of nitrogen (N) fertilizers emerged as the primary contributors to both 

N2O and CH4 emissions. However, differences in CO2 emissions within categories of stocking 

density, climate, crop type, livestock type, tillage, N fertilizer amount and type were not 

significantly affected by MCLS. The primary moderating variables of GHGs emissions (N2O, CH4, 

CO2) from MCLS were, in descending order of importance: drainage class, stocking density, 

climate, amount of N fertilizer, fertilizer type, soil texture, crop type, tillage, livestock type, and 

MCLS type.  

Source of fertilizer, method of fertilizer application, timing of fertilizer application and the amount 

of nitrogen (N) are all fertilizer practices that influenced crop yield and should be considered as 

we aim to close yield gaps. In this study, no substantial reduction in grain and vegetable yields 

was observed when combining manure and chemical fertilizer to supply the crop nutrient demands. 

Applying fertilizer in furrows showed that subsurface application may be advantageous for 

improving yields even under adverse weather conditions such as drought or excessive rainfall. 

High variability between crop types and countries characterized yield responses to the timing of 

chemical fertilizer and manure applications. Yield gains with the amount of N applied did not 

correspond to the high N contribution from manure, confirming the variability in nutrient content 

and decomposition rates of manure used by MCLS farmers in our study. 

The study on simulation modelling provides insights into the SIMPACE model’s predictions 

across various MCLS farms and locations. The results suggest that at the district the model 

exhibited a slight and moderate overestimation of maize and sorghum grain yields, respectively, 

while it underestimated the yields of millet and peanut. Although the overall RMSE and MR values 
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were within acceptable limits, variability was observed at the district level across crop types. For 

instance, the model underestimated maize yields in Kassena Nankana and Zitenga, as well as 

sorghum yields in Zitenga, whereas an overestimation of peanut yield was noted in Kassena 

Nankana. In terms of livestock projections, the model consistently overestimated livestock 

numbers across all study districts when compared to observed data. In all, the SIMPLACE 

modelling framework was able to satisfactorily simulate the output of typical MCLS farms. 

Furthermore, our findings indicate that under future scenarios, climate change will result in 

decreased annual rainfall while increasing both minimum and maximum temperatures across all 

six studied districts. Similarly, grain yields of maize, millet, sorghum, and peanut are anticipated 

to decline in the near future (2025–2050). Furthermore, livestock numbers are expected to increase 

in all the study districts, with projections showing over a 100% increase compared to baseline 

populations. As a result, adaptation strategies such as the adoption of stress-tolerant cultivars, 

optimization of planting dates, and improved fertilization practices could offer feasible means to 

mitigate the negative impacts of climate change. Likewise, sustainable grazing land management 

should be promoted in the study districts and other ecologies facing similar projected increases in 

livestock populations. 

5.2 Recommendations 

Overall, results from the meta-analysis indicate that, under different environment and management 

factors, MCLS likely does not reduce soil GHG emissions compared to arable systems. Therefore, 

agronomic strategies to better manage applied chemical fertilizer and manure N deposit, must be 

developed to reduce GHG emission from soils in MCLS. Furthermore, we could not unveil the 

response patterns of N2O, CH4 and CO2 emissions in MCLS in Africa, Europe and Asia due to 

differences in system modalities and/or a paucity of published data. This underscores the need for 

further research to fully understand and quantify the effects of MCLS on GHG emissions at 

different regions and system types.  

Similarly, the survey study was carried out to address the basic question of the impact of fertilizer 

practices on yield of major crops in MCLS of Burkina Faso and Ghana. This has been achieved, 

with results improving our understanding of fertilizer practices that may help guide recommended 

fertilizer management in MCLS of these countries and similar ecologies in West Africa.  However, 

the results have also demonstrated that, in addition to an integrated approach to fertilizer 
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management including the appropriate source of fertilizer, method of placement, timing of 

application, and N rate, farm-specific agronomic management practices are necessary to ensure 

effective utilization of soil-applied nutrients. Therefore, farmer’s fertilizer practices must not only 

be based on a calendar date but also on an understanding of manure stoichiometry, crop genotype, 

soil fertility status, and crop’s growth stage.  

Furthermore, the results of the model simulation, suggest that overall model performance was 

satisfactory, as indicated by the relatively low RMSEs. However, the tendency of the SIMPLACE 

model to overestimate or underestimate grain yields across crop types and study locations 

highlights the need to fine‑tune parameters to account for variability in management decisions 

(e.g., cultivar selection, planting date), soil fertility status, and weather. 

While the data analyzed indicate that grain yields of maize, millet, sorghum, and peanut will 

decline under future climate conditions and livestock numbers will increase, this effects on 

smallholder mixed crop–livestock system (MCLS) farmers are not uniform due to diverse resource 

endowment. As a result, there is the need to characterize household diversity by identifying its 

main drivers, and adaptation strategies. Hence, to enhance the robustness of future climate 

scenarios, MCLS studies should employ typology construction to delineate farmer groups with 

shared characteristics and better capture this diversity. 

 

 

 

 

 

 

 

 

 



98 
 

References 

Abagandura, G. O., Şentürklü, S., Singh, N., Kumar, S., Landblom, D. G., & Ringwall, K. 

(2019). Impacts of crop rotational diversity and grazing under integrated crop-livestock 

system on soil surface greenhouse gas fluxes. PLoS ONE, 14(5), 1–18. 

https://doi.org/10.1371/journal.pone.0217069 

Acharya, P., Ghimire, R., Paye, W. S., Ganguli, A. C., & DelGrosso, S. J. (2022). Net 

greenhouse gas balance with cover crops in semi-arid irrigated cropping systems. Scientific 

Reports, 12(1). https://doi.org/10.1038/s41598-022-16719-w 

Acosta-Martínez, V., Zobeck, T. M., & Allen, V. (2004). Soil microbial, chemical and physical 

properties in continuous cotton and integrated crop–livestock systems. Soil Science Society 

of America Journal, 68(6), 1875–1884. https://doi.org/10.2136/SSSAJ2004.1875 

Adam, M., MacCarthy, D. S., Traoré, P. C. S., Nenkam, A., Freduah, B. S., Ly, M., & Adiku, S. 

G. K. (2020). Which is more important to sorghum production systems in the Sudano-

Sahelian zone of West Africa: Climate change or improved management practices? 

Agricultural Systems, 185, 102920. https://doi.org/10.1016/J.AGSY.2020.102920 

Addah, W., Adda, K. J., Addah, W., Abdul-Rahman, I., Rahman, N. A., & Kizito, F. (2022). 

Feeding stripped maize leaves to sheep improves their growth performance and school 

attendance among rural boys: a case of crop-livestock integration among smallholder 

farmers in northern Ghana. 

Adimassu, Z., Balana, B. B., Appoh, R., & Nartey, E. (2020). The use of the wetting front 

detector as an irrigation-scheduling tool for pepper production in the Upper East Region of 

Ghana: Evidence from field experiment and farmers’ perceptions. Irrigation and Drainage, 

69(4), 696–713. https://doi.org/10.1002/IRD.2454 

Adimassu, Z., Mul, M., & Owusu, A. (2023). Intra-seasonal rainfall variability and crop yield in 

the Upper East Region of Ghana. Environment, Development and Sustainability, 1–20. 

https://doi.org/10.1007/S10668-023-03861-2/TABLES/5 

Adjei-Nsiah, S., Alabi, B. U., Ahiakpa, J. K., & Kanampiu, F. (2018). Response of Grain 

Legumes to Phosphorus Application in the Guinea Savanna Agro-Ecological Zones of 

Ghana. Agronomy Journal, 110(3), 1089–1096. 

https://doi.org/10.2134/AGRONJ2017.11.0667 

Adu Boakyewaa, G., Abdulai, M. S., Alidu, H., S.K, N., Buah, S., & Kombiok, J. M. (2014). 



99 
 

Recommended Production Practices for Maize in Ghana. CSIR– Savanna Agricultural 

Research Institute. https://doi.org/10.13140/2.1.4376.3527 

Adzoyi, F. X. (2015). Extension agent handbook for soybean, Cowpea and Groundnut in 

Northern Ghana (B. D. K. Ahiabor & M. Fosu (eds.)). Disseminating Innovative Resources 

& Technologies to Smallholders (DIRTS) Project, IPA. 

Afi, M., & Parsons, J. (2023). Integrated vs. Specialized Farming Systems for Sustainable Food 

Production: Comparative Analysis of Systems’ Technical Efficiency in Nebraska. 

Sustainability, 15(6), 5413. https://doi.org/10.3390/SU15065413 

Agbor, M. E., Udo, S. O., Ewona, I. O., Nwokolo, S. C., Ogbulezie, J. C., & Amadi, S. O. 

(2023). Potential impacts of climate change on global solar radiation and PV output using 

the CMIP6 model in West Africa. Cleaner Engineering and Technology, 13, 100630. 

https://doi.org/10.1016/J.CLET.2023.100630 

Agostini, M. de los A., Studdert, G. A., San Martino, S., Costa, J. L., Balbuena, R. H., Ressia, J. 

M., Mendivil, G. O., & Lázaro, L. (2012). Crop residue grazing and tillage systems effects 

on soil physical properties and corn (Zea Mays L.) performance. Journal of Soil Science 

and Plant Nutrition, 12(2), 271–282. https://doi.org/10.4067/S0718-

95162012000200007/ABSTRACT 

AGRIDATA. (2019). AGRIDATA smart agriculture. Technical routes of millet production: case 

of the millet variety IKMP2. AGRIDATA, 2019. Available at AGRIDATA smart agriculture 

website. Acessed on June 18, 2023. https://agridatavalue.eu/ 

Agyeman, K., Osei-Bonsu, I., Berchie, J. ., Yeboah, S., Tengan, L. ., Marno, P., Adjei, A., & 

Apraku, M. (2021). Yield and Growth Performance of Drought Tolerant Maize Varieties in 

the Forest-Savanna Transition zone of Ghana. Agricultural and Food Science Journal of 

Ghana, 13(1), 1237–1246. https://www.ajol.info/index.php/afsjg/article/view/207873 

Akakpo, D. B. (2020). Grain legume fodders as ruminant feed in mixed crop-livestock systems in 

northern Ghana. Wageningen University and Research. 

Akinseye, F. M., Adam, M., Agele, S. O., Hoffmann, M. P., Traore, P. C. S., & Whitbread, A. 

M. (2017). Assessing crop model improvements through comparison of sorghum (sorghum 

bicolor L. moench) simulation models: A case study of West African varieties. Field Crops 

Research, 201, 19–31. https://doi.org/10.1016/j.fcr.2016.10.015 

Akinseye, F. M., Zagre, I., Faye, A., Joseph, J. E., Worou, O. N., & Whitbread, A. M. (2024). 



100 
 

Exploring adaptation strategies for smallholder farmers in dryland farming systems and 

impact on pearl millet production under climate change in West Africa. Frontiers in 

Agronomy, 6, 1428630. https://doi.org/10.3389/FAGRO.2024.1428630/BIBTEX 

Akiyama, H., McTaggart, I. P., Ball, B. C., & Scott, A. (2004). N 2O, NO, and NH 3 emissions 

from soil after the application of organic fertilizers, urea and water. Water, Air, and Soil 

Pollution, 156(1–4). https://doi.org/10.1023/B:WATE.0000036800.20599.46 

Alexandratos, N., & Bruinsma, J. (2012). World Agriculture towards 2030/2050: the 2012 

revision. In ESA Working paper (No. 12–03). www.fao.org/economic/esa 

Alhassan, A. R. M., Yang, C., Ma, W., & Li, G. (2021). Influence of conservation tillage on 

greenhouse gas fluxes and crop productivity in spring-wheat agroecosystems on the Loess 

Plateau of China. PeerJ, 9. https://doi.org/10.7717/PEERJ.11064/SUPP-2 

Almazroui, M., Saeed, F., Saeed, S., Nazrul Islam, M., Ismail, M., Klutse, N. A. B., & Siddiqui, 

M. H. (2020). Projected Change in Temperature and Precipitation Over Africa from CMIP6. 

Earth Systems and Environment, 4(3), 455–475. https://doi.org/10.1007/S41748-020-

00161-X/FIGURES/14 

Álvaro-Fuentes, J., López, M. V., Cantero-Martinez, C., & Arrúe, J. L. (2008). Tillage Effects on 

Soil Organic Carbon Fractions in Mediterranean Dryland Agroecosystems. Soil Science 

Society of America Journal, 72(2). https://doi.org/10.2136/sssaj2007.0164 

Amadori, C., Dieckow, J., Zanatta, J. A., de Moraes, A., Zaman, M., & Bayer, C. (2022). Nitrous 

oxide and methane emissions from soil under integrated farming systems in southern Brazil. 

Science of the Total Environment, 828. https://doi.org/10.1016/j.scitotenv.2022.154555 

Amankwaa-Yeboah, P., Aruna Akoriko, F., Amponsah, W., Yeboah, S., Brempong, M. B., & 

Keteku, A. K. (2023). Combining deficit irrigation and nutrient amendment enhances the 

water productivity of tomato (Solanum lycopersicum L.) in the tropics. Frontiers in 

Sustainable Food Systems, 7, 1199386. 

https://doi.org/10.3389/FSUFS.2023.1199386/BIBTEX 

Amanor-Boadu, V., Zereyesus, Y., Ross with Adeline Ofori-Bah, K., Adams, S., Asiedu-Dartey, 

J., Gutierrez, E., Hancock, A., Mzyece, A., & Salin, M. (2015). Agricultural Production 

Survey for the Northern Regions of Ghana: 2013-2014 Results Final Report. 

METSS/USAID Ghana. 

Ambus, J. V., Reichert, J. M., Gubiani, P. I., & de Faccio Carvalho, P. C. (2018). Changes in 



101 
 

composition and functional soil properties in long-term no-till integrated crop-livestock 

system. Geoderma, 330, 232–243. https://doi.org/10.1016/J.GEODERMA.2018.06.005 

Amejo, G. A., Gebere, M. Y., & Kassa, H. (2018). Integrating crop and livestock in smallholder 

production systems for food security and poverty reduction in sub-Saharan Africa. African 

Journal of Agricultural Research, 13(25), 1272–1282. 

https://doi.org/10.5897/AJAR2018.13020 

Amouzou, K. A., Lamers, J. P. A., Naab, J. B., Borgemeister, C., Vlek, P. L. G., & Becker, M. 

(2019). Climate change impact on water- and nitrogen-use efficiencies and yields of maize 

and sorghum in the northern Benin dry savanna, West Africa. Field Crops Research, 235, 

104–117. https://doi.org/10.1016/J.FCR.2019.02.021 

Andriesse, W., & Fresco, L. . (1991). A characterization of rice-growing environments in West 

Africa. Agriculture, Ecosystems and Environment, 33, 377–395. 

https://doi.org/10.1016/0167-8809(91)90059-7 

Ansah, T., Sahoo, A., Rahman, N. A., Kumawat, P. K., & Bhatt, R. S. (2021). In vitro 

digestibility and methane gas production of fodder from improved cowpea (Vigna 

unguiculata L.) and groundnut (Arachis hypogaea L.) varieties. Scientific African, 13. 

https://doi.org/10.1016/j.sciaf.2021.e00897 

Arfasa, G. F., Owusu-Sekyere, E., & Doke, D. A. (2024). Climate Change Projections and 

Impacts on Future Temperature, Precipitation, and Stream flow in the Vea Catchment, 

Ghana. Environmental Challenges, 14, 100813. 

https://doi.org/10.1016/J.ENVC.2023.100813 

Arnall, D. B., Mallarino, A. P., Ruark, M. D., Varvel, G. E., Solie, J. B., Stone, M. L., Mullock, 

J. L., Taylor, R. K., & Raun, W. R. (2013). Relationship between Grain Crop Yield 

Potential and Nitrogen Response. Agronomy Journal, 105(5), 1335–1344. 

https://doi.org/10.2134/AGRONJ2013.0034 

Asai, M., Moraine, M., Ryschawy, J., de Wit, J., Hoshide, A. K., & Martin, G. (2018). Critical 

factors for crop-livestock integration beyond the farm level: A cross-analysis of worldwide 

case studies. Land Use Policy, 73, 184–194. 

https://doi.org/10.1016/j.landusepol.2017.12.010 

Asgedom, H., & Kebreab, E. (2011). Beneficial management practices and mitigation of 

greenhouse gas emissions in the agriculture of the Canadian Prairie: A review. In Agronomy 



102 
 

for Sustainable Development (Vol. 31, Issue 3). https://doi.org/10.1007/s13593-011-0016-2 

Asibuo, J. Y., Akromah, R., Safo-Kantanka, O., Adu-Dapaah, H. K., Ohemeng-Dapaah, S., & 

Agyeman, A. (2008). Chemical composition of groundnut, Arachis hypogaea (L) landraces. 

African Journal of Biotechnology, 7(13). 

Asseng, S., Foster, I., & Turner, N. C. (2011). The impact of temperature variability on wheat 

yields. Global Change Biology, 17(2), 997–1012. https://doi.org/10.1111/J.1365-

2486.2010.02262.X 

Assmann, J. M., Anghinoni, I., Martins, A. P., Costa, S. E. V. G. de A., Cecagno, D., Carlos, F. 

S., Carvalho, P. C. de F., Assmann, J. M., Anghinoni, I., Martins, A. P., Costa, S. E. V. G. 

de A., Cecagno, D., Carlos, F. S., & Carvalho, P. C. de F. (2014). Soil carbon and nitrogen 

stocks and fractions in a long-term integrated crop-livestock system under no-tillage in 

southern Brazil. Agriculture, Ecosystems & Environment, 190, 52–59. 

https://doi.org/10.1016/J.AGEE.2013.12.003 

Assmann, J. M., Anghinoni, I., Martins, A. P., Costa, S. E. V. G. de A., Kunrath, T. R., Bayer, 

C., Carvalho, P. C. de F., & Franzluebbers, A. J. (2015). Carbon and nitrogen cycling in an 

integrated soybean-beef cattle production system under different grazing intensities. 

Pesquisa Agropecuária Brasileira, 50(10), 967–978. https://doi.org/10.1590/S0100-

204X2015001000013 

Ayanlade, A., Oladimeji, A. A., Okegbola, O. M., Eludoyin, A. O., Eslamian, S., Ayinde, A. F. 

O., & Perkins, P. E. (2022). Effect of Climate Change on Water Availability and Quality: 

An Assessment of Socio-Resilience in Nigeria. Disaster Risk Reduction for Resilience: 

Disaster and Social Aspects, 245–262. https://doi.org/10.1007/978-3-030-99063-3_11 

Babin, D., Deubel, A., Jacquiod, S., Sørensen, S. J., Geistlinger, J., Grosch, R., & Smalla, K. 

(2019). Impact of long-term agricultural management practices on soil prokaryotic 

communities. Soil Biology and Biochemistry, 129, 17–28. 

https://doi.org/10.1016/J.SOILBIO.2018.11.002 

Bado, B. V., Sedogo, M., Lompo, F., & Maman Laminou, S. M. (2018). Biological Nitrogen 

Fixation by Local and Improved Genotypes of Cowpea in Burkina Faso (West Africa): 

Total Nitrogen Accumulated can be used for Quick Estimation. Advances in Agriculture, 

2018(1), 9641923. https://doi.org/10.1155/2018/9641923 

Bado, B. V., Cescas, M. P., Bationo, A., Sedogo, M. P., Cescas, M. P., & Traore, T. (2013). 



103 
 

Influence of legumes on Nitrogen (N) fertilizer recommendations for succeeding sorghum 

in the Guinea Savannah of West Africa. African Journal of Agricultural Research, 8(49), 

6416–6421. https://doi.org/10.5897/AJAR2007.219 

Bakker, E. S., Olff, H., Boekhoff, M., Gleichman, J. M., & Berendse, F. (2004). Impact of 

herbivores on nitrogen cycling: Contrasting effects of small and large species. Oecologia, 

138(1). https://doi.org/10.1007/s00442-003-1402-5 

Ball, B. C. (2013). Soil structure and greenhouse gas emissions: A synthesis of 20 years of 

experimentation. European Journal of Soil Science, 64(3). 

https://doi.org/10.1111/ejss.12013 

Bamualim, A. M., Thalib, A., Anggraeni, Y. N., & Mariyono, D. (2008). Environmental 

Awareness on Beef Cattle Technology. Wartazoa, 18(3), 149–156. 

Barnard, R., Leadley, P. W., & Hungate, B. A. (2005). Global change, nitrification, and 

denitrification: a review. Global Biogeochemical Cycles, 19(1), 1–13. 

https://doi.org/10.1029/2004GB002282 

Barsotti, J. L., Sainju, U. M., Lenssen, A. W., Montagne, C., & Hatfield, P. G. (2013). Net 

Greenhouse Gas Emissions Affected by Sheep Grazing in Dryland Cropping Systems. Soil 

Science Society of America Journal, 77(3). https://doi.org/10.2136/sssaj2012.0386 

Bationo, A., Hartemink, A., Lungu, O., Naimi, M., Okoth, P., Smaling, E., Thiombiano, L., & 

Waswa, B. (2012). Improving Soil Fertility Recommendations in Africa using the Decision 

Support System for Agrotechnology Transfer (DSSAT). In J. Kihara, D. Fatondji, J. W. 

Jones, G. Hoogenboom, R. Tabo, & A. Bationo (Eds.), Springer. Springer Netherlands. 

https://doi.org/10.1007/978-94-007-2960-5_3 

Bationo, A., Rhodes, E., Smaling, E. M. A., & Visker, C. (1996). Technologies for restoring soil 

fertility. In A. U. Mokwunye, A. de Jager, & E. M. A. Smaling (Eds.), Restoring and 

maintaining the productivity of West African soils: key to sustainable development (pp. 61–

82). 

Baumhardt, R. L., Schwartz, R. C., Greene, L. W., & MacDonald, J. C. (2009). Cattle gain and 

crop yield for a dryland wheat-sorghum-fallow rotation. Agronomy Journal, 101(1), 150–

158. https://doi.org/10.2134/AGRONJ2008.0098 

Bayer, C., Gomes, J., Vieira, F. C. B., Zanatta, J. A., de Cássia Piccolo, M., & Dieckow, J. 

(2012). Methane emission from soil under long-term no-till cropping systems. Soil and 



104 
 

Tillage Research, 124. https://doi.org/10.1016/j.still.2012.03.006 

Beare, M. H., Gregorich, E. G., & St-Georges, P. (2009). Compaction effects on CO2 and N2O 

production during drying and rewetting of soil. Soil Biology and Biochemistry, 41(3), 611–

621. https://doi.org/10.1016/J.SOILBIO.2008.12.024 

Bédard, C., & Knowles, R. (1989). Physiology, biochemistry, and specific inhibitors of CH4, 

NH4+, and CO oxidation by methanotrophs and nitrifiers. Microbiological Reviews, 53(1). 

https://doi.org/10.1128/mr.53.1.68-84.1989 

Behnke, G. D., Zuber, S. M., Pittelkow, C. M., Nafziger, E. D., & Villamil, M. B. (2018). Long-

term crop rotation and tillage effects on soil greenhouse gas emissions and crop production 

in Illinois, USA. Agriculture, Ecosystems and Environment, 261. 

https://doi.org/10.1016/j.agee.2018.03.007 

Bell, L. W., Moore, A. D., & Kirkegaard, J. A. (2014). Evolution in crop–livestock integration 

systems that improve farm productivity and environmental performance in Australia. 

European Journal of Agronomy, 57, 10–20. https://doi.org/10.1016/J.EJA.2013.04.007 

Bjornlund, V., Bjornlund, H., & Van Rooyen, A. F. (2020). Why agricultural production in sub-

Saharan Africa remains low compared to the rest of the world – a historical perspective. 

International Journal of Water Resources Development, sup1, 1–34. 

https://doi.org/10.1080/07900627.2020.1739512 

Bliefernicht, J., Berger, S., Salack, S., Guug, S., Hingerl, L., Heinzeller, D., Mauder, M., 

Steinbrecher, R., Steup, G., Bossa, A. Y., Waongo, M., Quansah, E., Balogun, A. A., Yira, 

Y., Arnault, J., Wagner, S., Klein, C., Gessner, U., Knauer, K., … Ges-Sner, U. (2018). The 

WASCAL Hydrometeorological Observatory in the Sudan Savanna of Burkina Faso and 

Ghana. Vadose Zone Journal, 17(1), 1–20. https://doi.org/10.2136/VZJ2018.03.0065 

Boansi, D., Tambo, J. A., Müller, M., Boansi, D., Tambo, J. A., & Müller, M. (2019). Intra-

seasonal risk of agriculturally-relevant weather extremes in West African Sudan Savanna. 

ThApC, 135(1–2), 355–373. https://doi.org/10.1007/S00704-018-2384-X 

Bodelier, P. L. E., & Laanbroek, H. J. (2004). Nitrogen as a regulatory factor of methane 

oxidation in soils and sediments. FEMS Microbiology Ecology, 47(3), 265–277. 

https://doi.org/10.1016/S0168-6496(03)00304-0 

Bommarco, R., Kleijn, D., & Potts, S. G. (2013). Ecological intensification: harnessing 

ecosystem services for food security. Trends in Ecology & Evolution, 28(4), 230–238. 



105 
 

https://doi.org/10.1016/J.TREE.2012.10.012 

Bonetti,  de A. J., Paulino, H. B., de Souza, E. D., Carneiro, M. A. C., & da Silva, G. N. (2015). 

Influence of the integrated crop-livestock system on soil and soybean and brachiaria yield. 

Pesquisa Agropecuária Tropical, 45(1), 104–112. https://doi.org/10.1590/1983-

40632015V4529625 

Boogaard, H., Schubert, J., De Wit, A., Lazebnik, J., Hutjes, R., & Van der Grijn, G. (2020). 

Agrometeorological indicators from 1979 to present derived from reanalysis. Copernicus 

Climate Ghange Service (C3S) Climate Data Store (CDS). 

https://doi.org/10.24381/cds.6c68c9bb 

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009). Introduction to meta-

analysis. In Introduction to Meta-Analysis. https://doi.org/10.1002/9780470743386 

Bratti, F., Luiz Locatelli, J., Henrique Ribeiro, R., Renan Besen, M., Dieckow, J., Bayer, C., & 

Thiago Piva, J. (2022). Nitrous oxide and methane emissions affected by grazing and 

nitrogen fertilization in an integrated crop-livestock system. Geoderma, 425(June). 

https://doi.org/10.1016/j.geoderma.2022.116027 

Brewer, K. M., & Gaudin, A. C. M. (2020). Potential of crop-livestock integration to enhance 

carbon sequestration and agroecosystem functioning in semi-arid croplands. Soil Biology 

and Biochemistry, 149, 107936. https://doi.org/10.1016/J.SOILBIO.2020.107936 

Bridgham, S. D., Cadillo-Quiroz, H., Keller, J. K., & Zhuang, Q. (2013). Methane emissions 

from wetlands: Biogeochemical, microbial, and modeling perspectives from local to global 

scales. Global Change Biology, 19(5), 1325–1346. https://doi.org/10.1111/GCB.12131 

Buah, S. S. J., Kombiok, J. M., & Abatania, L. N. (2012). Grain Sorghum Response to NPK 

Fertilizer in the Guinea Savanna of Ghana. Journal of Crop Improvement, 26(1), 101–115. 

https://doi.org/10.1080/15427528.2011.616625 

Cabrera, V. E., Hildebrand, P. E., Jones, J. W., Letson, D., & De Vries, A. (2006). An integrated 

North Florida dairy farm model to reduce environmental impacts under seasonal climate 

variability. Agriculture, Ecosystems and Environment, 113(1–4), 82–97. 

https://doi.org/10.1016/j.agee.2005.08.039 

Cai, A., Xu, M., Wang, B., Zhang, W., Liang, G., Hou, E., & Luo, Y. (2019). Manure acts as a 

better fertilizer for increasing crop yields than synthetic fertilizer does by improving soil 

fertility. Soil and Tillage Research, 189, 168–175. 



106 
 

https://doi.org/10.1016/J.STILL.2018.12.022 

Cai, Y., Chang, S. X., & Cheng, Y. (2017). Greenhouse gas emissions from excreta patches of 

grazing animals and their mitigation strategies. In Earth-Science Reviews (Vol. 171). 

https://doi.org/10.1016/j.earscirev.2017.05.013 

Callo-Concha, D., Gaiser, T., Webber, H., Tischbein, B., Müller, M., & Ewert, F. (2013). 

Farming in the West African Sudan Savanna: Insights in the context of climate change. 

African Journal of Agricultural Research, 8(38), 4693–4705. 

https://doi.org/10.5897/AJAR2013.7153 

Campanha, M. M., de Oliveira, A. D., Marriel, I. E., Gontijo Neto, M. M., Malaquias, J. V., 

Landau, E. C., de Albuquerque Filho, M. R., Ribeiro, F. P., & de Carvalho, A. M. (2019). 

Effect of soil tillage and N fertilization on N2O mitigation in maize in the Brazilian 

Cerrado. Science of the Total Environment, 692. 

https://doi.org/10.1016/j.scitotenv.2019.07.315 

Carvalho, P. C. de F., Anghinoni, I., de Moraes, A., de Souza, E. D., Sulc, R. M., Lang, C. R., 

Flores, J. P. C., Terra Lopes, M. L., da Silva, J. L. S., Conte, O., de Lima Wesp, C., Levien, 

R., Fontaneli, R. S., & Bayer, C. (2010). Managing grazing animals to achieve nutrient 

cycling and soil improvement in no-till integrated systems. Nutrient Cycling in 

Agroecosystems, 88(2), 259–273. https://doi.org/10.1007/S10705-010-9360-X 

Carvalho, P. C. de F., Peterson, C. A., Nunes, P. A. de A., Martins, A. P., Filho, W. de S., 

Bertolazi, V. T., Kunrath, T. R., de Moraes, A., & Anghinoni, I. (2018). Animal production 

and soil characteristics from integrated crop-livestock systems: toward sustainable 

intensification. Journal of Animal Science, 96(8), 3513. 

https://doi.org/10.1093/JAS/SKY085 

Cathy, A., & Ripley, B. (2017). boot: Bootstrap R (S-Plus) functions. R package version 1.3-20. 

CRAN R Project. 

Cavigelli, M. A., Del Grosso, S. J., Liebig, M. A., Snyder, C. S., Fixen, P. E., Venterea, R. T., 

Leytem, A. B., McLain, J. E., & Watts, D. B. (2012). US agricultural nitrous oxide 

emissions: context, status, and trends. Frontiers in Ecology and the Environment, 10(10), 

537–546. https://doi.org/10.1890/120054 

Cecagno, D., de Andrade Costa, S. E. V. G., Anghinoni, I., Kunrath, T. R., Martins, A. P., 

Reichert, J. M., Gubiani, P. I., Balerini, F., Fink, J. R., & de Faccio Carvalho, P. C. (2016). 



107 
 

Least limiting water range and soybean yield in a long-term, no-till, integrated crop-

livestock system under different grazing intensities. Soil and Tillage Research, 156, 54–62. 

https://doi.org/10.1016/J.STILL.2015.10.005 

Chan, A. S. K., & Parkin, T. B. (2001). Effect of Land Use on Methane Flux from Soil. Journal 

of Environmental Quality, 30(3). https://doi.org/10.2134/jeq2001.303786x 

Chardon, X., Rigolot, C., Baratte, C., Espagnol, S., Raison, C., Martin-Clouaire, R., Rellier, J. P., 

Le Gall, A., Dourmad, J. Y., Piquemal, B., Leterme, P., Paillat, J. M., Delaby, L., Garcia, 

F., Peyraud, J. L., Poupa, J. C., Morvan, T., & Faverdin, P. (2012). MELODIE: A whole-

farm model to study the dynamics of nutrients in dairy and pig farms with crops. Animal, 

6(10), 1711–1721. https://doi.org/10.1017/S1751731112000687 

Chen, X., Henriksen, T. M., Svensson, K., & Korsaeth, A. (2020). Long-term effects of 

agricultural production systems on structure and function of the soil microbial community. 

Applied Soil Ecology, 147, 103387. https://doi.org/10.1016/J.APSOIL.2019.103387 

Chen, X., Lin, J., Tan, K., Pei, Y., & Wang, X. (2023). Cooperation between specialized 

cropping and livestock farms at local level reduces carbon footprint of agricultural system: 

A case study of recoupling maize-cow system in South China. Agriculture, Ecosystems & 

Environment, 348, 108406. https://doi.org/10.1016/J.AGEE.2023.108406 

Chen, X., Zhang, F., Römheld, V., Horlacher, D., Schulz, R., Böning-Zilkens, M., Wang, P., & 

Claupein, W. (2006). Synchronizing N supply from soil and fertilizer and N demand of 

winter wheat by an improved Nmin method. Nutrient Cycling in Agroecosystems, 74(2), 

91–98. https://doi.org/10.1007/S10705-005-1701-9/METRICS 

Chikowo, R., Corbeels, M., Mapfumo, P., Tittonell, P., Vanlauwe, B., & Giller, K. E. (2010). 

Nitrogen and phosphorus capture and recovery efficiencies, and crop responses to a range of 

soil fertility management strategies in sub-Saharan Africa. Nutrient Cycling in 

Agroecosystems, 88(1), 59–77. https://doi.org/10.1007/S10705-009-9303-6/TABLES/7 

Christensen, J. H., Kanikicharla, K. K., Aldrian, E., An, S. Il, Albuquerque Cavalcanti, I. F., de 

Castro, M., Dong, W., Goswami, P., Hall, A., Kanyanga, J. K., Kitoh, A., Kossin, J., Lau, 

N. C., Renwick, J., Stephenson, D. B., Xie, S. P., Zhou, T., Abraham, L., Ambrizzi, T., … 

Zou, L. (2013). Climate phenomena and their relevance for future regional climate change. 

In T. F. D. Stocker, G.-K. Qin, M. Plattner, S. K. Tignor, J. Allen, A. Boschung, & Y. X. 

Nauels (Eds.), Climate Change 2013 the Physical Science Basis: Working Group I 



108 
 

Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change (Vol. 9781107057, pp. 1217–1308). Cambridge University Press. 

https://doi.org/10.1017/CBO9781107415324.028 

Christenson, E., Jin, V. L., Schmer, M. R., Mitchell, R. B., & Redfearn, D. D. (2021). Soil 

greenhouse gas responses to biomass removal in the annual and perennial cropping phases 

of an integrated crop livestock system. Agronomy, 11(7). 

https://doi.org/10.3390/agronomy11071416 

Cicek, H., Thiessen Martens, J. R., Bamford, K. C., & Entz, M. H. (2014). Effects of grazing two 

green manure crop types in organic farming systems: N supply and productivity of 

following grain crops. Agriculture, Ecosystems & Environment, 190, 27–36. 

https://doi.org/10.1016/J.AGEE.2013.09.028 

Clegg, C. D. (2006). Impact of cattle grazing and inorganic fertiliser additions to managed 

grasslands on the microbial community composition of soils. Applied Soil Ecology, 31(1–2), 

73–82. https://doi.org/10.1016/J.APSOIL.2005.04.003 

Comas, L. H., Bauerle, T. L., & Eissenstat, D. M. (2010). Biological and environmental factors 

controlling root dynamics and function: Effects of root ageing and soil moisture. Australian 

Journal of Grape and Wine Research, 16(SUPPL. 1). https://doi.org/10.1111/j.1755-

0238.2009.00078.x 

Conrad, R. (1996). Soil microorganisms as controllers of atmospheric trace gases (H2, CO, CH4, 

OCS, N2O, and NO). Microbiological Reviews, 60(4), 609–640. 

https://doi.org/10.1128/MR.60.4.609-640.1996 

Coulibaly, P. J. d’Arc, Sawadogo, J., Bambara, Y. A. I., Ouédraogo, W. B. M., Legma, J. B., & 

Compaoré, E. (2021). Effect of Bio-Fertilizers on Tomato (Solanum Lycopersicum) 

Production and on Soil Physico-Chemical Properties in Sudan Area of Burkina Faso. 

Current Agriculture Research Journal, 9(1), 43–53. https://doi.org/10.12944/CARJ.9.1.06 

CUCE. (2007). Cornell University Cooperation Extension: Cation Exchange Capacity (CEC) 

Agronomy Fact Sheet Series. Department of Crop and Soil Sciences, College of Agriculture 

and Life Sciences, 22. http://nmsp.css.cornell.edu 

da Rocha Junior, P. R., Andrade, F. V., Santos Satiro, L., Donagemma, G. K., & de Sá 

Mendonça, E. (2018). Can short-term pasture management increase C balance in the 

Atlantic Rainforest? Environmental Monitoring and Assessment, 190(6). 



109 
 

https://doi.org/10.1007/s10661-018-6718-z 

da Silva, H. A., de Moraes, A., Carvalho, P. C. de F., da Fonseca, A. F., Caires, E. F., & Dias, C. 

T. dos S. (2014). Chemical and physical soil attributes in integrated crop-livestock system 

under no-tillage. Revista Ciência Agronômica, 45(5), 946–955. 

https://doi.org/10.1590/S1806-66902014000500010 

Da Silveira Bueno, R., Marchetti, L., Cocozza, C., Marchetti, M., & Salbitano, F. (2021). Could 

cattle ranching and soybean cultivation be sustainable? A systematic review and a meta-

analysis for the Amazon. IForest - Biogeosciences and Forestry, 14(3), 285. 

https://doi.org/10.3832/IFOR3779-014 

da Silveira Pontes, L., Barro, R. S., Savian, J. V., Berndt, A., Moletta, J. L., Porfírio-da-Silva, V., 

Bayer, C., & de Faccio Carvalho, P. C. (2018). Performance and methane emissions by beef 

heifer grazing in temperate pastures and in integrated crop-livestock systems: The effect of 

shade and nitrogen fertilization. Agriculture, Ecosystems & Environment, 253, 90–97. 

https://doi.org/10.1016/J.AGEE.2017.11.009 

Danso, I. (2015). Soil and water conservation technologies in the West African Sudan Savanna: 

Cropping system options to address variability of crop yield and impacts of climate change 

[Universitäts- und Landesbibliothek Bonn]. https://bonndoc.ulb.uni-

bonn.de/xmlui/handle/20.500.11811/6280 

Dardel, C. (2014). Entre désertification et reverdissement du Sahel : Diagnostic des observations 

spatiales et in situ [Université Paul Sabatier - Toulouse III]. https://theses.hal.science/tel-

00944267 

Davidson, E. A., & Swank, W. T. (1986). Environmental parameters regulating gaseous nitrogen 

losses from two forested ecosystems via nitrification and denitrification. Applied and 

Environmental Microbiology, 52(6). https://doi.org/10.1128/aem.52.6.1287-1292.1986 

Davison, A. C., & Hinkley, D. V. (1997). Bootstrap Methods and their Application. In Bootstrap 

Methods and their Application. https://doi.org/10.1017/cbo9780511802843 

de Albuquerque Nunes, P. A., Laca, E. A., de Faccio Carvalho, P. C., Li, M., de Souza Filho, W., 

Robinson Kunrath, T., Posselt Martins, A., & Gaudin, A. (2021). Livestock integration into 

soybean systems improves long-term system stability and profits without compromising 

crop yields. Scientific Reports, 11(1). https://doi.org/10.1038/S41598-021-81270-Z 

de Andrade Bonetti, J., Anghinoni, I., Ivonir Gubiani, P., Cecagno, D., & de Moraes, M. T. 



110 
 

(2019). Impact of a long-term crop-livestock system on the physical and hydraulic 

properties of an Oxisol. Soil and Tillage Research, 186, 280–291. 

https://doi.org/10.1016/J.STILL.2018.11.003 

de Camargo, T. A., Alves, L. A., Mendes, I. C., Gasques, L. R., Oliveira, L. G. S. de, Pires, G. 

C., Almeida, T. O., Carvalho, P. C. de F., & Souza, E. D. de. (2024). Enhancing soil quality 

and grain yields through fertilization strategies in integrated crop-livestock system under 

no-till in Brazilian Cerrado. European Journal of Soil Biology, 121, 103613. 

https://doi.org/10.1016/J.EJSOBI.2024.103613 

de Carvalho, A. M., de Oliveira, W. R. D., Ramos, M. L. G., Coser, T. R., de Oliveira, A. D., 

Pulrolnik, K., Souza, K. W., Vilela, L., & Marchão, R. L. (2017). Soil N2O fluxes in 

integrated production systems, continuous pasture and Cerrado. Nutrient Cycling in 

Agroecosystems, 108(1), 69–83. https://doi.org/10.1007/S10705-017-9823-4/METRICS 

de Carvalho, A. M., dos Santos, D. C. R., Ramos, M. L. G., Marchão, R. L., Vilela, L., de Sousa, 

T. R., Malaquias, J. V., de Araujo Gonçalves, A. D. M., Coser, T. R., & de Oliveira, A. D. 

(2022). Nitrous Oxide Emissions from a Long-Term Integrated Crop–Livestock System 

with Two Levels of P and K Fertilization. Land, 11(9). 

https://doi.org/10.3390/land11091535 

De Klein, C. A. M., & Ledgard, S. F. (2005). Nitrous oxide emissions from New Zealand 

agriculture - Key sources and mitigation strategies. Nutrient Cycling in Agroecosystems, 

72(1), 77–85. https://doi.org/10.1007/S10705-004-7357-Z/METRICS 

de Moraes, A., Carvalho, P. C. de F., Anghinoni, I., Lustosa, S. B. C., Costa, S. E. V. G. de A., & 

Kunrath, T. R. (2014). Integrated crop–livestock systems in the Brazilian subtropics. 

European Journal of Agronomy, 57, 4–9. https://doi.org/10.1016/J.EJA.2013.10.004 

de Oliveira, C. A. O., Bremm, C., Anghinoni, I., De Moraes, A., Kunrath, T. R., & De Faccio 

Carvalho, P. C. (2014). Comparison of an integrated crop–livestock system with soybean 

only: Economic and production responses in southern Brazil. Renewable Agriculture and 

Food Systems, 29(3), 230–238. https://doi.org/10.1017/S1742170513000410 

De Ridder, N., Breman, H., Van Keulen, H., & Stomph, T. J. (2004). Revisiting a ‘cure against 

land hunger’: soil fertility management and farming systems dynamics in the West African 

Sahel. Agricultural Systems, 80(2), 109–131. https://doi.org/10.1016/J.AGSY.2003.06.004 

de Souza, E. D., Costa, S. E. V. G. de A., Anghinoni, I., Carvalho, P. C. de F., de Oliveira, E. V. 



111 
 

F., Martins, A. P., Cao, E., & Andrighetti, M. (2010). Soil aggregation in a crop-livestock 

integration system under no-tillage. Revista Brasileira de Ciência Do Solo, 34(4), 1365–

1374. https://doi.org/10.1590/S0100-06832010000400033 

De Visscher, A., Boeckx, P., & Van Cleemput, O. (1998). Interaction between Nitrous Oxide 

Formation and Methane Oxidation in Soils: Influence of Cation Exchange Phenomena. 

Journal of Environmental Quality, 27(3). 

https://doi.org/10.2134/jeq1998.00472425002700030027x 

de Wit, C. T. (1992). Resource use efficiency in agriculture. Agricultural Systems, 40(1–3), 125–

151. https://doi.org/10.1016/0308-521X(92)90018-J 

Defoer, T., Budelman, A., Toulmin, C., & Carter, S. (2000). Managing soil fertility in the 

tropics. Building common knowledge: participatory learning and action research. Royal 

Tropical Institute, KIT Press, Amsterdam, the Netherlands. 

Defrance, D., Sultan, B., Castets, M., Famien, A. M., & Baron, C. (2020). Impact of Climate 

Change in West Africa on Cereal Production Per Capita in 2050. Sustainability, 12, 7585. 

https://doi.org/10.3390/su12187585 

Descheemaeker, K., Oosting, S. J., Homann-Kee Tui, S., Masikati, P., Falconnier, G. N., & 

Giller, K. E. (2016). Climate change adaptation and mitigation in smallholder crop–

livestock systems in sub-Saharan Africa: a call for integrated impact assessments. Regional 

Environmental Change, 16(8), 2331–2343. https://doi.org/10.1007/S10113-016-0957-

8/FIGURES/5 

Dhaliwal, J. K. (2021). Soil Organic Carbon , Hydro-Physical Properties , Pore Structure and 

Greenhouse Gas Fluxes under Integrated Crop-Livestock System. South Dakota State 

University. 

Dibabe, A. (2000). Effect of fertiliser on the yield and nodulation pattern of Faba Bean on a 

nitosol of Adet Northwestern Ethiopia. Journal of Natural Resources. 

Dieckow, J., Pergher, M., Piva, J. T., Moraes, A. De, Sakadevan, K., Alegre, P., Section, C. N., 

Atomic, I., & Agency, E. (2015). Soil nitrous oxide and methane fluxes in integrated crop-

livestock systems in subtropics. Soils Newsletter, 37(2), 11–12. 

Dobbie, K. E., & Smith, K. A. (2003). Nitrous oxide emission factors for agricultural soils in 

Great Britain: the impact of soil water-filled pore space and other controlling variables. 

Global Change Biology, 9(2), 204–218. https://doi.org/10.1046/J.1365-2486.2003.00563.X 



112 
 

Dogbe, W., Sogbedji, J. M., & Buah, S. S. J. (2015). Site-specific Nutrient Management for 

Lowland Rice in the Northern Savannah Zones of Ghana. Current Agriculture Research 

Journal, 3(2), 109–117. https://doi.org/10.12944/CARJ.3.2.04 

Doran, J. W., & Zeiss, M. R. (2000). Soil health and sustainability: managing the biotic 

component of soil quality. Applied Soil Ecology, 15(1), 3–11. 

https://doi.org/10.1016/S0929-1393(00)00067-6 

Dosio, A., Jury, M. W., Almazroui, M., Ashfaq, M., Diallo, I., Engelbrecht, F. A., Klutse, N. A. 

B., Lennard, C., Pinto, I., Sylla, M. B., & Tamoffo, A. T. (2021). Projected future daily 

characteristics of African precipitation based on global (CMIP5, CMIP6) and regional 

(CORDEX, CORDEX-CORE) climate models. Climate Dynamics, 57(11–12), 3135–3158. 

https://doi.org/10.1007/S00382-021-05859-W/FIGURES/12 

Douville, B. (2017). Impacts of Integrated Crop-livestock System on Soil Surface Greenhouse 

Gas Fluxes at a Farm Scale in South Dakota. University of South Dakota. 

Dueri, S., Calanca, P. L., & Fuhrer, J. (2007). Climate change affects farm nitrogen loss – A 

Swiss case study with a dynamic farm model. Agricultural Systems, 93(1–3), 191–214. 

https://doi.org/10.1016/J.AGSY.2006.05.005 

Dunne, J. P., Horowitz, L. W., Adcroft, A. J., Ginoux, P., Held, I. M., John, J. G., Krasting, J. P., 

Malyshev, S., Naik, V., Paulot, F., Shevliakova, E., Stock, C. A., Zadeh, N., Balaji, V., 

Blanton, C., Dunne, K. A., Dupuis, C., Durachta, J., Dussin, R., … Zhao, M. (2020). The 

GFDL Earth System Model Version 4.1 (GFDL-ESM 4.1): Overall Coupled Model 

Description and Simulation Characteristics. Journal of Advances in Modeling Earth 

Systems, 12(11). https://doi.org/10.1029/2019MS002015 

Dusenbury, M. P., Engel, R. E., Miller, P. R., Lemke, R. L., & Wallander, R. (2008). Nitrous 

Oxide Emissions from a Northern Great Plains Soil as Influenced by Nitrogen Management 

and Cropping Systems. Journal of Environmental Quality, 37(2), 542–550. 

https://doi.org/10.2134/JEQ2006.0395 

Dutaur, L., & Verchot, L. V. (2007). A global inventory of the soil CH4 sink. Global 

Biogeochemical Cycles, 21(4). https://doi.org/10.1029/2006GB002734 

Duval, S., & Tweedie, R. (2000). Trim and fill: A simple funnel-plot-based method of testing 

and adjusting for publication bias in meta-analysis. Biometrics, 56(2). 

https://doi.org/10.1111/j.0006-341X.2000.00455.x 



113 
 

Eghball, B., Wienhold, B. J., Gilley, J. E., & Eigenberg, R. A. (2002). Mineralization of manure 

nutrients. Journal of Soil and Water Conservation, 57(6), 470–473. 

https://www.jswconline.org/content/57/6/470 

Eldridge, D. J., Delgado-Baquerizo, M., Travers, S. K., Val, J., Oliver, I., Hamonts, K., & Singh, 

B. K. (2017). Competition drives the response of soil microbial diversity to increased 

grazing by vertebrate herbivores. Ecology, 98(7), 1922–1931. 

https://doi.org/10.1002/ECY.1879 

Enders, A., Diekkrüger, B., Laudien, R., Gaiser, T., & Bareth, G. (2010). The IMPETUS Spatial 

Decision Support Systems. In P. Speth, M. Christoph, & B. Diekkrüger (Eds.), Impacts of 

Global Change on the Hydrological Cycle in West and Northwest Africa (pp. 360–393). 

Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-12957-5_11 

Enders, A., Vianna, M., Gaiser, T., Krauss, G., Webber, H., Srivastava, A. K., Seidel, S. J., 

Tewes, A., Rezaei, E. E., & Ewert, F. (2023). SIMPLACE—a versatile modelling and 

simulation framework for sustainable crops and agroecosystems. In Silico Plants, 5(1), 

diad006. https://doi.org/10.1093/insilicoplants/diad006 

Entz, M. H., Bellotti, W. D., Powell, J. M., Angadi, S. V., Chen, W., Ominski, K. H., & Boelt, B. 

(2023). Evolution of integrated crop-livestock production systems. In Grassland: a global 

resource (pp. 137–148). Brill | Wageningen Academic. 

https://doi.org/10.3920/9789086865512_011 

Escarcha, J. F., Lassa, J. A., & Zander, K. K. (2018). Livestock Under Climate Change: A 

Systematic Review of Impacts and Adaptation. Climate 2018, Vol. 6, Page 54, 6(3), 54. 

https://doi.org/10.3390/CLI6030054 

Essilfie, M. E. (2019). Influence of Row Spacing and NPK Fertilizer on the Growth and Yield of 

Two Groundnut (Arachis hypogaea L.) Varieties under Rain-Fed Condition in the 

Transitional Zone of Ghana. International Journal of Agricultural Research, 15(1), 28–40. 

https://doi.org/10.3923/IJAR.2020.28.40 

FAO. (2020). World Programme for the Census of Agriculture. Programme, concepts and 

definitions FAO Statistical Development Series 15. 1(2015). 

Faye, A., & Akinsanola, A. A. (2022). Evaluation of extreme precipitation indices over West 

Africa in CMIP6 models. Climate Dynamics, 58(3–4), 925–939. 

https://doi.org/10.1007/S00382-021-05942-2/METRICS 



114 
 

Faye, B., Webber, H., Diop, M., Mbaye, M. L., Owusu-Sekyere, J. D., Naab, J. B., & Gaiser, T. 

(2018). Potential impact of climate change on peanut yield in Senegal, West Africa. Field 

Crops Research, 219, 148–159. https://doi.org/10.1016/J.FCR.2018.01.034 

Faye, B., Webber, H., Naab, J. B., MacCarthy, D. S., Adam, M., Ewert, F., Lamers, J. P. A., 

Schleussner, C. F., Ruane, A., Gessner, U., Hoogenboom, G., Boote, K., Shelia, V., Saeed, 

F., Wisser, D., Hadir, S., Laux, P., & Gaiser, T. (2018). Impacts of 1.5 versus 2.0 °c on 

cereal yields in the West African Sudan Savanna. Environmental Research Letters, 13(3). 

https://doi.org/10.1088/1748-9326/AAAB40 

Fernando, W. A. R. N., Xia, K., & Rice, C. W. (2005). Sorption and Desorption of Ammonium 

from Liquid Swine Waste in Soils. Soil Science Society of America Journal, 69(4). 

https://doi.org/10.2136/sssaj2004.0268 

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., 

Lean, J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., & Van 

Dorland, R. (2007). Changes in atmospheric constituents and in radiative forcing. Chapter 

2. https://www.osti.gov/etdeweb/biblio/20962164 

Franzluebbers, A. J. (2007). Integrated Crop–Livestock Systems in the Southeastern USA. 

Agronomy Journal, 99(2), 361–372. https://doi.org/10.2134/AGRONJ2006.0076 

Franzluebbers, A. J., Lemaire, G., de Faccio Carvalho, P. C., Sulc, R. M., & Dedieu, B. (2014). 

Toward agricultural sustainability through integrated crop-livestock systems: 

Environmental outcomes. AgEE, 190, 1–3. https://doi.org/10.1016/J.AGEE.2014.04.028 

Franzluebbers, A. J., Sawchik, J., & Taboada, M. A. (2014). Agronomic and environmental 

impacts of pasture-crop rotations in temperate North and South America. AgEE, 190, 18–

26. https://doi.org/10.1016/J.AGEE.2013.09.017 

Franzluebbers, A. J., Stuedemann, J. A., & Franklin, D. H. (2012). Water infiltration and surface-

soil structural properties as influenced by animal traffic in the Southern Piedmont USA. 

Renewable Agriculture and Food Systems, 27(4), 256–265. 

https://doi.org/10.1017/S1742170511000378 

Gamma, E., Helm, R., Johnson, R., & Vlissides, J. (1995). Design Patterns. Elements of 

Reusable Object-Oriented Software. Indianapolis: Pearson Deutschland GmbH. 

Ganyo, K. K., Muller, B., Ndiaye, M., Koudjo Gaglo, E., Guissé, A., & Adam, M. (2019). 

Defining Fertilization Strategies for Sorghum (Sorghum bicolor (L.) Moench) Production 



115 
 

Under Sudano-Sahelian Conditions: Options for Late Basal Fertilizer Application. 

Agronomy, 9, 697. https://doi.org/10.3390/agronomy9110697 

Garane, A., Yonli, D., Koussao, S., Nikiema, J., Traore, M., & Sawadogo, M. (2019). Influence 

des niveaux de fertilisation sur l’enherbement et l’efficacité des herbicides dans les 

parcelles d’oignon au centre du Burkina Faso. International Journal of Biological and 

Chemical Sciences, 13(4), 2158–2172. https://doi.org/10.4314/IJBCS.V13I4.22 

Garrett, R. D., Ryschawy, J., Bell, L. W., Cortner, O., Ferreira, J., N Garik, A. V, B Gil, J. D., 

Klerkx, L., Moraine, M., Peterson, C. A., dos Reis, J. C., Valentim, J. F., Ryschawy, J., 

Bell, L. W., Cortner, O., Ferreira, J., Victoria Garik, A. N., B Gil, J. D., Klerkx, L., … 

Valentim, J. F. (2020). Drivers of decoupling and recoupling of crop and livestock systems 

at farm and territorial scales. https://doi.org/10.5751/ES-11412-250124 

Geremew, B., Girma, A., & Birhanu, B. (2019). Effects of dry bioslurry and chemical fertilizers 

on tomato growth performance, fruit yield and soil properties under irrigated condition in 

Southern Ethiopian. African Journal of Agricultural Research, 14(33), 1685–1692. 

https://doi.org/10.5897/AJAR2019.14372 

Ghahramani, A., & Moore, A. D. (2016). Impact of climate changes on existing crop-livestock 

farming systems. Agricultural Systems, 146, 142–155. 

https://doi.org/10.1016/J.AGSY.2016.05.011 

Ghimire, R., Norton, J. B., Norton, U., Ritten, J. P., Stahl, P. D., & Krall, J. M. (2013). Long-

term farming systems research in the central High Plains. Renewable Agriculture and Food 

Systems, 28(2), 183–193. https://doi.org/10.1017/S1742170512000208 

Godde, C. M., Boone, R. B., Ash, A. J., Waha, K., Sloat, L. L., Thornton, P. K., & Herrero, M. 

(2020). Global rangeland production systems and livelihoods at threat under climate change 

and variability. Environmental Research Letters, 15(4). https://doi.org/10.1088/1748-

9326/AB7395 

Goudriaan, J., & van Laar, H. H. (2012). Modelling Potential Crop Growth Processes: textbook 

with exercises. Berlin, Germany: Springer Science & Business Media. 

https://books.google.de/books?hl=en&lr=&id=3FPtCAAAQBAJ&oi=fnd&pg=PA28&dq=

Goudriaan+J,+Van+Laar+HH.+2012.+Modelling+potential+crop+growth+pro-

+cesses:+textbook+with+exercises.+Berlin,+Germany:+Springer+Science+%26+Business+

Media&ots=ysatVXSYkM&sig=9kpnpTv 



116 
 

Guardia, G., Tellez-Rio, A., García-Marco, S., Martin-Lammerding, D., Tenorio, J. L., Ibáñez, 

M. Á., & Vallejo, A. (2016). Effect of tillage and crop (cereal versus legume) on 

greenhouse gas emissions and Global Warming Potential in a non-irrigated Mediterranean 

field. Agriculture, Ecosystems & Environment, 221, 187–197. 

https://doi.org/10.1016/J.AGEE.2016.01.047 

Güsewell, S., Jewell, P. L., & Edwards, P. J. (2005). Effects of heterogeneous habitat use by 

cattle on nutrient availability and litter decomposition in soils of an Alpine pasture. Plant 

and Soil, 268(1). https://doi.org/10.1007/s11104-004-0304-6 

Han, G., Hao, X., Zhao, M., Wang, M., Ellert, B. H., Willms, W., & Wang, M. (2008). Effect of 

grazing intensity on carbon and nitrogen in soil and vegetation in a meadow steppe in Inner 

Mongolia. Agriculture, Ecosystems and Environment, 125(1–4), 21–32. 

https://doi.org/10.1016/J.AGEE.2007.11.009 

Hanson, P. J., Edwards, N. T., Garten, C. T., & Andrews, J. A. (2000). Separating root and soil 

microbial contributions to soil respiration: A review of methods and observations. 

Biogeochemistry, 48(1). https://doi.org/10.1023/A:1006244819642 

Herrero, M., Thornton, P. K., Notenbaert, A. M., Wood, S., Msangi, S., Freeman, H. A., Bossio, 

D., Dixon, J., Peters, M., Van De Steeg, J., Lynam, J., Rao, P., MacMillan, S., Gerard, B., 

McDermott, J., Seré, C., & Rosegrant, M. (2010). Smart investments in sustainable food 

production: revisiting mixed crop-livestock systems. Science, 327(5967), 822–825. 

https://doi.org/10.1126/SCIENCE.1183725 

Hilimire, K. (2011). Integrated crop/livestock agriculture in the United States: A review. Journal 

of Sustainable Agriculture, 35(4), 376–393. https://doi.org/10.1080/10440046.2011.562042 

HLPE. (2019). Agroecological and other innovative approaches: A Report by The High Level 

Panel of Experts on Food Security and Nutrition. www.fao.org/cfs/cfs-hlpe 

Hochman, Z., Carberry, P. S., Robertson, M. J., Gaydon, D. S., Bell, L. W., McIntosh, P. C., 

Hochman, Z., Carberry, P. S., Robertson, M. J., Gaydon, D. S., Bell, L. W., & McIntosh, P. 

C. (2013). Prospects for ecological intensification of Australian agriculture. European 

Journal of Agronomy, 44, 109–123. https://doi.org/10.1016/J.EJA.2011.11.003 

Huo, P., Li, H., Huang, X., Ma, X., Liu, L., Ji, W., Liu, Y., & Gao, P. (2022). Dissolved 

greenhouse gas emissions from agricultural groundwater irrigation in the Guanzhong Basin 

of China. Environmental Pollution, 309, 119714. 



117 
 

https://doi.org/10.1016/J.ENVPOL.2022.119714 

Hütsch, B. W. (1998). Methane oxidation in arable soil as inhibited by ammonium, nitrite, and 

organic manure with respect to soil pH. Biology and Fertility of Soils, 28(1). 

https://doi.org/10.1007/s003740050459 

Hütsch, B. W., Webster, C. P., & Powlson, D. S. (1993). Long-term effects of nitrogen 

fertilization on methane oxidation in soil of the broadbalk wheat experiment. Soil Biology 

and Biochemistry, 25(10), 1307–1315. https://doi.org/10.1016/0038-0717(93)90045-D 

Ibrahim, M., Rafiq, M., Sultan, A., Akram, M., & Goheer, M. A. (2006). Green fodder yield and 

quality evaluation of maize and cowpea sown alone and in combination. J. Agric. Res, 

44(1), 15–21. 

Ikpe, F. N., & Powell, J. M. (2002). Nutrient cycling practices and changes in soil properties in 

the crop-livestock farming systems of western Niger Republic of West Africa. Nutrient 

Cycling in Agroecosystems, 62(1), 37–45. https://doi.org/10.1023/A:1015199114833 

IPCC. (2014). IPCC AR6 Experiment Descriptions: NOAA Physical Sciences Laboratory. 

https://psl.noaa.gov/ipcc/cmip6/exper.html 

IPCC. (2022). Climate Change 2022: Impacts, Adaptation and Vulnerability. IPCCWGARS 

Technical Summary. https://www.ipcc.ch/report/ar6/wg2/ 

Iqbal, A., Tang, X., Ali, I., Yuan, P., Khan, R., Khan, Z., Adnan, M., Wei, S., & Jiang, L. (2023). 

Integrating low levels of organic fertilizer improves soil fertility and rice yields in paddy 

fields by influencing microbial communities without increasing CH4 emissions. Applied 

Soil Ecology, 189, 104951. https://doi.org/10.1016/J.APSOIL.2023.104951 

Ishikawa, H., Drabo, I., Muranaka, S., & Boukar, O. (2013). Cowpea field guide for Burkina 

Faso. IITA. www.iita.org 

Islam, K., & Weil, R. (2000). Soil quality indicator properties in mid-Atlantic soils as influenced 

by conservation management. Journal of Soil and Water Conservation, 55(1), 69–78. 

https://www.jswconline.org/content/55/1/69.short 

Jalloh, A., Nelson, G., Thomas, T., Zougmore, R., & Roy-Macauley, H. (2013). West African 

Agriculture and Climate Change. A Comprehensive Analysis: International Food Policy 

Research Institute, 408. https://doi.org/10.2499/9780896292048 

Jarecki, M. K., Parkin, T. B., Chan, A. S. K., Hatfield, J. L., & Jones, R. (2008). Greenhouse Gas 

Emissions from Two Soils Receiving Nitrogen Fertilizer and Swine Manure Slurry. Journal 



118 
 

of Environmental Quality, 37(4). https://doi.org/10.2134/jeq2007.0427 

Jeremiah, K., Nyako, H. D., Malgwi, I. H., Yahaya, M. M., & Mohammed, I. D. (2015). Nutrient 

evaluation of total mixed rations used in ruminant feeding using maize bran, cowpea husk, 

poultry litter and groundnut haulms in a semi-arid environment of Nigeria. Annals of 

Biological Research, 6(4 PG-14–18). 

Jin, V. L., Schmer, M. R., Stewart, C. E., Mitchell, R. B., Williams, C. O., Wienhold, B. J., 

Varvel, G. E., Follett, R. F., Kimble, J., & Vogel, K. P. (2019). Management controls the 

net greenhouse gas outcomes of growing bioenergy feedstocks on marginally productive 

croplands. Science Advances, 5(12). https://doi.org/10.1126/SCIADV.AAV9318 

Jones, P. G., & Thornton, P. K. (2009). Croppers to livestock keepers: livelihood transitions to 

2050 in Africa due to climate change. Environmental Science and Policy, 12(4), 427–437. 

https://doi.org/10.1016/j.envsci.2008.08.006 

Kamali, B., Lorite, I. J., Webber, H. A., Rezaei, E. E., Gabaldon-Leal, C., Nendel, C., Siebert, S., 

Ramirez-Cuesta, J. M., Ewert, F., & Ojeda, J. J. (2022). Uncertainty in climate change 

impact studies for irrigated maize cropping systems in southern Spain. Scientific Reports 

2022, 12(1), 1–13. https://doi.org/10.1038/s41598-022-08056-9 

Kamara, A. (2017). Good agricultural practices for maize cultivation: the case of West Africa. In 

Achieving sustainable cultivation of maize Volume 2 (pp. 49–60). Burleigh Dodds Science 

Publishing Limited. https://doi.org/10.19103/AS.2016.0002.05 

Kanton, R., Asungre, P., Ansoba, E., Inusah, B., Bidzakin, J., Abubakari, M., Toah, P., Haggan, 

L., Totoe, C., & Akum, F. (2015). Evaluation of Pearl millet Varieties for Adaptation to the 

Semi-Arid Agro-Ecology of Northern Ghana. Journal of Agriculture and Ecology Research 

International, 3(1), 1–11. https://doi.org/10.9734/JAERI/2015/14640 

Karlen, D. L., Mausbach, M. J., Doran, J. W., Cline, R. G., Harris, R. F., & Schuman, G. E. 

(1997). Soil quality: A concept, definition, and framework for evaluation. Soil Science 

Society of America Journal, 61(1), 4–10. 

https://doi.org/10.2136/SSSAJ1997.03615995006100010001X 

Ker, A. D. R. (1995). Farming systems of the African savanna. 

Kermah, M., Adjei-Nsiah, S., & Ofosu, A. (2022). Soybean Production Manual: Good 

Agronomic Practices for Soybean Production in Northern Ghana (SSPiNG Pro). 

Wageningen University & Research; International Institute of Tropical Agriculture. 



119 
 

https://hdl.handle.net/10568/138391 

Khalid, A. A., Oppong Tuffour, H., Bonsu, M., Adjei-Gyapong, T., Abubakari, A., Yeboah 

Boateng, I., Melenya, C., & Kpotor, P. (2014). Effects of Poultry Manure and NPK 

Fertilizer on Growth and Yield of Garden Eggs (Solanum Melongena) in a Sandy Soil in 

Ghana. International Journal of Scientific Research in Knowledge, 2(6), 257–264. 

https://doi.org/10.12983/ijsrk-2014-p0257-0264 

Khelifa, R., Mahdjoub, H., Baaloudj, A., Cannings, R. A., & Samways, M. J. (2021). Effects of 

both climate change and human water demand on a highly threatened damselfly. Scientific 

Reports, 11(1), 1–11. https://doi.org/10.1038/s41598-021-86383-z 

Kim, S. U., Ruangcharus, C., Kumar, S., Lee, H. H., Park, H. J., Jung, E. S., & Hong, C. O. 

(2019). Nitrous oxide emission from upland soil amended with different animal manures. 

Applied Biological Chemistry, 62(1), 1–8. https://doi.org/10.1186/S13765-019-0409-

5/FIGURES/5 

Klutse, N. A. B., Sylla, M. B., Diallo, I., Sarr, A., Dosio, A., Diedhiou, A., Kamga, A., Lamptey, 

B., Ali, A., Gbobaniyi, E. O., Owusu, K., Lennard, C., Hewitson, B., Nikulin, G., Panitz, H. 

J., & Büchner, M. (2016). Daily characteristics of West African summer monsoon 

precipitation in CORDEX simulations. Theoretical and Applied Climatology, 123(1–2), 

369–386. https://doi.org/10.1007/S00704-014-1352-3 

Komarek, A. M., Abdul Rahman, N., Bandyopadhyay, A., Kizito, F., Koo, J., & Addah, W. 

(2021). Trade-offs and synergies associated with maize leaf stripping within crop-livestock 

systems in northern Ghana. Agricultural Systems, 193, 103206. 

https://doi.org/10.1016/J.AGSY.2021.103206 

Konfe, Z., Zonou, B., & Hien, E. (2019). Influence d’intrants innovants sur les propriétés du sol 

et la production de tomate (Solanum lycopersicum L.) et d’aubergine (Solanum melongena 

L.) sur un sol ferrugineux tropical en zone soudano-sahélienne au Burkina Faso. 

International Journal of Biological and Chemical Sciences, 13(4), 2129–2146. 

https://doi.org/10.4314/IJBCS.V13I4.20 

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World Map of the Köppen-

Geiger climate classification updated. Meteorologische Zeitschrift, 15(3), 259–263. 

https://doi.org/10.1127/0941-2948/2006/0130 

Kragt, M. E., Pannell, D. J., Robertson, M. J., & Thamo, T. (2012). Assessing costs of soil 



120 
 

carbon sequestration by crop-livestock farmers in Western Australia. Agricultural Systems, 

112, 27–37. https://doi.org/10.1016/J.AGSY.2012.06.005 

Krasting, J. P., John, J. G., Blanton, C., McHugh, C., Nikonov, S., Radhakrishnan, A., Rand, K., 

Zadeh, N. T., Balaji, V., & Durachta, J. (2018). Noaa-gfdl gfdl-esm4 model output prepared 

for CMIP6 CMIP historical. https://doi.org/10.22033/ESGF/CMIP6.8597 

Kumar, S., Nakajima, T., Kadono, A., Lal, R., & Fausey, N. (2014). Long-term tillage and 

drainage influences on greenhouse gas fluxes from a poorly drained soil of central Ohio. 

Journal of Soil and Water Conservation, 69(6), 553–563. 

https://doi.org/10.2489/JSWC.69.6.553 

Kumar, S., Sieverding, H., Lai, L., Thandiwe, N., Wienhold, B., Redfearn, D., Archer, D., Ussiri, 

D., Faust, D., Landblom, D., Grings, E., Stone, J. J., Jacquet, J., Pokharel, K., Liebig, M., 

Schmer, M., Sexton, P., Mitchell, R., Smalley, S., … Jin, V. (2019). Facilitating Crop–

Livestock Reintegration in the Northern Great Plains. Agronomy Journal, 111(5), 2141–

2156. https://doi.org/10.2134/AGRONJ2018.07.0441 

Lal, R., Singh, B. R., Mwaseba, D. L., Kraybill, D., Hansen, D. O., & Eik, L. O. (2015). 

Sustainable Intensification to Advance Food Security and Enhance Climate Resilience in 

Africa. In Sustainable Intensification to Advance Food Security and Enhance Climate 

Resilience in Africa. Springer International Publishing. https://doi.org/10.1007/978-3-319-

09360-4 

Lanzanova, M. E., Da Silveira Nicoloso, R., Lovato, T., Eltz, F. L. F., Amado, T. J. C., & 

Reinert, D. J. (2007). Soil physical attributes in integrated cattle raising-crop production 

system under no-tillage. Revista Brasileira de Ciência Do Solo, 31(5), 1131–1140. 

https://doi.org/10.1590/S0100-06832007000500028 

Larbi, A., Dung, D. D., Olorunju, P. E., Smith, J. W., Tanko, R. J., Muhammad, I. R., & 

Adekunle, I. O. (1999). Groundnut (Arachis hypogaea) for food and fodder in crop-

livestock systems: forage and seed yields, chemical composition and rumen degradation of 

leaf and stem fractions of 38 cultivars. Animal Feed Science and Technology, 77(1–2), 33–

47. https://doi.org/10.1016/S0377-8401(98)00238-7 

Larionova, A. A., Sapronov, D. V, Lopez de Gerenyu, V. O., Kuznetsova, L. G., & Kudeyarov, 

V. N. (2006). Contribution of plant root respiration to the CO2 emission from soil. Eurasian 

Soil Science, 39, 1127–1135. 



121 
 

Lazcano, C., Gonzalez-Maldonado, N., Yao, E. H., Wong, C. T. F., Merrilees, J. J., Falcone, M., 

Peterson, J. D., Casassa, L. F., & Decock, C. (2022). Sheep grazing as a strategy to manage 

cover crops in Mediterranean vineyards: Short-term effects on soil C, N and greenhouse gas 

(N2O, CH4, CO2) emissions. Agriculture, Ecosystems and Environment, 327, 107825. 

https://doi.org/10.1016/j.agee.2021.107825 

Lecain, D. R., Morgan, J. A., Schuman, G. E., Reeder, J. D., & Hart, R. H. (2000). Carbon 

exchange rates in grazed and ungrazed pastures of Wyoming. Journal of Range 

Management, 53(2). https://doi.org/10.2307/4003283 

Lee, J., McKnight, J., Skinner, L. S., Sherfy, A., Tyler, D., & English, B. (2018). Soil Carbon 

Dioxide Respiration in Switchgrass Fields: Assessing Annual, Seasonal and Daily Flux 

Patterns. Soil Systems, 2(1), 13. https://doi.org/10.3390/SOILSYSTEMS2010013 

Lehman, R. M., Cambardella, C. A., Stott, D. E., Acosta-Martinez, V., Manter, D. K., Buyer, J. 

S., Maul, J. E., Smith, J. L., Collins, H. P., Halvorson, J. J., Kremer, R. J., Lundgren, J. G., 

Ducey, T. F., Jin, V. L., & Karlen, D. L. (2015). Understanding and Enhancing Soil 

Biological Health: The Solution for Reversing Soil Degradation. Sustainability, 7(1), 988–

1027. https://doi.org/10.3390/SU7010988 

Leitner, S., Pelster, D. E., Werner, C., Merbold, L., Baggs, E. M., Mapanda, F., & Butterbach-

Bahl, K. (2020). Closing maize yield gaps in sub-Saharan Africa will boost soil N2O 

emissions. Current Opinion in Environmental Sustainability, 47, 95–105. 

https://doi.org/10.1016/J.COSUST.2020.08.018 

Lemaire, G., Franzluebbers, A., Carvalho, P. C. de F., & Dedieu, B. (2014). Integrated crop-

livestock systems: Strategies to achieve synergy between agricultural production and 

environmental quality. Agriculture, Ecosystems and Environment, 190, 4–8. 

https://doi.org/10.1016/j.agee.2013.08.009 

Li, S. X., Wang, Z. H., Hu, T. T., Gao, Y. J., & Stewart, B. A. (2009). Chapter 3 Nitrogen in 

Dryland Soils of China and Its Management. Advances in Agronomy, 101, 123–181. 

https://doi.org/10.1016/S0065-2113(08)00803-1 

Liaw, A., & Wiener, M. (2002). Classification and Regression by randomForest. R News, 2(3). 

Liebig, M. A., Faust, D. R., Archer, D. W., Christensen, R. G., Kronberg, S. L., Hendrickson, J. 

R., Lee, J. H., & Tanaka, D. L. (2021). Integrating beef cattle on cropland affects net global 

warming potential. Nutrient Cycling in Agroecosystems, 120(3), 289–305. 



122 
 

https://doi.org/10.1007/s10705-021-10150-9 

Liebig, M. A., Faust, D. R., Archer, D. W., Kronberg, S. L., Hendrickson, J. R., & Aukema, K. 

D. (2020). Grazing Effects on Nitrous Oxide Flux in an Integrated Crop-Livestock System. 

Agriculture, Ecosystems and Environment, 304. https://doi.org/10.1016/j.agee.2020.107146 

Liebig, M. A., Gross, J. R., Kronberg, S. L., & Phillips, R. L. (2010). Grazing Management 

Contributions to Net Global Warming Potential: A Long‐term Evaluation in the Northern 

Great Plains. Journal of Environmental Quality, 39(3), 799–809. 

https://doi.org/10.2134/JEQ2009.0272 

Liebig, M. A., Tanaka, D. L., Kronberg, S. L., Scholljegerdes, E. J., & Karn, J. F. (2012). 

Integrated crops and livestock in central North Dakota, USA: Agroecosystem management 

to buffer soil change. Renewable Agriculture and Food Systems, 27(2), 115–124. 

https://doi.org/10.1017/S1742170511000172 

Lin, C. H., McGraw, R. L., George, M. F., & Garrett, H. E. (1998). Shade effects on forage crops 

with potential in temperate agroforestry practices. Agroforestry Systems, 44(2–3), 109–119. 

https://doi.org/10.1023/A:1006205116354/METRICS 

Lingling, L., Renzhi, Z., Zhuzhu, L., Weili, L., Junhong, X., & Liqun, C. (2014). Evolution of 

soil and water conservation in rain-fed areas of China. International Soil and Water 

Conservation Research, 2(1). https://doi.org/10.1016/S2095-6339(15)30015-0 

Liniger, H. P., Studer, M. R., Hauert, C., & Gurtner, M. (2011). Sustainable land management in 

Practice: Guidelines and best practices for Sub-Saharan Africa. TerrAfrica, World 

Overview of Conservation Approaches and Technologies (WOCAT) and Food and 

Agriculture Organization of the United Nations (FAO), Rome, Italy. 

Liu, J., Fritz, S., van Wesenbeeck, C. F. A., Fuchs, M., You, L., Obersteiner, M., & Yang, H. 

(2008). A spatially explicit assessment of current and future hotspots of hunger in Sub-

Saharan Africa in the context of global change. Global and Planetary Change, 64(3–4), 

222–235. https://doi.org/10.1016/J.GLOPLACHA.2008.09.007 

Liu, L., Ouyang, Z., Hu, C., & Li, J. (2024). Quantifying direct CO2 emissions from organic 

manure fertilizer and maize residual roots using 13C labeling technique: A field study. The 

Science of the Total Environment, 906, 167603. 

https://doi.org/10.1016/J.SCITOTENV.2023.167603 

Liu, Q., Xu, H., & Yi, H. (2021). Impact of Fertilizer on Crop Yield and C:N:P Stoichiometry in 



123 
 

Arid and Semi-Arid Soil. International Journal of Environmental Research and Public 

Health, 18(8). https://doi.org/10.3390/IJERPH18084341 

Longbottom, M. L., & Petrie, P. R. (2015). Role of vineyard practices in generating and 

mitigating greenhouse gas emissions. Australian Journal of Grape and Wine Research, 21. 

https://doi.org/10.1111/ajgw.12197 

Lu, D., Song, H., Jiang, S., Chen, X., Wang, H., & Zhou, J. (2019). Managing fertiliser 

placement locations and source types to improve rice yield and the use efficiency of 

nitrogen and phosphorus. Field Crops Research, 231, 10–17. 

https://doi.org/10.1016/J.FCR.2018.11.004 

Maccarthy, D. S., Adam, M., Freduah, B. S., Fosu-Mensah, B. Y., Ampim, P. A. Y., Ly, M., 

Traore, P. S., & Adiku, S. G. K. (2021). Climate change impact and variability on cereal 

productivity among smallholder farmers under future production systems in west africa. 

Sustainability, 13(9), 5191. https://doi.org/10.3390/SU13095191/S1 

MacCarthy, D. S., Agyare, W. A., & Vlek, P. L. G. (2018). Evaluation of soil properties of the 

Sudan Savannah ecological zone of Ghana for crop production. Ghana Journal of 

Agricultural Science, 52, 95–104. https://www.ajol.info/index.php/gjas/article/view/179646 

Mangalassery, S., Sjögersten, S., Sparkes, D. L., Sturrock, C. J., Craigon, J., & Mooney, S. J. 

(2014). To what extent can zero tillage lead to a reduction in greenhouse gas emissions from 

temperate soils? Scientific Reports 2014 4:1, 4(1), 1–8. https://doi.org/10.1038/srep04586 

Marenya, P. P., & Barrett, C. B. (2009). Soil quality and fertilizer use rates among smallholder 

farmers in western Kenya. Agricultural Economics, 40(5), 561–572. 

https://doi.org/10.1111/J.1574-0862.2009.00398.X 

Martin, G., Moraine, M., Ryschawy, J., Magne, M. A., Asai, M., Sarthou, J. P., Duru, M., & 

Therond, O. (2016). Crop–livestock integration beyond the farm level: a review. Agronomy 

for Sustainable Development, 36(3). https://doi.org/10.1007/S13593-016-0390-X 

Martins, A. P., Andrade Costa, S. E. V. G. d., Anghinoni, I., Kunrath, T. R., Balerini, F., 

Cecagno, D., & Carvalho, P. C. de F. (2014). Soil acidification and basic cation use 

efficiency in an integrated no-till crop-livestock system under different grazing intensities. 

Agriculture, Ecosystems and Environment, 195, 18–28. 

https://doi.org/10.1016/J.AGEE.2014.05.012 

Martins, A. P., Costa, S. E. V. G. de A., Anghinoni, I., Kunrath, T. R., Cecagno, D., Reichert, J. 



124 
 

M., Balerini, F., Dillenburg, L. R., & Carvalho, P. C. de F. (2016). Soil moisture and 

soybean physiology affected by drought in an integrated crop-livestock system. Pesquisa 

Agropecuária Brasileira, 51(8), 978–989. https://doi.org/10.1590/S0100-

204X2016000800010 

Martucci do Couto, G., Eisenhauer, N., Batista de Oliveira, E., Cesarz, S., Patriota Feliciano, A. 

L., & Marangon, L. C. (2016). Response of soil microbial biomass and activity in early 

restored lands in the northeastern Brazilian Atlantic Forest. Restoration Ecology, 24(5), 

609–616. https://doi.org/10.1111/REC.12356 

Masikati, P., Homann Kee-Tui, S., Descheemaeker, K., Sisito, G., Senda, T., Crespo, O., & 

Nhamo, N. (2017). Integrated assessment of crop–livestock production systems beyond 

biophysical methods: role of systems simulation models. Smart Technologies for 

Sustainable Smallholder Agriculture: Upscaling in Developing Countries, 257–278. 

https://doi.org/10.1016/B978-0-12-810521-4.00013-X 

Masikati, P., Tui, S. H.-K., Descheemaeker, K., Crespo, O., Walker, S., Lennard, C. J., 

Claessens, L., Gama, A. C., Famba, S., van Rooyen, A. F., & Valdivia, R. O. (2015). Crop–

Livestock Intensification in the Face of Climate Change: Exploring Opportunities to Reduce 

Risk and Increase Resilience in Southern Africa by Using an Integrated Multi-modeling 

Approach. Poster Session Presented at Poster at Conference ASA, CSSA & SSSA 

International Annual Meetings. Long Beach, CA, USA., 159–198. 

https://doi.org/10.1142/9781783265640_0017 

Maze, M., Taqi, M. O., Tolba, R., Abdel-Wareth, A. A. A., & Lohakare, J. (2024). Estimation of 

methane greenhouse gas emissions from livestock in Egypt during 1989 to 2021. Scientific 

Reports, 14(1), 14992. https://doi.org/10.1038/S41598-024-63011-0 

McDonald, M. D., Lewis, K. L., DeLaune, P. B., Hux, B. A., Boutton, T. W., & Gentry, T. J. 

(2022). Nitrogen fertilizer driven nitrous and nitric oxide production is decoupled from 

microbial genetic potential in low carbon, semi-arid soil. Frontiers in Soil Science, 2, 

1050779. https://doi.org/10.3389/FSOIL.2022.1050779/BIBTEX 

Mintah, F., Mohammed, Y. Z., Lamptey, S., & Ahiabor, B. D. K. (2020). Growth and Yield 

Responses of Cowpea and Groundnut to Five Rhizobial Inoculant Strains in the Guinea 

Savanna Zone of Ghana. Advances in Agriculture, 2020(1), 8848823. 

https://doi.org/10.1155/2020/8848823 



125 
 

Mitchell, C. W., Kowal, J. M., & Kassam, A. H. (1979). Agricultural Ecology of Savanna: A 

Study of West Africa. The Geographical Journal, 145(3), 478. 

https://www.academia.edu/73722590/Agricultural_Ecology_of_Savanna_A_Study_of_Wes

t_Africa 

Moahmmed, A. M., Mahama, G. Y., Issah, A. A., Haruna, B., Seidu, Y., Ayuba, J., Haruna, A., 

Jnr, I. Y., Krofa, E. O., & Abubakari, M. (2023). Growth and yield of maize towards N–

P2O5–K2O recommendation in Northern Ghana. Vegetos, 37(4), 1662–1668. 

https://doi.org/10.1007/S42535-023-00707-0 

MoFA (Ministry of Food and Agriculture). (2022). Agriculture in Ghana: Facts and figures 

(2021). Statistics, Research and Information Directorate (SRID), Accra. 

http://www.srid.mofa.gov.gh 

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G. (2009). Preferred reporting items for 

systematic reviews and meta-analyses: the PRISMA statement. BMJ, 339(7716), 332–336. 

https://doi.org/10.1136/BMJ.B2535 

Moraine, M., Duru, M., Nicholas, P., Leterme, P., & Therond, O. (2014). Farming system design 

for innovative crop-livestock integration in Europe. Animal, 8(8), 1204–1217. 

https://doi.org/10.1017/S1751731114001189 

Moraine, M., Melac, P., Ryschawy, J., Duru, M., & Therond, O. (2017). A participatory method 

for the design and integrated assessment of crop-livestock systems in farmers’ groups. 

Ecological Indicators, 72, 340–351. https://doi.org/10.1016/J.ECOLIND.2016.08.012 

Moreau, P., Ruiz, L., Vertès, F., Baratte, C., Delaby, L., Faverdin, P., Gascuel-Odoux, C., 

Piquemal, B., Ramat, E., Salmon-Monviola, J., & Durand, P. (2013). CASIMOD’N: An 

agro-hydrological distributed model of catchment-scale nitrogen dynamics integrating 

farming system decisions. Agricultural Systems, 118, 41–51. 

https://doi.org/10.1016/j.agsy.2013.02.007 

Moro, B. M., Nuhu, I. R., & Toshiyuki, W. (2008). Determining optimum rates of mineral 

fertilizers for economic rice grain yields under the “Sawah” system in Ghana. West African 

Journal of Applied Ecology, 12(1). https://doi.org/10.4314/WAJAE.V12I1.45770 

Morton, J. F. (2007). The impact of climate change on smallholder and subsistence agriculture. 

Proceedings of the National Academy of Sciences of the United States of America, 104(50), 

19680–19685. https://doi.org/10.1073/PNAS.0701855104 



126 
 

Mosier, A. R., Halvorson, A. D., Reule, C. A., & Liu, X. J. (2006). Net global warming potential 

and greenhouse gas intensity in irrigated cropping systems in northeastern Colorado. 

Journal of Environmental Quality, 35(4), 1584–1598. 

https://doi.org/10.2134/JEQ2005.0232 

Mosisa, W., Dechassa, N., Kibret, K., Zeleke, H., & Bekeko, Z. (2022). Effects of timing and 

nitrogen fertilizer application rates on maize yield components and yield in eastern 

Ethiopia. Agrosystems, Geosciences & Environment, 5(4), e20322. 

https://doi.org/10.1002/AGG2.20322 

Nachtergaele, F., van Velthuizen, H., Verelst, L., Wiberg, D., Henry, M., Chiozza, F., Yigini, Y., 

Aksoy, E., Batjes, N., Boateng, E., & Fisher, G. (2023). Harmonized World Soil Database 

version 2.0. Food and Agriculture Organization of the United Nations. 

https://doi.org/10.4060/cc3823en 

Nafi, E., Webber, H., Danso, I., Naab, J. B., Frei, M., & Gaiser, T. (2021). Can reduced tillage 

buffer the future climate warming effects on maize yield in different soil types of West 

Africa? Soil and Tillage Research, 205. https://doi.org/10.1016/j.still.2020.104767 

Naser, H. M., Nagata, O., Tamura, S., & Hatano, R. (2007). Methane emissions from five paddy 

fields with different amounts of rice straw application in central Hokkaido, Japan. Soil 

Science and Plant Nutrition, 53(1). https://doi.org/10.1111/j.1747-0765.2007.00105.x 

Neto, M. S., Piccolo, M. de C., Junior, C. C., Cerri, C. C., & Bernoux, M. (2011). Greenhouse 

gas emission caused by different land-uses in Brazilian savannah. Revista Brasileira de 

Ciencia Do Solo, 35(1), 63–76. https://doi.org/10.1590/S0100-06832011000100006 

Nguyen, T. H., Langensiepen, M., Hueging, H., Gaiser, T., Seidel, S. J., & Ewert, F. (2022). 

Expansion and evaluation of two coupled root–shoot models in simulating CO2 and H2O 

fluxes and growth of maize. Vadose Zone Journal, 21(3), e20181. 

https://doi.org/10.1002/VZJ2.20181 

Nicholson, S. E., Acs, F., Bordi, I., & Wang, D.-Y. (2013). The West African Sahel: A Review 

of Recent Studies on the Rainfall Regime and Its Interannual Variability. International 

Scholarly Research Notices, 2013(1), 453521. https://doi.org/10.1155/2013/453521 

Niemiec, M., Chowaniak, M., Zuzek, D., Komorowska, M., Mamurovich, G. S., Gafurovich, K. 

K., Usmanov, N., Kamilova, D., Rahmonova, J., & Rashidov, N. (2021). Effect of nitrogen 

fertilization on yield of grapes and fertilization efficiency in gissar valley of the republic of 



127 
 

tajikistan*. Journal of Elementology, 26(1). https://doi.org/10.5601/jelem.2020.25.1.1967 

Niggol Seo, S., Mendelsohn, R., Kurukulasuriya, P., Hassan, R., Benhin, J., Dinar, A., Deressa, 

T., Diop, M., Mohamed Eid, H., Yerfi Fosu, K., Gbetibouo, G., Jain, S., Mahamadou, A., 

Mano, R., Mariara, J., El-Marsafawy, S., Molua, E., Ouedraogo, M., & Sène, I. (2007). The 

Impact of Climate Change on Livestock Management in Africa : A Structural Ricardian 

Analysis. https://doi.org/10.1596/1813-9450-4279 

Nkebiwe, P. M., Weinmann, M., Bar-Tal, A., & Müller, T. (2016). Fertilizer placement to 

improve crop nutrient acquisition and yield: A review and meta-analysis. Field Crops 

Research, 196, 389–401. https://doi.org/10.1016/J.FCR.2016.07.018 

Nogueira, A. K. da S., Rodrigues, R. de A. R., da Silva, J. J. N., Botin, A. A., da Silveira, J. G., 

Mombach, M. A., Armacolo, N. M., & Romeiro, S. de O. (2016). Nitrous oxide fluxes in an 

integrated crop-livestock-forestry system. Pesquisa Agropecuária Brasileira, 51(9), 1156–

1162. https://doi.org/10.1590/S0100-204X2016000900015 

Ntare, B. R. ., Ndjeunga, J., & Waliyar, F. (2008). Development of Sustainable Groundnut Seed 

Systems in West Africa. Proceedings of the Final Workshop 2-3 July 2007 Bamako, Mali. 

International Crops Research Institute for the Semi-Arid Tropics , Patancheru, Andhra 

Pradesh, India., 188. 

Nye, P. H., & Greenland, D. J. . (1960). The soil under shifting cultivation. Commonwealth 

Agricultural Bureaux, Farnham Royal. 

https://books.google.com/books/about/The_Soil_Under_Shifting_Cultivation.html?hl=de&i

d=6Ea3nQEACAAJ 

Nyoni, R. S., Bruelle, G., Chikowo, R., & Andrieu, N. (2024). Targeting smallholder farmers for 

climate information services adoption in Africa: A systematic literature review. Climate 

Services, 34, 100450. https://doi.org/10.1016/J.CLISER.2024.100450 

Oehler, F., Durand, P., Bordenave, P., Saadi, Z., & Salmon-Monviola, J. (2009). Modelling 

denitrification at the catchment scale. The Science of the Total Environment, 407(5), 1726–

1737. https://doi.org/10.1016/J.SCITOTENV.2008.10.069 

Okafor, G. C., Larbi, I., Chukwuma, E. C., Nyamekye, C., Limantol, A. M., & Dotse, S. Q. 

(2021). Local climate change signals and changes in climate extremes in a typical Sahel 

catchment: The case of Dano catchment, Burkina Faso. Environmental Challenges, 5. 

https://doi.org/10.1016/j.envc.2021.100285 



128 
 

Olaleye, A., Peak, D., Shorunke, A., Dhillon, G., Oyedele, D., Adebooye, O., & Akponikpe, P. 

B. I. (2020). Effect of manure and urea fertilization on yield, carbon speciation and 

greenhouse gas emissions from vegetable production systems of Nigeria and republic of 

Benin: A phytotron study. Agronomy, 10(3). https://doi.org/10.3390/agronomy10030400 

Olorunju, P. E., Ntare, B. R., Babalola, O. A., & Alabi, O. (1995). Workshop on Nationally 

Coordinated Groundnut Research. Workshop on Nationally Coordinated Groundnut 

Research Project, 47. 

OSS. (2019). Sahel and West Africa - Atlas of land cover maps - Strengthening Resilience 

through services related to innovation, communication and knowledge - BRICKS (Benin, 

Burkina Faso, Chad, Ethiopia, Ghana, Mali, Mauritania, Niger, Nigeria, Senegal, Sudan 

and Togo. www.oss-online.org/fr/publications. 

Ouédraogo, E. (2004). Soil quality improvement for crop production in semi-arid West 

Africa.Tropical resource management papers; No. 51). Wageningen University and 

Research Centre. https://research.wur.nl/en/publications/soil-quality-improvement-for-crop-

production-in-semi-arid-west-af 

Ouedraogo, Y., Taonda, J. B. S., Sermé, I., Tychon, B., & Bielders, C. L. (2022). Drivers of 

sorghum response to fertilizer microdosing on smallholder farms across Burkina Faso. Field 

Crops Research, 288, 108709. https://doi.org/10.1016/J.FCR.2022.108709 

Ozlu, E., & Kumar, S. (2018). Response of surface GHG fluxes to long-term manure and 

inorganic fertilizer application in corn and soybean rotation. Science of the Total 

Environment, 626. https://doi.org/10.1016/j.scitotenv.2018.01.120 

Palé, S., Mason, S. C., & Taonda, S. J. B. (2009). Water and fertilizer influence on yield of grain 

sorghum varieties produced in Burkina Faso. South African Journal of Plant and Soil, 

26(2), 91–97. https://doi.org/10.1080/02571862.2009.10639939 

Pandey, D., Agrawal, M., & Bohra, J. S. (2013). Impact of four tillage permutations in rice-

wheat system on GHG performance of wheat cultivation through carbon footprinting. 

Ecological Engineering, 60. https://doi.org/10.1016/j.ecoleng.2013.07.020 

Pärn, J., Verhoeven, J. T. A., Butterbach-Bahl, K., Dise, N. B., Ullah, S., Aasa, A., Egorov, S., 

Espenberg, M., Järveoja, J., Jauhiainen, J., Kasak, K., Klemedtsson, L., Kull, A., Laggoun-

Défarge, F., Lapshina, E. D., Lohila, A., Lõhmus, K., Maddison, M., Mitsch, W. J., … 

Mander, Ü. (2018). Nitrogen-rich organic soils under warm well-drained conditions are 



129 
 

global nitrous oxide emission hotspots. Nature Communications, 9(1). 

https://doi.org/10.1038/s41467-018-03540-1 

Parsons, D., Nicholson, C. F., Blake, R. W., Ketterings, Q. M., Ramírez-Aviles, L., Fox, D. G., 

Tedeschi, L. O., & Cherney, J. H. (2011). Development and evaluation of an integrated 

simulation model for assessing smallholder crop–livestock production in Yucatán, Mexico. 

Agricultural Systems, 104(1), 1–12. https://doi.org/10.1016/J.AGSY.2010.07.006 

Peden, D., Tadesse, G., Misra, A. . ., Ahmed, F. A., Astatke, A., Ayalneh, W., Herrero, M., 

Kiwuwa, G., Kumsa, T., Mati, B., Mpairwe, D., Wassenaar, T., & Yimegnuhal, A. (2007). 

Water and livestock for human development. IWMI Books, Reports H040205. 

https://ideas.repec.org/p/iwt/bosers/h040205.html 

Peterson, C. A., Deiss, L., & Gaudin, A. C. M. (2020). Commercial integrated crop-livestock 

systems achieve comparable crop yields to specialized production systems: A meta-

analysis. PLOS ONE, 15(5), e0231840. https://doi.org/10.1371/JOURNAL.PONE.0231840 

Peyraud, J. L., Taboada, M., & Delaby, L. (2014). Integrated crop and livestock systems in 

Western Europe and South America: A review. European Journal of Agronomy, 57, 31–42. 

https://doi.org/10.1016/J.EJA.2014.02.005 

Pilecco, G. E., Weiler, D. A., Aita, C., Schmatz, R., Chaves, B., & Giacomini, S. J. (2019). 

Ryegrass early sowing into soybean to mitigate nitrous oxide emissions in a subtropical 

integrated crop-livestock system. Agriculture, Ecosystems and Environment, 272, 276–284. 

https://doi.org/10.1016/J.AGEE.2018.11.006 

Pittelkow, C. M., Liang, X., Linquist, B. A., Van Groenigen, L. J., Lee, J., Lundy, M. E., Van 

Gestel, N., Six, J., Venterea, R. T., & Van Kessel, C. (2015). Productivity limits and 

potentials of the principles of conservation agriculture. Nature, 517(7534). 

https://doi.org/10.1038/nature13809 

Piva, J. T., Dieckow, J., Bayer, C., Zanatta, J. A., de Moraes, A., Tomazi, M., Pauletti, V., Barth, 

G., & Piccolo, M. de C. (2014). Soil gaseous N2O and CH4 emissions and carbon pool due 

to integrated crop-livestock in a subtropical Ferralsol. Agriculture, Ecosystems and 

Environment, 190, 87–93. https://doi.org/10.1016/J.AGEE.2013.09.008 

Piva, J. T., Sartor, L. R., Sandini, I. E., de Moraes, A., Dieckow, J., Bayer, C., & da Rosa, C. M. 

(2019). Emissions of nitrous oxide and methane in a subtropical ferralsol subjected to 

nitrogen fertilization and sheep grazing in integrated crop-livestock system. Revista 



130 
 

Brasileira de Ciencia Do Solo, 43, 1–13. https://doi.org/10.1590/18069657rbcs20180140 

Plaza-Bonilla, D., Álvaro-Fuentes, J., Bareche, J., Pareja-Sánchez, E., Justes, É., & Cantero-

Martínez, C. (2018). No-tillage reduces long-term yield-scaled soil nitrous oxide emissions 

in rainfed Mediterranean agroecosystems: A field and modelling approach. Agriculture, 

Ecosystems and Environment, 262. https://doi.org/10.1016/j.agee.2018.04.007 

Plaza-Bonilla, D., Cantero-Martínez, C., Bareche, J., Arrúe, J. L., & Álvaro-Fuentes, J. (2014). 

Soil carbon dioxide and methane fluxes as affected by tillage and N fertilization in dryland 

conditions. Plant and Soil, 381(1–2). https://doi.org/10.1007/s11104-014-2115-8 

Porter, J. R., & Semenov, M. A. (2005). Crop responses to climatic variation. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 360(1463), 2021–2035. 

https://doi.org/10.1098/RSTB.2005.1752 

Powell, J. M. (2014). Feed and manure use in low-N-input and high-N-input dairy cattle 

production systems. Environmental Research Letters, 9(11), 115004. 

https://doi.org/10.1088/1748-9326/9/11/115004 

Powell, J. M., Fernández Rivera, S., Hiernaux, P. H. Y., & Turner, M. (1996). Nutrient cycling 

in integrated rangeland/cropland systems of the Sahel. In N. E. West (Ed.), Rangelands in a 

sustainable biosphere. Proceedings of the Fifth International Rangeland Congress, Salt 

Lake City, Utah, USA, 23-28 July, 1995. Volume 2: Invited presentations. Society for Range 

Management. https://hdl.handle.net/10568/50882 

Powell, J. M., Pearson, R. A., & Hiernaux, P. H. (2004). Crop–Livestock Interactions in the 

West African Drylands. Agronomy Journal, 96(2), 469–483. 

https://doi.org/10.2134/AGRONJ2004.4690 

Prudencio, C. Y. (1993). Ring management of soils and crops in the west African semi-arid 

tropics: The case of the mossi farming system in Burkina Faso. Agriculture, Ecosystems and 

Environment, 47(3), 237–264. https://doi.org/10.1016/0167-8809(93)90125-9 

Rahman, N. A., Ansah, T., Osuman, A. S., Stephen, F., & Amppiah, A. (2019). Improved 

Arachis hypogeae variety effect on grain yield, fodder quality and livestock growth. 

Agriculture and Natural Resources, 53(3), 244–250. 

https://doi.org/10.34044/J.ANRES.2019.53.3.05 

Rahman, N. A., Larbi, A., Opoku, A., Tetteh, F. M., & Hoeschle-Zeledon, I. (2019). Crop-

livestock interaction effect on soil quality and maize yield in Northern Ghana. Agronomy 



131 
 

Journal, 111(2), 907–916. https://doi.org/10.2134/AGRONJ2018.08.0523 

Rai, T., Kumar, S., Nleya, T., & Hoogenboom, G. (2022). Simulating the impact of crop–

livestock interaction on crop performance using DSSAT. Agrosystems, Geosciences & 

Environment, 5(4), e20303. https://doi.org/10.1002/AGG2.20303 

Ranasinghe, R., Ruane, A. C., Vautard, R., Arnell, N., Coppola, E., Cruz, F. A., Dessai, S., 

Islam, A. S., Rahimi, M., Ruiz, D. C., Sillmann, J., Sylla, M. B., Tebaldi, C., Wang, W., & 

Zaaboul, R. (2021). Climate Change Information for Regional Impact and for Risk 

Assessment. In V. Masson-Delmotte, P. Zhai, A. Pirani, S. Connors, C. Péan, S. Berger, N. 

Caud, Y. Chen, L. Goldfarb, M. . Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. . 

Matthews, T. . Maycock, T. Waterfield, O. Yelekçi, R. Yu, & B. ZhOU (Eds.), Climate 

Change 2021 – The Physical Science Basis (Climate Ch, pp. 1767–1926). Cambridge 

University Press. https://doi.org/10.1017/9781009157896.014 

Regan, J. T., Marton, S., Barrantes, O., Ruane, E., Hanegraaf, M., Berland, J., Korevaar, H., 

Pellerin, S., & Nesme, T. (2017). Does the recoupling of dairy and crop production via 

cooperation between farms generate environmental benefits? A case-study approach in 

Europe. European Journal of Agronomy, 82, 342–356. 

https://doi.org/10.1016/j.eja.2016.08.005 

Reganold, J. P., & Palmer, A. S. (1995). Significance of gravimetric versus volumetric 

measurements of soil quality under biodynamic, conventional, and continuous grass 

management. Journal of Soil and Water Conservation, 50(3), 298–305. 

https://www.jswconline.org/content/50/3/298 

Ribeiro, R. H., Ibarr, M. A., Besen, M. R., Bayer, C., & Piva, J. T. (2020). Managing grazing 

intensity to reduce the global warming potential in integrated crop–livestock systems under 

no-till agriculture. European Journal of Soil Science, 71(6), 1120–1131. 

https://doi.org/10.1111/ejss.12904 

Rigolot, C., de Voil, P., Douxchamps, S., Prestwidge, D., Van Wijk, M., Thornton, P. K., 

Rodriguez, D., Henderson, B., Medina, D., & Herrero, M. (2017). Interactions between 

intervention packages, climatic risk, climate change and food security in mixed crop–

livestock systems in Burkina Faso. Agricultural Systems, 151, 217–224. 

https://doi.org/10.1016/J.AGSY.2015.12.017 

Robinson, T. P., Thornton, P. K., Francesconi, G. N., Kruska, R. L., Chiozza, F., Notenbaert, A. 



132 
 

M. O., Cecchi, G., Herrero, M., Epprecht, M., Fritz, S., You, L., Conchedda, G., & See, L. 

(2011). Global livestock production systems. In Poultry Science (Vol. 84, Issue 11). FAO 

and ILRI. https://hdl.handle.net/10568/10537 

Rosenberg, M. S. (2005). The file-drawer problem revisited: A general weighted method for 

calculating fail-safe numbers in meta-analysis. Evolution, 59(2). 

https://doi.org/10.1111/j.0014-3820.2005.tb01004.x 

Ross, S. M., Izaurralde, R. C., Janzen, H. H., Robertson, J. A., & McGill, W. B. (2008). The 

nitrogen balance of three long-term agroecosystems on a boreal soil in western Canada. 

Agriculture, Ecosystems and Environment, 127(3–4). 

https://doi.org/10.1016/j.agee.2008.04.007 

Roudier, P., Sultan, B., Quirion, P., & Berg, A. (2011). The impact of future climate change on 

West African crop yields: What does the recent literature say? Global Environmental 

Change, 21(3), 1073–1083. https://doi.org/10.1016/J.GLOENVCHA.2011.04.007 

Rufino, M. C., Dury, J., Tittonell, P., van Wijk, M. T., Herrero, M., Zingore, S., Mapfumo, P., & 

Giller, K. E. (2011). Competing use of organic resources, village-level interactions between 

farm types and climate variability in a communal area of NE Zimbabwe. Agricultural 

Systems, 104(2), 175–190. https://doi.org/10.1016/J.AGSY.2010.06.001 

Rufino, M. C., Gachene, C. K. K., Diogo, R. V. C., Hawkins, J., Onyango, A. A., Sanogo, O. M., 

Wanyama, I., Yesuf, G., & Pelster, D. E. (2021). Sustainable Development Of Crop-

Livestock Farms In Africa. Frontiers of Agricultural Science and Engineering, 8(1), 175–

181. https://doi.org/10.15302/J-FASE-2020362 

Russelle, M. P., Entz, M. H., & Franzluebbers, A. J. (2007). Reconsidering integrated crop-

livestock systems in North America. Agronomy Journal, 99(2), 325–334. 

https://doi.org/10.2134/AGRONJ2006.0139 

Rutkowska, B., Szulc, W., Sosulski, T., Skowrońska, M., & Szczepaniak, J. (2018). Impact of 

reduced tillage on CO2 emission from soil under maize cultivation. Soil and Tillage 

Research, 180. https://doi.org/10.1016/j.still.2018.02.012 

Rychel, K. (2023). Fertilizer placement for improved nitrogen use efficiency and mitigation of 

N2O emissions [Swedish University of Agricultural Sciences]. 

https://doi.org/10.54612/a.323phkg6bv 

Ryschawy, J., Choisis, N., Choisis, J. P., Joannon, A., & Gibon, A. (2012). Mixed crop-livestock 



133 
 

systems: an economic and environmental-friendly way of farming? Animal, 6(10), 1722–

1730. https://doi.org/10.1017/S1751731112000675 

Ryschawy, J., Martin, G., Moraine, M., Duru, M., & Therond, O. (2017). Designing crop–

livestock integration at different levels: Toward new agroecological models? Nutrient 

Cycling in Agroecosystems, 108(1), 5–20. https://doi.org/10.1007/S10705-016-9815-9 

Saba, F., Cornelis, J. T., Sawadogo, H., Lefebvre, D., Bacia, R. K. I., Cisse, D., Bandaogo, A. A., 

Mamadou, T., & Nacro, H. B. (2023). Nutrient-charged biochars increased nutrient-use 

efficiency in a cotton–maize rotation in Burkina Faso. Agronomy Journal, 115(2), 958–975. 

https://doi.org/10.1002/AGJ2.21283 

Sadeghi, M., Babaeian, E., Tuller, M., & Jones, S. B. (2018). Particle size effects on soil 

reflectance explained by an analytical radiative transfer model. Remote Sensing of 

Environment, 210, 375–386. https://doi.org/10.1016/J.RSE.2018.03.028 

Saggar, S., Tate, K. R., Giltrap, D. L., & Singh, J. (2008). Soil-atmosphere exchange of nitrous 

oxide and methane in New Zealand terrestrial ecosystems and their mitigation options: A 

review. Plant and Soil, 309(1–2), 25–42. https://doi.org/10.1007/S11104-007-9421-3 

Sainju, U. M., Jabro, J. D., & Stevens, W. B. (2008). Soil Carbon Dioxide Emission as 

Influenced by Irrigation, Tillage, Cropping System, and Nitrogen Fertilization. Journal of 

Environmental Quality, 37, 98–106. https://doi.org/10.1016/j.still.2011.10.020 

Sainju, U. M., Lenssen, A. W., Goosey, H. B., Snyder, E., & Hatfield, P. G. (2011). Sheep 

Grazing in a Wheat-Fallow System Affects Dryland Soil Properties and Grain Yield. Soil 

Science Society of America Journal, 75(5), 1789–1798. 

https://doi.org/10.2136/SSSAJ2010.0202 

Salton, J. C., Mercante, F. M., Tomazi, M., Zanatta, J. A., Concenço, G., Silva, W. M., & Retore, 

M. (2014). Integrated crop-livestock system in tropical Brazil: Toward a sustainable 

production system. Agriculture, Ecosystems & Environment, 190, 70–79. 

https://doi.org/10.1016/J.AGEE.2013.09.023 

Sanchez, P. A. (1976). Properties and Management of Soils in the Tropics. John Wiley and Sons. 

www.cambridge.org 

Sanderson, M. A., Archer, D., Hendrickson, J., Kronberg, S., Liebig, M., Nichols, K., Schmer, 

M., Tanaka, D., & Aguilar, J. (2013). Diversification and ecosystem services for 

conservation agriculture: Outcomes from pastures and integrated crop-livestock systems. 



134 
 

Renewable Agriculture and Food Systems, 28(2), 129–144. 

https://doi.org/10.1017/S1742170512000312 

Sandhu, S., Sekaran, U., Ozlu, E., Hoilett, N. O., & Kumar, S. (2019). Short-term impacts of 

biochar and manure application on soil labile carbon fractions, enzyme activity, and 

microbial community structure. Biochar, 1(3), 271–282. https://doi.org/10.1007/S42773-

019-00025-2/TABLES/7 

Sandwidi, J. P. (2007). Groundwater potential to supply population demand within the 

Kompienga dam basin in Burkina Faso. https://bonndoc.ulb.uni-

bonn.de/xmlui/handle/20.500.11811/2734 

Sangaré, M., Fernández-Rivera, S., Hiernaux, P., Bationo, A., & Pandey, V. (2002). Influence of 

dry season supplementation for cattle on soil fertility and millet (Pennisetum glaucum L.) 

yield in a mixed crop/livestock production system of the Sahel. Nutrient Cycling in 

Agroecosystems, 62(3), 209–217. https://doi.org/10.1023/A:1021237626450 

Sanou, C. L., Neya, O., Agodzo, S. K., Antwi-Agyei, P., Bessah, E., Belem, M., & Balima, L. H. 

(2023). Trends and impacts of climate change on crop production in Burkina Faso. Journal 

of Water and Climate Change, 14(8), 2773–2787. https://doi.org/10.2166/WCC.2023.137 

Sarr, A. B., & Camara, M. (2018). Simulation of the impact of climate change on peanut yield in 

Senegal. International Journal of Physical Sciences, 13(5), 79–89. 

https://doi.org/10.5897/IJPS2017.4710 

Sarto, M. V. M., Borges, W. L. B., Sarto, J. R. W., Pires, C. A. B., Rice, C. W., & Rosolem, C. 

A. (2020). Soil microbial community and activity in a tropical integrated crop-livestock 

system. Applied Soil Ecology, 145, 103350. https://doi.org/10.1016/J.APSOIL.2019.08.012 

Sato, J. H., de Carvalho, A. M., de Figueiredo, C. C., Coser, T. R., de Sousa, T. R., Vilela, L., & 

Marchão, R. L. (2017). Nitrous oxide fluxes in a Brazilian clayey oxisol after 24 years of 

integrated crop-livestock management. Nutrient Cycling in Agroecosystems, 108(1), 55–68. 

https://doi.org/10.1007/s10705-017-9822-5 

Sato, J. H., de Figueiredo, C. C., Marchão, R. L., de Oliveira, A. D., Vilela, L., Delvico, F. M., 

Alves, B. J. R., & de Carvalho, A. M. (2019). Understanding the relations between soil 

organic matter fractions and N2O emissions in a long-term integrated crop–livestock 

system. European Journal of Soil Science, 70(6), 1183–1196. 

https://doi.org/10.1111/ejss.12819 



135 
 

Sawadogo, J., Coulibaly, P. J. d’Arc, Beogo, M., Savadogo, C. A., & Legma, J. B. (2022). 

Effects of biological fertilizers on the yields of onion (Allium Cepa L.) and on soil physico-

chemical, microbiological properties in the Centre-weste of Burkina Faso. International 

Journal of Innovation and Applied Studies, 35(2), 249–259. http://www.ijias.issr-

journals.org/abstract.php?article=IJIAS-21-296-01 

Sawadogo, W., Neya, T., Semde, I., Korahiré, J. A., Combasséré, A., Traoré, D. E., Ouedraogo, 

P., Diasso, U. J., Abiodun, B. J., Bliefernicht, J., & Kunstmann, H. (2024). Potential 

impacts of climate change on the sudan-sahel region in West Africa – Insights from Burkina 

Faso. Environmental Challenges, 15, 100860. https://doi.org/10.1016/J.ENVC.2024.100860 

Schindler, J. (2009). A multi-agent system for simulating land-use and land-cover change in the 

Atankwidi catchment of Upper East Ghana [University of Bonn]. http://hss.ulb.uni-

bonn.de/diss_online 

Schlecht, E., Fernandez-Rivera, S., & Hiernaux, P. (1998). Timing, size and N-concentration of 

faecal and urinary excretions in cattle, sheep and goats–can they be used for better 

manuring of cropland. Soil Fertility Management in West African Land Use Systems, 361–

368. 

Schlenker, W., & Lobell, D. B. (2010). Robust negative impacts of climate change on African 

agriculture. Environmental Research Letters, 5(1). https://doi.org/10.1088/1748-

9326/5/1/014010 

Schoenholtz, S., Miegroet, H. Van, And, J. B.-F. ecology, & 2000, U. (2000). A review of 

chemical and physical properties as indicators of forest soil quality: challenges and 

opportunities. Forest Ecology and Management, 138(1–3), 335–356. 

https://doi.org/10.1016/S0378-1127(00)00423-0 

Schoumans, O. F., Chardon, W. J., Bechmann, M. E., Gascuel-Odoux, C., Hofman, G., 

Kronvang, B., Rubæk, G. H., Ulén, B., & Dorioz, J. M. (2014). Mitigation options to reduce 

phosphorus losses from the agricultural sector and improve surface water quality: A review. 

Science of The Total Environment, 468–469, 1255–1266. 

https://doi.org/10.1016/J.SCITOTENV.2013.08.061 

Sejian, V., Bhatta, R., Malik, P. K., Madiajagan, B., Al-Hosni, Y. A. S., Sullivan, M., & 

Gaughan, J. B. (2016). Livestock as Sources of Greenhouse Gases and Its Significance to 

Climate Change. In Greenhouse Gases. https://doi.org/10.5772/62135 



136 
 

Sekaran, U., Kumar, S., & Luis Gonzalez-Hernandez, J. (2021). Integration of crop and livestock 

enhanced soil biochemical properties and microbial community structure. Geoderma, 381, 

114686. https://doi.org/10.1016/J.GEODERMA.2020.114686 

Sekaran, U., McCoy, C., Kumar, S., & Subramanian, S. (2019). Soil microbial community 

structure and enzymatic activity responses to nitrogen management and landscape positions 

in switchgrass (Panicum virgatum L.). GCB Bioenergy, 11(7), 836–851. 

https://doi.org/10.1111/GCBB.12591 

Sere, C., & Steinfield, H. (1996). World livestock production systems—Current status, issues and 

trends. FAO Animal Production and Health Paper No. 127. Rome, Italy. 

Shakoor, A., Shahbaz, M., Farooq, T. H., Sahar, N. E., Shahzad, S. M., Altaf, M. M., & Ashraf, 

M. (2021). A global meta-analysis of greenhouse gases emission and crop yield under no-

tillage as compared to conventional tillage. Science of The Total Environment, 750, 142299. 

https://doi.org/10.1016/J.SCITOTENV.2020.142299 

Shakoor, A., Xu, Y., Wang, Q., Chen, N., He, F., Zuo, H., Yin, H., Yan, X., Ma, Y., & Yang, S. 

(2018). Effects of fertilizer application schemes and soil environmental factors on nitrous 

oxide emission fluxes in a rice-wheat cropping system, east China. PLoS ONE, 13(8). 

https://doi.org/10.1371/journal.pone.0202016 

Shang, Q., Yang, X., Gao, C., Wu, P., Liu, J., Xu, Y., Shen, Q., Zou, J., & Guo, S. (2011). Net 

annual global warming potential and greenhouse gas intensity in Chinese double rice-

cropping systems: A 3-year field measurement in long-term fertilizer experiments. Global 

Change Biology, 17(6). https://doi.org/10.1111/j.1365-2486.2010.02374.x 

Sherlock, R. R., Sommer, S. G., Khan, R. Z., Wood, C. W., Guertal, E. A., Freney, J. R., 

Dawson, C. O., & Cameron, K. C. (2002). Ammonia, Methane, and Nitrous Oxide 

Emission from Pig Slurry Applied to a Pasture in New Zealand. Journal of Environmental 

Quality, 31(5). https://doi.org/10.2134/jeq2002.1491 

Shi, W., & Tao, F. (2014). Vulnerability of African maize yield to climate change and variability 

during 1961-2010. Food Security, 6(4), 471–481. https://doi.org/10.1007/S12571-014-0370-

4 

Shriver, J. A., Carter, S. D., Sutton, A. L., Richert, B. T., Senne, B. W., & Pettey, L. A. (2003). 

Effects of adding fiber sources to reduced-crude protein, amino acid-supplemented diets on 

nitrogen excretion, growth performance, and carcass traits of finishing pigs. Journal of 



137 
 

Animal Science, 81(2). https://doi.org/10.2527/2003.812492x 

Sileshi, G. W., Kihara, J., Tamene, L., Vanlauwe, B., Phiri, E., & Jama, B. (2022). Unravelling 

causes of poor crop response to applied N and P fertilizers on African soils‡. Experimental 

Agriculture, 58, e7. https://doi.org/10.1017/S0014479721000247 

Sileshi, G. W., Nhamo, N., Mafongoya, P. L., & Tanimu, J. (2017). Stoichiometry of animal 

manure and implications for nutrient cycling and agriculture in sub-Saharan Africa. Nutrient 

Cycling in Agroecosystems, 107(1), 91–105. https://doi.org/10.1007/S10705-016-9817-

7/TABLES/4 

Silungwe, F. R., Graef, F., Bellingrath-Kimura, S. D., Chilagane, E. A., Tumbo, S. D., Kahimba, 

F. C., & Lana, M. A. (2019). Modelling Rainfed Pearl Millet Yield Sensitivity to Abiotic 

Stresses in Semi-Arid Central Tanzania, Eastern Africa. Sustainability, 11(16), 4330. 

https://doi.org/10.3390/SU11164330 

Simões, V. J. L. P., de Souza, E. S., Martins, A. P., Tiecher, T., Bremm, C., Ramos, J. da S., 

Farias, G. D., & de Faccio Carvalho, P. C. (2023). Structural soil quality and system 

fertilization efficiency in integrated crop-livestock system. Agriculture, Ecosystems & 

Environment, 349, 108453. https://doi.org/10.1016/J.AGEE.2023.108453 

Singh, N., Abagandura, G. O., & Kumar, S. (2020a). Short-term grazing of cover crops and 

maize residue impacts on soil greenhouse gas fluxes in two Mollisols. Journal of 

Environmental Quality, 49(3), 628–639. https://doi.org/10.1002/jeq2.20063 

Singh, N., Abagandura, G. O., & Kumar, S. (2020b). Short-term grazing of cover crops and 

maize residue impacts on soil greenhouse gas fluxes in two Mollisols. Journal of 

Environmental Quality, 49(3), 628–639. https://doi.org/10.1002/JEQ2.20063 

Singh, P., Boote, K. J., Kadiyala, M. D. M., Nedumaran, S., Gupta, S. K., Srinivas, K., & 

Bantilan, M. C. S. (2017). An assessment of yield gains under climate change due to genetic 

modification of pearl millet. Science of The Total Environment, 601–602, 1226–1237. 

https://doi.org/10.1016/J.SCITOTENV.2017.06.002 

Sinha, N., Rushing, B. R., Acharya, A., & Shanmugam, S. G. (2024). Effect of Integrated Crop–

Livestock Systems on Soil Properties and Microbial Diversity in Soybean Production. 

Applied Biosciences, 3(4), 484–502. https://doi.org/10.3390/APPLBIOSCI3040031 

Smith, J. L., & Doran, J. W. (1997). Measurement and Use of pH and Electrical Conductivity for 

Soil Quality Analysis. Methods for Assessing Soil Quality, 169–185. 



138 
 

https://doi.org/10.2136/SSSASPECPUB49.C10 

Snyder, C. S. (2017). Enhanced nitrogen fertiliser technologies support the ‘4R’concept to 

optimise crop production and minimise environmental losses. Soil Research, 55(6), 463–

472. 

Sousa, H. M., Correa, A. R., Silva, B. D. M., Oliveira, S. D. S., Campos, D. T. D. S., & Wruck, 

F. J. (2020). Dynamics of soil microbiological attributes in integrated crop-livestock 

systems in the cerrado-amazonônia ecotone. Revista Caatinga, 33(1), 09–20. 

https://doi.org/10.1590/1983-21252020V33N102RC 

Soussana, J. F., & Lemaire, G. (2014). Coupling carbon and nitrogen cycles for environmentally 

sustainable intensification of grasslands and crop-livestock systems. Agriculture, 

Ecosystems and Environment, 190, 9–17. https://doi.org/10.1016/J.AGEE.2013.10.012 

Souto, P. C., Souto, J. S., Santos, R. V., Araújo, G. T., & Souto, L. S. (2005). Decomposition of 

manures applied at different depths in a degraded semi-arid area of the State of Paraíba. 

Revista Brasileira de Ciência Do Solo, 29(1). https://doi.org/10.1590/s0100-

06832005000100014 

Srivastava, A. K., Gaiser, T., Paeth, H., & Ewert, F. (2012). The impact of climate change on 

Yam (Dioscorea alata) yield in the savanna zone of West Africa. Agriculture, Ecosystems & 

Environment, 153, 57–64. https://doi.org/10.1016/J.AGEE.2012.03.004 

Srivastava, A. K., Mboh, C. M., Gaiser, T., Webber, H., & Ewert, F. (2016). Effect of sowing 

date distributions on simulation of maize yields at regional scale – A case study in Central 

Ghana, West Africa. Agricultural Systems, 147, 10–23. 

https://doi.org/10.1016/J.AGSY.2016.05.012 

Srivastava, A. K., Rahimi, J., Alsafadi, K., Vianna, M., Enders, A., Zheng, W., Demircan, A., 

Dieng, M. D. B., Salack, S., Faye, B., Singh, M., Halder, K., Ewert, F., & Gaiser, T. (2025). 

Modelling mixed crop-livestock systems and climate impact assessment in sub-Saharan 

Africa. Scientific Reports, 15(1), 1–18. https://doi.org/10.1038/s41598-024-81986-8 

Strobl, C., Boulesteix, A. L., Zeileis, A., & Hothorn, T. (2007). Bias in random forest variable 

importance measures: Illustrations, sources and a solution. BMC Bioinformatics, 8, 25. 

https://doi.org/10.1186/1471-2105-8-25 

Sultan, B., Ahmed, A. I., Faye, B., & Tramblay, Y. (2023). Less negative impacts of climate 

change on crop yields in West Africa in the new CMIP6 climate simulations ensemble. 



139 
 

PLOS Climate, 2(12), e0000263. https://doi.org/10.1371/JOURNAL.PCLM.0000263 

Sultan, B., Defrance, D., & Iizumi, T. (2019). Evidence of crop production losses in West Africa 

due to historical global warming in two crop models. Scientific Reports 2019 9:1, 9(1), 1–

15. https://doi.org/10.1038/s41598-019-49167-0 

Sultan, B., Guan, K., Kouressy, M., Biasutti, M., Piani, C., Hammer, G. L., McLean, G., & 

Lobell, D. B. (2014). Robust features of future climate change impacts on sorghum yields in 

West Africa. Environmental Research Letters, 9(10). https://doi.org/10.1088/1748-

9326/9/10/104006 

Sultan, B., Roudier, P., Quirion, P., Alhassane, A., Muller, B., Dingkuhn, M., Ciais, P., 

Guimberteau, M., Traore, S., & Baron, C. (2013). Assessing climate change impacts on 

sorghum and millet yields in the Sudanian and Sahelian savannas of West Africa. 

Environmental Research Letters, 8(1). https://doi.org/10.1088/1748-9326/8/1/014040 

Sylla, M. B., Faye, A., Giorgi, F., Diedhiou, A., & Kunstmann, H. (2018). Projected Heat Stress 

Under 1.5 °C and 2 °C Global Warming Scenarios Creates Unprecedented Discomfort for 

Humans in West Africa. Earth’s Future, 6(7), 1029–1044. 

https://doi.org/10.1029/2018EF000873 

Sylla, M. B., Nikiema, P. M., Gibba, P., Kebe, I., & Klutse, N. A. B. (2016). Climate Change 

over West Africa: Recent Trends and Future Projections. Adaptation to Climate Change 

and Variability in Rural West Africa, 25–40. https://doi.org/10.1007/978-3-319-31499-0_3 

Szymczak, L. S., Carvalho, P. C. de F., Lurette, A., Moraes, A. de, Nunes, P. A. de A., Martins, 

A. P., & Moulin, C. H. (2020). System diversification and grazing management as 

resilience-enhancing agricultural practices: The case of crop-livestock integration. 

Agricultural Systems, 184, 102904. https://doi.org/10.1016/J.AGSY.2020.102904 

Tang, S., Wang, C., Wilkes, A., Zhou, P., Jiang, Y., Han, G., Zhao, M., Huang, D., & 

Schönbach, P. (2013). Contribution of grazing to soil atmosphere CH4 exchange during the 

growing season in a continental steppe. Atmospheric Environment, 67, 170–176. 

https://doi.org/10.1016/J.ATMOSENV.2012.10.037 

Tarawali, S., Herrero, M., Descheemaeker, K., Grings, E., & Blümmel, M. (2011). Pathways for 

sustainable development of mixed crop livestock systems: Taking a livestock and pro-poor 

approach. Livestock Science, 139(1–2), 11–21. 

https://doi.org/10.1016/J.LIVSCI.2011.03.003 



140 
 

Teixeira, D. D. B., da Silva Bicalho, E., Rodrigo Panosso, A., Ito Perillo, L., Luciani Iamaguti, 

J., Tadeu Pereira, G., & La Scala Jr, N. (2012). Uncertainties in the prediction of spatial 

variability of soil CO2 emissions and related properties. Revista Brasileira de Ciência Do 

Solo, 36(5), 1466–1475. https://doi.org/https://doi.org/10.1590/S0100-06832012000500010 

ten Berge, H. F. M., Hijbeek, R., van Loon, M. P., Rurinda, J., Tesfaye, K., Zingore, S., 

Craufurd, P., van Heerwaarden, J., Brentrup, F., Schröder, J. J., Boogaard, H. L., de Groot, 

H. L. E., & van Ittersum, M. K. (2019). Maize crop nutrient input requirements for food 

security in sub-Saharan Africa. Global Food Security, 23, 9–21. 

https://doi.org/10.1016/J.GFS.2019.02.001 

TerrAfrica. (2011). Sahel and West Africa Program in Support of the Great Green Wall 

Initiative: To Expand Sustainable Land and Water Management in Targeted Landscapes 

and Climate Vulnerable Areas. The World Bank. www.worldbank.org 

Theriault, V., Smale, M., & Haider, H. (2018). Economic incentives to use fertilizer on maize 

under differing agro-ecological conditions in Burkina Faso. Food Security, 10, 1263–1277. 

https://doi.org/10.1007/s12571-018-0842-z 

Thomas, B. W., Hao, X., Larney, F. J., Goyer, C., Chantigny, M. H., & Charles, A. (2017). Non-

Legume Cover Crops Can Increase Non-Growing Season Nitrous Oxide Emissions. Soil 

Science Society of America Journal, 81(1). https://doi.org/10.2136/sssaj2016.08.0269 

Thornton, P. K., Ericksen, P. J., Herrero, M., & Challinor, A. J. (2014). Climate variability and 

vulnerability to climate change: a review. Global Change Biology, 20(11), 3313–3328. 

https://doi.org/10.1111/GCB.12581 

Thornton, P. K., & Herrero, M. (2001). Integrated crop–livestock simulation models for scenario 

analysis and impact assessment. Agricultural Systems, 70(2–3), 581–602. 

https://doi.org/10.1016/S0308-521X(01)00060-9 

Thornton, P. K., & Herrero, M. (2015). Adapting to climate change in the mixed crop and 

livestock farming systems in sub-Saharan Africa. Nature Climate Change, 5(9), 830–836. 

https://doi.org/10.1038/nclimate2754 

Torres, M. J., Simon, J., Rowley, G., Bedmar, E. J., Richardson, D. J., Gates, A. J., & Delgado, 

M. J. (2016). Nitrous Oxide Metabolism in Nitrate-Reducing Bacteria: Physiology and 

Regulatory Mechanisms. Advances in Microbial Physiology, 68, 353–432. 

https://doi.org/10.1016/BS.AMPBS.2016.02.007 



141 
 

Tracy, B. F., & Zhang, Y. (2008). Soil compaction, corn yield response, and soil nutrient pool 

dynamics within an integrated crop-livestock system in Illinois. Crop Science, 48(3), 1211–

1218. https://doi.org/10.2135/CROPSCI2007.07.0390 

Trisos, C. H., Adelekan, I. O., Totin, E., Ayanlade, A., Efitre, J., Gemeda, A., Kalaba, K., 

Lennard, C., Masao, C., Mgaya, Y., Ngaruiya, G., Olago, D., Simpson, N. P., & Zakieldeen, 

S. (2022). Observed and Projected Climate Change. In H. . Pörtner, D. . Roberts, M. Tignor, 

E. . Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. 

Möller, A. Okem, & B. Rama (Eds.), Climate Change 2022: Impacts, Adaptation and 

Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change (pp. 1285–1455). Cambridge University Press. 

https://doi.org/10.1017/9781009325844.011 

Trujillo-Tapia, N., Cruz Mondragón, C., Vásquez-Murrieta, M. S., Van Cleemput, O., & 

Dendooven, L. (2008). Inorganic N dynamics and N2O production from tannery effluents 

irrigated soil under different water regimes and fertilizer application rates: A laboratory 

study. Applied Soil Ecology, 38(3). https://doi.org/10.1016/j.apsoil.2007.10.017 

Ukkola, A. M., De Kauwe, M. G., Roderick, M. L., Abramowitz, G., & Pitman, A. J. (2020). 

Robust Future Changes in Meteorological Drought in CMIP6 Projections Despite 

Uncertainty in Precipitation. Geophysical Research Letters, 47(11), e2020GL087820. 

https://doi.org/10.1029/2020GL087820 

USEPA. (2021). Inventory of U.S Greenhouse Gas Emissions and Sinks. EPA 430-R-21-005. 

Environmental Protection Agency. 

Usman, I., Taiwo, A. B., Haratu, D., & Abubakar, M. A. (2013). Socio-Economic Factors 

Affecting Groundnut Production in Sabongari Local Government of Kaduna State , Nigeria. 

International Journal of Food and Agricultural Economics, 1(1). 

Valdés-Correcher, E., Sitters, J., Wassen, M., Brion, N., & Olde Venterink, H. (2019). Herbivore 

dung quality affects plant community diversity. Scientific Reports, 9(1). 

https://doi.org/10.1038/s41598-019-42249-z 

Van Duivenbooden, N., Abdoussalam, S., & Ben Mohamed, A. (2002). Impact of climate change 

on agricultural production in the Sahel - Part 2. Case study for groundnut and cowpea in 

Niger. Climatic Change, 54(3), 349–368. https://doi.org/10.1023/A:1016188522934 

Van Oijen, M., & Lefelaar, P. (2008). LINTUL-2, a simple crop growth model for both potential 



142 
 

and water limited growing conditions [Wageningen University]. 

https://models.pps.wur.nl/lintul-2-simple-crop-growth-model-both-potential-and-water-

limited-growing-conditions 

Venterea, R. T., Strock, J., & Rosen, C. (2008). Agricultural management effects on nitrous 

oxide gas emissions. Proceedings of the Lamberton and Outreach Center Soil and Water 

Management Field Day. 

https://www.ars.usda.gov/research/publications/publication/?seqNo115=231530 

Vetter, J. S. (2013). Contemporary High Performance Computing. Contemporary High 

Performance Computing, 3–11. https://doi.org/10.1201/9781351104005-1 

Vetter, S. (2005). Rangelands at equilibrium and non-equilibrium: Recent developments in the 

debate. Journal of Arid Environments, 62(2), 321–341. 

https://doi.org/10.1016/J.JARIDENV.2004.11.015 

Walker, B. H. (2020). Resilience: what it is and is not. Ecology and Society, Published Online: 

May 04, 2020  | Doi:10.5751/ES-11647-250211, 25(2), 1–3. https://doi.org/10.5751/ES-

11647-250211 

Wallach, D., Makowski, D., Jones, J. W., & Brun, F. (2018). Working with dynamic crop 

models: Methods, tools and examples for agriculture and environment. In Working with 

Dynamic Crop Models: Methods, Tools and Examples for Agriculture and Environment. 

Elsevier. https://doi.org/10.1016/C2016-0-01552-8 

Wan, J., Wang, X., Yang, T., Wei, Z., Banerjee, S., Friman, V. P., Mei, X., Xu, Y., & Shen, Q. 

(2021). Livestock Manure Type Affects Microbial Community Composition and Assembly 

During Composting. Frontiers in Microbiology, 12. 

https://doi.org/10.3389/fmicb.2021.621126 

Wang, Y., Guo, Q., Xu, Y., Zhang, P., Cai, T., & Jia, Z. (2022). Optimizing urea deep placement 

to rainfall can maximize crop water-nitrogen productivity and decrease nitrate leaching in 

winter wheat. Agricultural Water Management, 274, 107971. 

https://doi.org/10.1016/J.AGWAT.2022.107971 

Wei, W., Yan, Y., Cao, J., Christie, P., Zhang, F., & Fan, M. (2016). Effects of combined 

application of organic amendments and fertilizers on crop yield and soil organic matter: An 

integrated analysis of long-term experiments. Agriculture, Ecosystems & Environment, 225, 

86–92. https://doi.org/10.1016/J.AGEE.2016.04.004 



143 
 

Wibberley, E. J. (2006). Fertilising small-grain cereals for sustainable yield and high quality. IPI 

Bulleting No.:17, 177. 

Wilcox, R. R. (2003). ONE-WAY ANOVA. Applying Contemporary Statistical Techniques, 

285–328. https://doi.org/10.1016/B978-012751541-0/50030-4 

Williams, T. O., Hiernaux, P., & Fernández-Rivera, S. (1999). Crop-Livestock Systems in Sub-

Saharan Africa: Determinants and Intensification Pathways. Property Rights, Risk and 

Livestock Development in Africa. Washington DC: IFPRI, Nairobi: ILRI. 

Wolf, J. (2012). User guide for LINTUL4 and LINTUL4V: Simple generic model for simulation 

of crop growth under potential, water limited and nitrogen limited conditions. Wageningen 

University. https://research.wur.nl/en/publications/user-guide-for-lintul4-and-lintul4v-

simple-generic-model-for-simu 

Wu, P., Liu, F., Zhao, Y., Bai, Y., Feng, B., Li, Y., Nan, W., Chen, J., Cai, T., Zhang, P., & Jia, 

Z. (2023). Diffusion and transformation of methane within the soil profile and surface 

uptake in dryland spring maize fields under different fertilizer application depths. 

Agriculture, Ecosystems and Environment, 344. https://doi.org/10.1016/j.agee.2022.108305 

Wuebbles, D. J. (2009). Nitrous oxide: No laughing matter. Science, 326(5949), 56–57. 

https://doi.org/10.1126/SCIENCE.1179571 

Xu-Ri, Prentice, I. C., Spahni, R., & Niu, H. S. (2012). Modelling terrestrial nitrous oxide 

emissions and implications for climate feedback. New Phytologist, 196(2). 

https://doi.org/10.1111/j.1469-8137.2012.04269.x 

Xu, C., Zhu, H., Wang, J., Ji, C., Liu, Y., Chen, D., Zhang, H., Wang, J., & Zhang, Y. (2023). 

Fertilizer N triggers native soil N-derived N2O emissions by priming gross N 

mineralization. Soil Biology and Biochemistry, 178, 108961. 

https://doi.org/10.1016/J.SOILBIO.2023.108961 

Yameogo, P., Zigani, S., Jiao, X., Zhang, H., & Zhang, J. (2022). Improving fertilization 

methods and cropping systems for sustainable production of pearl millet (PENNISETUM 

GLAUCUM) in West Africa: A Review. Frontiers of Agricultural Science and 

Engineering, 9(4), 588–601. https://doi.org/10.15302/J-FASE-2021422 

Yang, J. M., Yang, J. Y., Liu, S., & Hoogenboom, G. (2014). An evaluation of the statistical 

methods for testing the performance of crop models with observed data. Agricultural 

Systems, 127, 81–89. https://doi.org/10.1016/J.AGSY.2014.01.008 



144 
 

Yang, J., Wadsworth, G. A., Rowell, D. L., & Burns, I. G. (1999). Evaluating a crop nitrogen 

simulation model, N ABLE, using a field experiment with lettuce. Nutrient Cycling in 

Agroecosystems, 55(3), 221–230. https://doi.org/10.1023/A:1009818101373 

Yang, & Xiumei. (2020). Modelling phenological development, yield and quality of lucerne 

(Medicago sativa L.) using APSIM next generation. Lincoln University. 

Yao, Z., Yan, G., Zheng, X., Wang, R., Liu, C., & Butterbach-Bahl, K. (2017). Reducing N2O 

and NO emissions while sustaining crop productivity in a Chinese vegetable-cereal double 

cropping system. Environmental Pollution, 231, 929–941. 

https://doi.org/10.1016/J.ENVPOL.2017.08.108 

Yao, Z., Zheng, X., Dong, H., Wang, R., Mei, B., & Zhu, J. (2012). A 3-year record of N2O and 

CH4 emissions from a sandy loam paddy during rice seasons as affected by different 

nitrogen application rates. Agriculture, Ecosystems & Environment, 152, 1–9. 

https://doi.org/10.1016/J.AGEE.2012.02.004 

Yao, Z., Zheng, X., Wang, R., Xie, B., Butterbach-Bahl, K., & Zhu, J. (2013). Nitrous oxide and 

methane fluxes from a rice-wheat crop rotation under wheat residue incorporation and no-

tillage practices. Atmospheric Environment, 79. 

https://doi.org/10.1016/j.atmosenv.2013.07.006 

Yeboah, S., Zhang, R., Cai, L., Song, M., Li LingLing, L. L., Xie, J., Luo, Z., Wu, J., & Zhang, 

J. (2016). Greenhouse gas emissions in a spring wheat–field pea sequence under different 

tillage practices in semi-arid Northwest China. Nutrient Cycling in Agroecosystems, 106(1). 

https://doi.org/10.1007/s10705-016-9790-1 

Yin, X., & van Laar, H. H. (2005). Crop Systems Dynamics: an ecophysiological simulation 

model for genotype-by-environment interactions (pp. 1–155). Wageningen Academic 

Publishers. https://doi.org/10.3920/978-90-8686-539-0 

Yu, J. (2011). Effects of fertilization and time of plowing on nitrous oxide emissions in arable 

soil in SE Norway. Norwegian University of Life Sciences. 

Zanatta, J. A., Bayer, C., Vieira, F. C. B., Gomes, J., & Tomazi, M. (2010). Nitrous oxide and 

methane fluxes in South Brazilian gleysol as affected by nitrogen fertilizers. Revista 

Brasileira de Ciencia Do Solo, 34(5). https://doi.org/10.1590/s0100-06832010000500018 

Zappa, G., & Shepherd, T. G. (2017). Storylines of Atmospheric Circulation Change for 

European Regional Climate Impact Assessment. Journal of Climate, 30(16), 6561–6577. 



145 
 

https://doi.org/10.1175/JCLI-D-16-0807.1 

Zhang, W., Sheng, R., Zhang, M., Xiong, G., Hou, H., Li, S., & Wei, W. (2018). Effects of 

continuous manure application on methanogenic and methanotrophic communities and 

methane production potentials in rice paddy soil. Agriculture, Ecosystems and Environment, 

258, 121–128. https://doi.org/10.1016/j.agee.2018.02.018 

Zhao, X., Shi, L., Lou, S., Ning, J., Guo, Y., Jia, Q., & Hou, F. (2021). Sheep excrement 

increases mass of greenhouse gases emissions from soil growing two forage crop and multi‐

cutting reduces intensity. Agriculture, 11(238). https://doi.org/10.3390/agriculture11030238 

Zingore, S., González-Estrada, E., Delve, R. J., Herrero, M., Dimes, J. P., & Giller, K. E. (2009). 

An integrated evaluation of strategies for enhancing productivity and profitability of 

resource-constrained smallholder farms in Zimbabwe. Agricultural Systems, 101(1–2), 57–

68. https://doi.org/10.1016/j.agsy.2009.03.003 

Zougmoré, R. B. (2003). Integrated water and nutrient management for sorghum production in 

semi-arid Burkina Faso (Issue 45). Wageningen University and Research Centre. 

Zougmoré, R., Partey, S., Ouédraogo, M., Omitoyin, B., Thomas, T., Ayantunde, A., Ericksen, 

P., Said, M., & Jalloh, A. (2016). Toward climate-smart agriculture in West Africa: A 

review of climate change impacts, adaptation strategies and policy developments for the 

livestock, fishery and crop production sectors. Agriculture and Food Security, 5(1). 

https://doi.org/10.1186/S40066-016-0075-3/TABLES/5 

 

 

  

  



146 
 

APPENDICES 

 

Appendix 1. PRISMA diagram showing number of articles at each stage of the screening 

process. Adapted from Moher et al. (2009) 
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Appendix 2. Description of location, number of observations (NoB), climate, drainage class, crop, and livestock included in this meta-

analysis 

Study 

ID 

MCLS 

type 

Author (year) State, 

Country 

Soil GHG(s) 

measurements 

NoB Drainage 

class 

Fertilizer 

type 

N rate 

(kg N 

ha-1) 

Climate Crop(s) Livestock 

N2O CH4 CO2 

1 Stubble 

grazing 

Liebig et al. (2020) ND, US * -- --  3 moderately 

well 

_ _ Dfb †Soybean Cattle 

2 Forage 

rotation 

de Carvalho et al. 

(2022) 

DF, BR * -- -- 2 poor P2O5 _ Aw †Panicum 

maximum-

soybean - 

sorghum 

Cattle 

3 Forage 

rotation 

Amadori et al. (2022) PR, BR * * -- 4 moderately 

well 

Urea 90-180 Cfb †Black oat  

- corn  

Cattle 

4 Cover 

crop 

grazing 

Lazcano et al. 

(2022) 

CA, 

US 

* * * 4 moderately 

well 

compost _ Csb †Bell 

beans-

cayuse 

oat-Grape 

Sheep 

5 Stubble 

grazing 

Barsotti et al. (2013) MT, US * * * 2 moderately 

well 

Urea 134-

252 

Dfc †Wheat Sheep 

6 Forage 

rotation 

Bratti et al. (2022) SC, BR * * -- 2 moderately 

well 

NPK 0 Cfb †Black oat 

– corn-

soybean 

Cattle 

7 Forage 

rotation 

Christenson et al. 

(2021) 

NE, US * * -- 3 moderately 

well 

Urea 140 Dfb †Triticale - 

corn 

Cattle 
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Appendix 2 (continued) 

Study 

ID 

MCLS 

type 

Author (year) State, 

Country 

Soil GHG(s) 

measurements 

NoB Drainage 

class 

Fertilizer 

type 

N rate 

(kg N 

ha-1) 

Climate Crop(s) Livestock 

N2O CH4 CO2 

8  Forage 

rotation 

Liebig et al. (2021) ND, US * * -- 3 moderately 

well 

Urea, 

P2O5 

48 Dfb †Thinopyrum 

intermedium 

-corn – 

soybean – 

spring wheat 

Cattle 

9 Forage 

rotation 

Singh et al. (2020) SD, US * * * 2 moderately 

well 

NPK 140-

145 

Dfa †Black oat - 

corn 

Cattle 

10 Forage 

rotation 

Pilecco et al. (2019) RS, BR * -- -- 6 imperfectly NPK, 

Urea 

60 Cfa †Ryegrass-

soybean 

Cattle 

11 Forage 

rotation 

(Abagandura et al., 

2019) 

ND, US * * * 3 moderately 

well 

_ _ Dwb †Pea/barley – 

†corn – cover 

†crop 

Cattle 

12 Forage 

rotation 

Piva et al. (2019) PR, BR * * -- 1 moderately 

well 

Urea 0-150 Cfb †Ryegrass-

†black oat - 

corn 

Sheep 

13 Forage 

rotation 

de Carvalho et al. 

(2017) 

DF, BR * -- -- 7 poor Urea 130-

200 

Aw †Brachiaria 

brizantha-

soybean - 

sorghum 

Cattle 
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Appendix 2 (continued) 

Study 

ID 

MCLS 

type 

Author (year) State, 

Country 

Soil GHG(s) 

measurements 

NoB Drainage 

class 

Fertilizer 

type 

N rate 

(kg N 

ha-1) 

Climate Crop(s) Livestock 

N2O CH4 CO2 

14 Forage 

rotation 

Ribeiro et al. (2020) SC, BR * * -- 1 moderately 

well 

P2O5 _ Cfa †Black oat - 

soybean 

Cattle 

15 Forage 

rotation 

Sato et al. (2019) DF, BR * -- -- 1 poor NPK, 

Urea 

100 Aw †Brachiaria 

brizantha - 

sorghum 

Cattle 

16 Forage 

rotation 

da Rocha Junior et 

al. (2018) 

ES, BR -- -- * 4 moderately 

well 

P2O5 _ Aw †Marandu 

grass - 

soybean 

Cattle 

17 Cover 

crop 

grazing 

Piva et al. (2014) PR, BR * * -- 1 moderately 

well 

Urea 165 Cfb †Rye grass-

black oat-

corn 

Cattle 

18 Forage 

rotation 

Sato et al. (2017) DF, BR * -- -- 2 poor NPK, 

Urea 

100 Aw †Brachiaria 

brizantha - 

sorghum 

Cattle 

19 Cover 

crop 

grazing 

Dieckow et al. 

(2015) 

PR, BR * * -- 1 moderately 

well 

Urea 90 Cfa †Black oat -

soybean 

Cattle 
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Appendix 2 (Continued) 

Study 

ID 

MCLS 

type 

Author (year) State, 

Country 

Soil GHG(s) 

measurements 

NoB Drainage 

class 

Fertilizer 

type 

N rate 

(kg N 

ha-1) 

Climate Crop(s) Livestock 

N2O CH4 CO2 

20 Forage 

rotation 

Dhaliwal (2021) SD, US * * * 1 poor Urea 67-168 Dfa †Black oat 

– soybean 

- corn 

Cattle 

21 Forage 

rotation 

Douville (2017) SD, US * * * 2 poor _ _ Dfa †Corn – 

†soybean – 

†black oat 

Cattle 

* Indicates data collected; -- Indicates data not collected; † Indicates main crop used as stubble, forage and cover crop(s); Climate. Köppen-Geiger 

climate classification: Aw = tropical savannah with dry winter; Af = tropical rainforest, fully humid; Cfa =  humid subtropical; Cfb = temperate 

oceanic; Csb = warm-summer Mediterranean;  Dfa = hot-summer humid continental; Dfb = warm-summer humid continental; Dfc = subarctic 

climate; Dwb = monsoon-influenced warm-summer humid continental. 

 

 

 

 

 

 

 

 

 

 

 



151 
 

Appendix 3. Country and crop specific timing for chemical fertilizer application considered in 

this study 

Timing of chemical fertilizer application (in days) 

Burkina Faso 

Crop type  Optimum Late  Reference 

Maize  ≤ 15 DAP > 15 DAP  Saba et al. (2023) 

Sorghum  ≤ 14 DAP > 14 DAP  Palé et al. (2009); Ouedraogo et al. (2022) 

Millet  ≤ 14 DAP > 14 DAP  Yameogo et al. (2022) 

Peanut  ≤ 7 DAP > 7 DAP  Bado et al. (2013) 

Cowpea  ≤ 7 DAP > 7 DAP  Bado et al. (2013) 

Green beans  ≤ 7 DAP > 7 DAP  Bado et al. (2013) 

Tomato  ≤ 14 DAT > 14 DAT  Konfe et al. (2019); Coulibaly et al. (2021) 

Onion  ≤ 14 DAT > 14 DAT  Sawadogo et al. (2022) 

Egg plant  ≤ 14 DAT > 14 DAT  Konfe et al. (2019) 

Ghana 

Maize  ≤ 14 DAP > 14 DAP  Adu Boakyewaa et al. (2014) 

Rice  ≤ 14 DAP > 14 DAP  Dogbe et al. (2015) 

Sorghum  ≤ 7 DAP > 7 DAP  Buah et al. (2012) 

Millet  ≤ 14 DAP > 14 DAP  Kanton et al. (2015) 

†Peanut  N.A N.A  - 

†Cowpea  N.A N.A  - 

†Soybean  N.A N.A  - 

Tomato  ≤ 14 DAT > 14 DAT  Agyeman et al. (2021) 

Pepper  ≤ 14 DAT > 14 DAT  Adimassu et al. (2020) 

†Timing of chemical fertilizer application was not applicable in this study. DAP = Days of 

planting, DAT = Days of transplanting. 
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Appendix 4. Country and crop specific N rate (kg/ha) recommendation considered in this study 

N rate applied (kg/ha) 

Burkina Faso 

Crop type  Low Recommended  Reference 

Maize  < 68.5  ≥ 68.5  Theriault et al. (2018) 

Sorghum  < 30.0  ≥ 30.0  Palé et al. (2009) 

Millet  < 37.0  ≥ 37.0  AGRIDATA (2019); Yameogo et al. (2022) 

Peanut  < 14.0  ≥ 14.0  Bado et al. (2013) 

Cowpea  < 14.0  ≥ 14.0  Ishikawa et al. (2013); Bado et al. (2018) 

†Green beans  < 14.0  ≥ 14.0  Bado et al. (2018) 

Tomato  < 95.0  ≥ 95.0  Coulibaly et al. (2021) 

Onion  < 112.0  ≥ 112.0  Garane et al. (2019) 

Egg plant  < 72.0  ≥ 72.0  Sawadogo et al. (2022) 

Ghana 

Maize  < 90.0  ≥ 90.0  Adu Boakyewaa et al. (2014); Moahmmed et 

al. (2023) 

Rice  < 90.0  ≥ 90.0  Moro et al. (2008); Dogbe et al. (2015) 

Sorghum  < 40.0  ≥ 40.0  Buah et al. (2012) 

Millet  < 40.0  ≥ 40.0  Kanton et al. (2015) 

Peanut  < 20.0  ≥ 20.0  Essilfie (2019); Mintah et al. (2020) 

Cowpea  < 20.0  ≥ 20.0  Adzoyi (2015); Mintah et al. (2020) 

Soybean  < 20.0  ≥ 20.0  Adzoyi (2015); Kermah et al. (2022) 

Tomato  < 90.0  ≥ 90.0  Amankwaa-Yeboah et al. (2023) 

Pepper  < 173.0  ≥ 173.0  Adimassu et al. (2020) 

† Due to the limited data on the recommended nitrogen (N) rate for this crop type, we applied the 

rates established for other legumes in the country 
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Appendix 5. Variations between reported yields (farmer’s response) and measured yields for 

grain crops in Burkina Faso (a) and Ghana (b), and for vegetable crops in Burkina Faso (c) and 

Ghana (d). Solid line through the data points is a regression line.
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Appendix 6. Construction of 25m2 yield plots for pepper (left) and peanut (right) in MCLS fields 
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Appendix 7. Data on average weight for the different age classes of poultry is being collected for 

chicks (top right), sub-adult (bottom right) and adult (left) 

 

Appendix 8. Data on average weight for the different age classes is being collected for each of the 

various livestock (from left to right); goat, sheep, cattle, and pig. 
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Appendix 9. Comparison of simulated and observed average crop yields at study locations  

   Yield   

Country District/commune Crop Observed Simulated MR 

(%) 

BQ 

Ghana Bongo Maize 1554.23 1738.67 11.86 -184.44 

  Millet 1260.89 1105.34 -0.12 155.53 

  Sorghum 1247.08 1560.92 0.25 -313.83 

  Peanut 1483.03 1192.21 -0.19 290.82 

 Builsa North Maize 1546.66 1727.54 11.69 -180.87 

  Millet 1313.96 1049.77 -0.20 264.18 

  Sorghum 1500 1632.99 0.08 -132.99 

  Peanut 1063.75 1067.85 0.00 -4.10 

 Kassena Nankana Maize 1950.33 1634.73 -16.18 315.59 

  Millet 1091.25 1014.75 -0.07 76.50 

  Sorghum 1225 1559.11 0.27 -334.11 

  Peanut 1067.50 1129.38 0.05 -61.88 
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Appendix 9 (continued) 

   Yield   

Country District/commune Crop Observed Simulated MR 

(%) 

BQ 

Burkina 

Faso 

Loumbila Maize 1526.46 1868.79 22.42 -342.33 

  Millet 437.50 360.00 -0.17 77.49 

  Sorghum 1246.17 1328.70 0.06 -82.53 

  Peanut 1086.08 1012.75 -0.06 73.33 

 Ziniaré Maize 1873.76 1868.79 -0.26 4.96 

  Millet 808.33 720.01 -0.10 88.31 

  Sorghum 908.15 1328.70 0.46 -420.55 

  Peanut 1233.68 1012.75 -0.17 220.93 

 Zitenga Maize 1501.1 1385.47 -11.19 174.62 

  Millet 1406.80 1345.46 -0.04 61.33 

  Sorghum 1142.47 1077.51 -0.05 64.96 

  Peanut 1337.30 774.78 -0.42 562.52 
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Appendix 10. Comparison of simulated and observed livestock numbers at study locations  

  Livestock numbers   

Country District/commune Observed Simulated MR (%) BQ 

Ghana Bongo 103.15 143.18 0.38 -40.03 

 Builsa North 70.2 118.90 0.69 -48.70 

 Kassena Nankana 114.78 150.02 0.31 -35.24 

      

Burkina Faso Loumbila 86.58 91.15 0.05 -4.70 

 Ziniaré 86.45 91.15 0.05 -4.70 

 Zitenga 64.19 74.41 0.15 -10.22 
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POLICY BRIEF 
Executive Summary 

Mixed crop-livestock systems (MCLS) are central to food security in the Sudan Savannah region 

of West Africa. However, these systems are increasingly vulnerable to climate change. The present 

study assessed the impact of climate change on MCLS productivity in Ghana and Burkina Faso 

using systematic reviews, field surveys, and crop-livestock modeling. The findings highlight 

significant yield losses for staple crops and a sharp increase in livestock numbers, with 

implications for both food production and environmental sustainability. Adaptation strategies must 

prioritize climate-smart fertilizer practices, improved crop and livestock management, and 

sustainable grazing land management. 

Background 

In Sub-Saharan Africa, diversified MCLS provide vital services including food, income, and 

nutrient cycling. However, rising temperatures, erratic rainfall, and land degradation threaten their 

productivity. Understanding how climate change affects both crop and livestock components is 

essential for developing integrated and context-specific adaptation strategies. 

Key Findings 

Soil Greenhouse Gas Emissions: Meta-analysis revealed that drainage class, stocking density, 

climate, nitrogen fertilizer rate, fertilizer type, and soil texture are key drivers of GHG emissions 

in MCLS. 

Fertilizer Practices: Country-specific recommended nitrogen rates and fertilizer source 

significantly improved grain and vegetable yields, particularly in Ghana. 

Model Calibration: The SIMPLACE modeling framework was used to simulate crop and 

livestock productivity. Model validation showed satisfactory performance with a mean residual 

error (MR) ranging from -12% to +18% for crops and 27% for livestock. 

Future Projections (2025-2050): 
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The results demonstrate that in the future (2025-2050), there will be a significant decline in maize 

(up to -34%), millet (up to -57%), sorghum (up to -53%), peanut (up to -23%) grain yields, and a 

significant increase in livestock numbers (up to 181%). 

Policy Recommendations 

1. Nutrient management: Support adoption of best fertilizer management practices including 

appropriate rates, placement, timing, and amount. 

2. Stress tolerant Varieties: Develop and disseminate drought- and heat-tolerant varieties suitable 

for diverse MCLS environments. 

3. Management of grazing lands: Develop sustainable livestock grazing systems to balance 

projected herd increases with declining grass/forage availability. 

4. Indigenous knowledge: Strengthen advisory services to guide farmers in adapting to changing 

climatic conditions. the co-creation of knowledge that brings together all stakeholders, especially 

indigenous knowledge of local farmers, should be the central element for creating a locally 

adapted, sustainable and transformative MCLS. 

5. Integrated Modeling Tools: Use validated integrated simulation models that couples different 

aspect of MCLS to develop sustainable agricultural practices in response to climate change. 

Conclusion 

The productivity of MCLS in the Sudan Savannah of West Africa is at risk due to projected climate 

changes. As a result, crop yields are expected to decline significantly while livestock numbers are 

likely to see a rise, creating resource management challenges. Policymakers must act swiftly to 

implement climate-smart adaptation strategies that ensures climate mitigation, resilience whiles 

sustaining crop yields and livestock productivity 


