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Federal Ministry of Education and Research (BMBF) and the Federal Ministry for 

Economic Cooperation and Development (BMZ). It focuses on nutrient and matter 

fluxes in vegetable production and food distribution in two West African cities. Chapter 1 

introduces the thesis, by putting the studies in context, and states the research 

objectives. Chapters 2 to 4 contain manuscripts prepared for publication in peer-

reviewed journals as listed below. Chapter 5 provide general discussion and 

conclusions from the three studies. 
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English summary 
The study was conducted within the UrbanFoodPlus Project under the GlobE-Research 

initiative for the Global Food Supply (FKZ: 031A242-A, B), jointly funded by the German 

Federal Ministry of Education and Research (BMBF) and the Federal Ministry for 

Economic Cooperation and Development (BMZ). It specifically aimed at exploring and 

evaluating the effects of rice husk biochar application, fertilization, irrigation water 

quality and quantity on biomass production, plant nutrition, and soil moisture in Tamale, 

Northern Region of Ghana. It allowed quantifying nutrient inputs and outputs at the field 

level, in order to analyse nutrient-use efficiencies of different field management options. 

The study also comprised mapping and quantification of agricultural commodity flows 

(inflows and outflows) within and across the rural and urban spaces of Tamale and 

Ouagadougou (central Burkina Faso). 

 

The two cities, where the study was conducted, are located in the savannah 

agroecological zone with a unimodal rainfall regime of West Africa. Tamale is in the 

Guinean Savannah belt with a mean annual rainfall of 1111 mm. Ouagadougou lies in 

the Sudanian Savannah zone with a mean annual rainfall of 788 mm. A large proportion 

of the population in the two cities are involved in agriculture, even though soils are 

considered poor. Over the past 40 years, both cities have experienced massive 

population growth. In 1970, the population of Tamale was approximately 84,000 and 

that of Ouagadougou was 466,000 in 1982. In 2010, the urban population had grown by 

344% (371,000; Tamale) and 310% (1,911,000; Ouagadougou). 

 

Study 1 investigated the effects of mineral fertilizer application and biochar amendment 

at two water quality and quantity levels on biomass production, plant nutrition, and soil 

moisture in vegetables with a focus on Tamale. Study 2 allowed to assess nutrient 

losses via leaching and gaseous emissions and calculated nutrient balance and use 

efficiencies in Tamale and Ouagadougou. For the two studies, a split block design with 

four treatments (Normal Agricultural Practice (NAP), biochar, NAP + biochar, biochar 

and an unfertilized control) were factorially combined with two water qualities (clean 

water and untreated wastewater) and two water quantities (usual (100%) and reduced 

(67%) irrigation quantity). The 16 treatment combinations were replicated four times on 

plots of 8 m2 each. At the onset of the experiment, 20 t ha-1 biochar was applied at 0–20 

cm depth. Study 3 attempted to determine the magnitude and sources of virtual water 
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flows (inflow and outflows) in agricultural commodity trade within and across the rural 

and urban spaces of Tamale and Ouagadougou. To achieve this, unprocessed food 

flows from local, regional, national and international sources were systematically 

recorded at all roads leading to both cities. This quantitative survey was conducted 

within two years covering the peak (November) and lean season (April) for six days in a 

row and complemented by qualitative approaches such as farm visits and key informant 

interviews. Virtual water flows were computed by multiplying the quantity of food flows 

(t) by the respective virtual water content of the commodities (m3 t-1). 

 

Results from the first study showed that biochar significantly increased fresh matter 

yields in the first five cropping cycles by 15%. By the end of two years, when all yields 

were accounted for, biochar had significantly increased fresh matter yields by 9%. This 

positive effect of biochar was likely caused by increases in plant available phosphorus 

(Bray-P) and extractable potassium (K) and possibly also by stabilizing soil pH. 

Compared with clean water, wastewater irrigation increased yields 10-20-fold on 

unfertilized plots during the dry seasons, while a 4-fold increment was observed in the 

wet seasons. This seasonal difference is likely a result of the high sequence of irrigation 

events during the dry season. Thus, fertigation (fertilisation + irrigation) with wastewater 

contributed significantly to plant nutrition and nutrient recovery while yield-increasing 

biochar effects disappeared over time. Soil moisture was enhanced by up to 9% due to 

biochar amendments under unfertilized conditions. 

 

In study 2, the nutrient use efficiency of irrigated vegetable farms was calculated. On 

average, up to 2% of fertilized nitrogen (N) was leached per year in Tamale (8 kg N ha-

1) and Ouagadougou (30 kg N ha-1). While biochar amendment or wastewater irrigation 

on fertilized plots did not influence N leaching in both cities, P (p<0.05) and K leaching 

were reduced on biochar amended plots in Tamale. There were surpluses (input minus 

output) of N and P for all treatments in both cities. In Tamale, the annual nutrient 

surpluses were up to 361 kg N ha-1 and 217 kg P ha-1, but K was removed in excess of 

up to 125 kg ha- 1. Ouagadougou, on the other hand had surpluses of up to 692 kg N ha-

1, 166 kg P ha-1 and 427 kg K ha-1 yr-1. Nutrient use efficiency declined over time in both 

cities. Among the nutrients, K use was more efficient compared with N and P. Under 

normal agricultural fertilization practice, efficiencies were generally higher in Tamale 

than in Ouagadougou. 
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Results from the third study showed that, on average 608 and 744 t of food 

commodities are imported to Tamale in the low supply and high supply seasons 

respectively while 1,843 and 2,535 t are imported to Ouagadougou in the same period. 

The imported virtual water of these food commodities to Tamale and Ouagadougou 

were 514 and 2105 million m3 yr-1 respectively, out of which 56% and 40% were 

exported to other regions of the country. We find variation in seasonal virtual water 

flows with higher flows in the peak season. Cereals contribute most (50% to 70%) to the 

total virtual water inflows in both cities. Southern Ghana is the major net virtual water 

importer from Tamale based on its northern source of cereals, legumes, vegetables, 

and livestock. The Northern Region of Ghana, on the other hand, is a net exporter of 

virtual water in all food groups apart from fruits. For Ouagadougou, large flows of virtual 

water were imported in the form of cereals (specifically rice, Oyza sativa L.) from 

international sources particularly Asian countries, through Ivory Coast. Other important 

sources for water demanding cereals include western Burkina Faso, which contributed 

about 50% of the virtual water in cereals in both seasons. In general, a variety of 

national sources for different food groups, including both water-secure (western and 

eastern Burkina Faso) and water-constraint regions (northern Burkina Faso), allow the 

city of Ouagadougou to be more resilient to water-related and food supply shocks. 
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Zusammenfassung 
Die vorliegende Studie fand im Rahmen des Projekts "UrbanFoodPlus" der GlobE-

Forschungsinitiative „Global Food Supply“ (FKZ: 031A242-A, B) statt und wurde 

gemeinsam vom Bundesministerium für Bildung und Forschung (BMBF) und dem 

Bundesministerium für wirtschaftliche Zusammenarbeit und Entwicklung (BMZ) 

gefördert. Im Fokus dieser Arbeit lagen die Untersuchung und Bewertung der 

Auswirkungen von Biochar-Applikation (Biokohle aus Reisschalen), Düngung und 

Bewässerungswasserqualität und - Quantität auf Biomasseproduktion, 

Pflanzenernährung und Bodenwassergehalt in Tamale (Northern Region, Ghana). Dies 

ermöglichte eine Quantifizierung des Nährstoff – In – und Outputs auf Feldebene, um 

dann die Nährstoffnutzungseffizienz verschiedener Feldbewirtschaftungssysteme 

analysieren zu können. Die Studie schloss außerdem das Kartieren und Quantifizieren 

von Agrarrohstoffströmen (Zuflüsse und Abflüsse) innerhalb und zwischen den 

ländlichen und urbanen Räumen Tamales und Ouagadougous (Zentral Burkina Faso) 

ein.  
 

Die beiden Städte, in denen die Studie durchgeführt wurde, liegen in der 

agrarökologischen Savannenzone Westafrikas, in der ein unimodales 

Niederschlagsregime vorherrscht. Tamale liegt im Guinea-Savannengürtel; die 

durchschnittliche Jahresniederschlagsmenge beläuft sich auf 1.111 mm. Ouagadougou 

befindet sich dagegen im sudanesischen Savannengürtel, in dem die durchschnittliche 

Jahresniederschlagsmenge  788 mm beträgt. Trotz der kargen Böden ist ein Großteil 

der Bevölkerung beider Städte in der Landwirtschaft tätig. In den vergangenen 40 

Jahren erlebten diese ein enormes Bevölkerungswachstum. So betrug die 

Einwohnerzahl in Tamale im Jahr 1970 etwa 84.000, in Ouagadougou lebten 1982 ca. 

466.000 Menschen. Bis 2010 war die Stadtbevölkerung um 344% (371.000; Tamale) 

und 310% (1.911.000; Ouagadougou) angewachsen. 

 

In Studie 1 lag der Fokus auf Tamale, wobel die Auswirkungen der Applikation von 

Mineraldünger- und Biochar in zwei Wasserqualitäts und Quantitätsstufen auf 

Biomasseproduktion, Pflanzenernährung und Bodenwassergehalt im Gemüseanbau 

untersucht wurden. Studie 2 befasste sich sowohl mit Nährstoffverlusten in Form von 

Auswaschung und gasförmigen Emissionen als auch mit Nährstoffhaushalten und -

nutzungseffizienzen in Tamale und Ouagadougou. In einem Split-Block-Design wurden 
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vier Versuchsvarianten (gängige landwirtschaftliche Praxis (NAP – Normal Agricultural 

Practice), Biochar, NAP + Biochar, eine ungedüngte Kontrolle) faktoriell mit zwei 

Wasserqualitätsstufen (sauberes Wasser und unbehandeltes Abwasser) und zwei 

Wasseraufwandmengen (übliche (100%) und reduzierte (67%) Wasseraufwandmenge) 

kombiniert. Die 16 Faktorkombinationen wurden vierfach wiederholt auf 

Versuchsparzellen von je 8 m². Zu Beginn des Experiments wurden 20 t ha-1 Biochar 0-

20 cm tief in den Boden eingearbeitet. Ziel der Studie 3 war es, die Größenordnung und 

Herkunft virtueller Wasserströme (Zu- und Abflüsse) im landwirtschaftlichen 

Warenhandel in Tamale und Ouagadougou zu ermitteln. Hierfür wurden Warenströme 

unverarbeiteter Nahrungsmittel aus lokaler, regionaler, nationaler und internationaler 

Herkunft systematisch auf allen Straßen, die in beide Städte hineinführten, 

aufgezeichnet. Diese quantitative Erhebung wurde innerhalb von zwei Jahren an jeweils 

sechs aufeinanderfolgenden Tagen während der Haupt- (November) und Nebensaison 

(April) durchgeführt und durch qualitative Forschungsansätze wie Betriebsbesuche bei 

Landwirten und Interviews mit Schlüsselpersonen (z.B. lokale Stakeholder) ergänzt. Die 

Berechnung der virtuellen Wasserströme erfolgte durch die Multiplikation der Menge der 

unverarbeiteten Nahrungsmittel (t) mit dem jeweiligen virtuellen Wassergehalt der 

Waren (m3 t-1). 

 

Die Ergebnisse der ersten Studie zeigten, dass der Einsatz von Biochar den 

Frischmasseertrag in den ersten fünf Anbauzyklen um 15% signifikant erhöhte. Unter 

Einbezug aller Ernten hatte der Biochar-Einsatz am Ende der zwei Jahre (13 

Anbauzyklen) zu signifikant erhöhten Frischmasseerträgen geführt (Steigerung des 

Frischmassebetrages um 9%). Diese positive Wirkung ist aller Wahrscheinlichkeit nach 

auf die erhöhte Pflanzenverfügbarkeit von Phosphor (Bray-P) und extrahierbarem 

Kalium (K) sowie möglicherweise auch auf die Stabilisierung des Boden-pH-Wertes 

zurückzuführen. Im Vergleich zu sauberem Wasser erhöhte die Abwasserbewässerung 

auf ungedüngten Flächen den Ertrag in den Trockenzeiten um das 10 bis 20-fache, in 

den Regenzeiten hingegen um das vierfache. Dieser saisonale Unterschied ist 

womöglich ein Resultat der erhöhten Bewässerungshäufigkeit während der Trockenzeit. 

Demzufolge trug die sogenannte Fertigation (Düngung und Bewässerung) mit 

Abwasser signifikant zur Pflanzenernährung und Nährstoffrückgewinnung bei, während 

die Ertragssteigerung durch Biochar im Laufe der Zeit zurückging. Unter ungedüngten 
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Bedingungen führte der Biochar-Einsatz zu einer Zunahme der Bodenfeuchte um bis zu 

9%. 

 

In Studie 2 wurde die Nährstoffeffizienz des bewässerten Gemüseanbaus berechnet. 

Durchschnittlich wurden in Tamale (8 kg N ha-1) und in Ouagadougou (30 kg N ha-1) bis 

zu 2% des gedüngten Stickstoffs (N) pro Jahr ausgewaschen. Während in keiner der 

beiden Städte die N-Auswaschung auf gedüngten Flächen durch Biochar-Anwendung 

oder Abwasserbewässerung beeinflusst wurde, reduzierte (p <0,05) Biochar in den 

Versuchsparzellen in Tamale die P- und K-Auswaschung. In beiden Städten traten in 

allen Versuchsvarianten N und P-Überschüsse (Input minus Output) auf. In Tamale 

betrugen die jährlichen Nährstoffüberschüsse bis zu 361 kg N ha-1 und 217 kg P ha-1. 

Demgegenüber stand ein K-Mangel von bis zu 125 kg ha- 1. In Ouagadougou hingegen 

lagen die Überschüsse im Maximum bei 692 kg N ha-1, 166 kg P ha-1 und 427 kg K ha-1. 

Die Nährstoffnutzungseffizienz sank im Laufe der Zeit in beiden Städten. Beim 

Vergleich der Nährstoffe zeigte sich, dass die Nutzungseffizienz von K höher war als die 

von N und P. Unter gängigen landwirtschaftlichen Düngepraktiken waren die 

Wirkungsgrade in Tamale in der Regel höher als in Ouagadougou.  

  

Die Ergebnisse der dritten Studie zeigten, dass in der Neben- sowie in der Haupsaison 

durchschnittlich 608 bzw. 744 t an Lebensmittelrohstoffen nach Tamale und 1.843 bzw. 

2.535 t an Lebensmitteln nach Ouagadougou importiert wurden. Das damit nach 

Tamale und Ouagadougou importierte virtuelle Wasser belief sich auf 514 bzw. 2.105 

Millionen m3 pro Jahr. Davon wurden wiederum 56% bzw. 40% in andere Regionen des 

jeweiligen Landes exportiert. Die virtuellen Wasserströme variierten jahreszeitabhängig 

und waren während der Hauptsaison starker. Getreide trug am meisten (50-70%) zu 

den virtuellen Wasserflüssen in beiden Städten bei. Basierend auf den nördlichen 

Bezugsquellen von Getreide, Hülsenfrüchten, Gemüse und Vieh, war SüdGhana der 

Hauptnettoimporteur von virtuellem Wasser aus Tamale. Im Gegensatz dazu war in 

allen Nahrungsmittelgruppen, abgesehen von Früchten, die „Northern Region“ von 

Ghana Nettoexporteur von virtuellem Wasser. Große Mengen an virtuellem Wasser 

wurden in Form von Getreide (insbesondere Reis, Oryza sativa L.), aus internationalen 

Bezugsquellen (v.a. aus asiatischen Ländern) über die Elfenbeinküste nach 

Ouagadougou importiert. Eine weitere wichtige Bezugsquelle für wasserbedürftige 

Getreide war West-Burkina Faso, welches 50% der Gesamtmenge des virtuellen 
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Wassers in Getreide produzierte. Insgesamt trugen zahlreiche nationale Bezugsquellen 

für unterschiedliche Nahrungsmittelgruppen, einschließlich Regionen mit gesicherter 

Wasserversorgung (westliches und östliches Burkina Faso) und mit knappen 

Wasserressourcen (nördliches Burkina Faso), zur Widerstandfähigkeit Ouagadougous 

gegenüber Engpässen in Wasser- und Nahrungsmittelversorgung bei. 
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1.1. Challenges and opportunities of urbanization   

The world’s population is projected to reach between 8.4 and 8.6 billion in 2030, 

driven largely by rapid growth in sub-Saharan Africa (SSA) (UN 2013). Alongside this 

overall population growth in Africa is the increasing number of people living in urban 

areas, which is estimated to increase from 40% in 2014 to 50% by the year 2030 

(Orsini et al. 2013; United Nations, Department of Economic and Social Affairs 

2014). Urban population growth will be strongest in developing countries of Africa 

and Asia, whereby countries like Burkina Faso are expected to double their urban 

population by the year 2050 (United Nations, Department of Economic and Social 

Affairs 2014). Urbanization has multiple dimensions and has been associated with 

economic growth and provision of pro-poor social reforms (Cohen 2006; 

Satterthwaite et al. 2010). This notwithstanding, urban growth in Asia and Africa has 

often been accompanied by high levels of urban poverty and a large number of 

urban dwellers living in poor and overcrowded conditions in informal settlements 

without adequate life support systems (Satterthwaite et al. 2010). Rapid urbanization 

and expansion of urban areas have also contributed to the loss of agricultural lands 

and changes in landscape and land-use patterns (Satterthwaite et al. 2010; Pandey 

and Seto 2015). Undoubtedly, the growth of urban population will consequentially 

increase the demand for food as well as other necessary social needs.  

 

1.2. Opportunities and externalities of urban agriculture 

Urban Agriculture (UA) has become an integral part of the farming systems 

worldwide. In SSA, urban and peri-urban agriculture (UPA) has been reported to 

contribute in reducing urban poverty and food insecurity, and fostering the 

development of the local economy (Lydecker and Drechsel 2010; Drechsel and 

Keraita 2014). Urban farming allows part time or full time employment, whereby the 

output from the farm supplements household income (Orsini et al. 2013; Drechsel 

and Keraita 2014). Farmers in SSA are usually challenged by highly degraded and 

poor inherent soil fertility with low soil organic carbon (SOC) contents, low cation 

exchange capacity (CEC) and low water holding capacity (FAO and ITPS 2015; Tully 

et al. 2015). In the quest to meet the demand for growing food needs of the 

population, some farmers maximize their production processes by adopting both 

intensive and indiscriminate use of agronomic inputs, which may contribute to 
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negative externalities (Amoah et al. 2005; Diogo et al. 2010; Tornaghi 2014). Apart 

from extreme application of mineral fertilizers, untreated wastewater is widely used 

for irrigation to provide plant nutrients (Lal 2013) despite potential health hazards 

(Hussain et al. 2002). Data shows that intensive fertilization can lead to strongly 

positive horizontal nutrient balances resulting in large gaseous and leaching losses 

of nutrients (Graefe et al. 2008; Diogo et al. 2010). As such, improving nutrient use 

efficiency in UPA is therefore an important aim, with possible gains for the 

environment and farmers (Eckert et al. 2000; Roberts 2008; Halli et al. 2016). Any 

assessment of soil fertility and the efficiency of nutrient use thereof will require an 

integrated understanding of soil and water resources at different spatial and temporal 

scales.  

 

1.3. Agricultural production and climate change 

It is asserted that, water and food security will be challenged by increasing 

uncertainties related to changing climatic and socio-economic conditions triggered by 

urbanization (Allouche 2011). Global average surface temperature has increased by 

0.74°C (0.56-0.92°C) in the 20th century (IPCC 2007). Climate change is projected to 

be a major barrier to increased food production and supply (UNDP 2007; Ringler et 

al. 2010). With its documented impact on rainfall, agricultural yields in SSA  may be 

reduced in the near future, as a vast proportion (95%) of crop production is rainfed 

(Bhatt et al. 2006; IPCC 2007). Climate change is expected to further exacerbate 

water scarcity, and by 2020, between 75 and 250 million of people in Africa are 

projected to be exposed to increased water stress (IPCC 2007).  

 

1.4. Improving crop production through biochar amendment 

Biochar is a carbon (C)-rich product made from pyrolyzing biomass under deficient 

oxygen supply (Lehmann and Joseph 2009). Even though, there exists contradicting 

outcomes (Lentz and Ippolito 2012; Schnell et al. 2012; Biederman and Harpole 

2013; Cornelissen et al. 2013; Bass et al. 2016), biochar has been widely used to 

enhance crop yields and carbon sequestration (Steiner et al. 2007; Jeffery et al. 

2011; Cornelissen et al. 2013) as well as nitrogen (N) use efficiency (Chan et al. 

2007; Steiner et al. 2008). Its soil application can also increase plant-water 

availability (Novak et al. 2012; Xiaoa et al. 2016) and is one option to increase soil 
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organic carbon (SOC) contents (Ma et al. 2016). Biochar research in SSA is still 

fairly limited (Gwenzi et al. 2015) despite its promising potential for the development 

of sustainable agricultural systems in the humid tropics, and also for global climate 

change mitigation (Duku et al. 2011). The agronomic effects of biochar in intensive 

urban horticulture of SSA as well as its interaction with the use of untreated 

wastewater are largely unknown.  

 

1.5. Nutrient fluxes and balances at the field level 

The world’s agricultural systems are challenged in its expectation to produce 70% 

more food by 2050 with a smaller rural labour force, provide economic opportunities 

for the rural poor who depend on agriculture for their livelihoods, and reduce 

negative environmental impacts of their intensification (Hussain et al. 2002; Buerkert 

et al. 2005; Qadir et al. 2007; Predotova et al. 2011; Abdulkadir et al. 2013; World 

Resources Institute 2013; Amponsah et al. 2015). Nutrient balances have been used 

to assess nutrient fluxes, and management effects on system’s sustainability (Eckert 

et al. 2000; Bučiene et al. 2003; Öborn et al. 2003). There is a long history of 

employing nutrient balances at different scales (Bationo et al. 1998), and continuous 

improvements have been made in recent years to overcome their limitations. 

Smaling et al. (1993) and Stoorvogel and Smalling (1990) estimated nutrient 

balances at district and national levels, respectively, and reported the extent of 

nutrient depletion and its implication on food production in African countries. 

Understanding nutrient flows and budget at the field level may help to define more 

efficient management decisions to enhance food production.  

 

1.6. Virtual water flows in food transfer  

Agricultural production accounts for 70% of the global water use (Molden et al. 

2007). The available water resources for agricultural production is projected to 

decline due to growing pressure from human demand alongside climatic conditions 

(Rockström et al. 2009; Misra 2014). By the year 2050, it is predicted that 

precipitation in SSA could drop by 10%, likely to result in further water shortages 

(Nyong 2005; de Wit 2006), and subsequent threats to food production. This is 

aggravated by fact that an increasing number of people live further away from where 

food is produced, thereby requiring the transfer of food over long distances (The 
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Worldwatch Institute 2007). As food and other organic matter are transported from 

the production to the consumption point, water, which could have been used for local 

consumption, is transported virtually alongside. The water required for the production 

of these food commodities is termed “virtual water” (Allan 1998; Allan 2003; 

Chapagain and Hoekstra 2003). Many studies on virtual water have examined global 

(Hoekstra and Hung 2005; Hoekstra and Chapagain 2008; Zhang et al. 2016b), 

regional and national virtual water flows in food commodities especially in developed 

nations (Grote et al. 2005; Dang et al. 2014; Zhang and Anadon 2014; da Silva et al. 

2016), but such studies are lacking for SSA. As food demand increases in the face of 

unresolved water scarcity, knowledge on virtual water fluxes has the potential of 

enhancing the understanding of water resource use and planning (Feng et al. 2011). 

 

1.7. Study objectives and structure 

Against this background, this study is aimed at exploring and evaluating the effects 

of biochar application, fertilization, and irrigation water quality and quantity on 

biomass production, plant nutrition, and soil moisture in a multi-factorial vegetable 

production experiment. The study further quantified nutrient inputs and outputs at the 

field level to analyse nutrient use efficiencies of different field management options. 

Also studied were the magnitude and sources of virtual water flows (in and outflows) 

in agricultural commodity trade within and across the rural and urban spaces of the 

two West African cities of Tamale in Ghana and Ouagadougou in Burkina Faso. 

 

To achieve the first two objectives, the following hypotheses were tested within a 

two-year quantitative and qualitative on and off-farm monitoring:  

1. Biochar application, combined with fertilization and wastewater irrigation will 

increase yields, improve plant nutrition, and soil moisture beyond what either 

practice may generate alone. 

2. The current UPA practices are characterized by high nutrient inputs and 

inefficient nutrient and water use, leading to high losses of nutrients resulting 

from leaching especially during the rainy season. 

3. Biochar addition to UPA soils will increase crop production through a more 

efficient use of nutrients and water.  

 

The study was carried out in an intensively managed multi-factorial experiment in 
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Tamale (northern Ghana) (Fig. 1.1; Chapter 2 and 3) and along the roads entering 

the cities and major markets of Tamale and Ouagadougou (Chapter 4).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.1 Flow chart showing the methodological approaches of the studies conducted in two 
West African cities from 2013 – 2016 including corresponding thesis chapters. 
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Effects of biochar and wastewater irrigation on urban crop 
production in Tamale, Ghana 

 

2.1. Summary 
Agricultural production needs to increase, particularly in sub-Saharan Africa, where a 

large proportion of the population is undernourished, and the urban population is 

growing rapidly. On many West African soils with low cation exchange capacity and 

soil organic carbon content, mineral fertilization is rather inefficient. Under these 

conditions, untreated wastewater is often used for irrigation and as a source of 

nutrient, despite the health risk to producers and consumers. For intensively 

cultivated soils with high mineralization rates, biochar application has been 

advocated as a promising management option. However, the agronomic benefits of 

wastewater reuse in agriculture and its interaction with biochar have received only 

limited attention. This study, therefore, investigated the effects of mineral fertilizer 

application and biochar amendment at two water quality and quantity levels on soil 

moisture, plant nutrition and biomass production over two years. Rice husk biochar 

applied at 20 t ha–1 significantly increased fresh matter yields in the first five cropping 

cycles by 15%, and by 9% by the end of two years. Compared with clean water, 

wastewater irrigation increased yields 10-20-folds on unfertilized plots during the dry 

seasons, while a 4-fold increment was observed in the wet seasons. This seasonal 

difference is likely a result of the high sequence of irrigation events during the dry 

season. At our site, fertigation with wastewater contributed significantly to plant 

nutrition and nutrient recovery while yield-increasing biochar effects disappeared 

over time. Soil moisture was enhanced by up to 9% due to biochar amendments 

under unfertilized conditions. 

 

Keywords: Fertigation; Soil moisture; Urban agriculture; Wastewater 
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2.2. Introduction 
The world’s population is projected to grow to 8.5 billion by 2030, with more than half 

of this growth occurring in sub-Saharan Africa (SSA), a region where one-quarter of 

the population is currently undernourished (UN 2013). In most African countries, the 

population is growing faster than food production. Besides this gap, soil fertility is 

also depleting as a result of nutrient removal without adequate replenishment 

(Sanchez 2002; Tully et al. 2015). In many regions of SSA, soils are already highly 

degraded and have a poor inherent soil fertility with low soil organic carbon (SOC) 

contents, low cation exchange capacity (CEC) and low water holding capacity (FAO 

and ITPS 2015; Tully et al. 2015). Soil fertility needs to be improved and agricultural 

production needs to be adjusted to the evolving environment to feed the fast growing 

population. 

 

Despite its possible health risk to irrigators and consumers (Hussain et al. 2002; 

Qadir et al. 2007; Amponsah et al. 2015), proper use of wastewater has been 

considered as an environmentally sound disposal practice which helps to replenish 

carbon (C) and nutrients lost during intensive, often year-round cultivation 

(Mohammad and Mazahreh 2003). Under these conditions, wastewater irrigation 

does not only provide water for irrigation, it can be an important source of plant 

nutrients (Singh et al. 2012; Lal 2013; Drechsel and Keraita 2014; Nyantakyi-

Frimpong et al. 2016). However, Amponsah et al. (2015) also report that between 

half to one million Ghanaian city dwellers are at risk of infections from consuming 

vegetables that are irrigated with polluted water. Mineral fertilizer, however, can be 

expensive and water is often scarce, while wastewater treatment is non-existent in 

most African cities (Scott et al. 2004; FAO 2005). 

 

On soils with low CEC and SOC, fertilization with mineral fertilizers alone is often 

inefficient, because of large nutrient losses from gaseous emissions and leaching 

(Graefe et al. 2008). Biochar is a C-rich product made by pyrolysing biomass under 

oxygen deficiency (Lehmann and Joseph 2009) and has been advocated to improve 

crop yields (Steiner et al. 2007; Jeffery et al. 2011; Cornelissen et al. 2013) as well 

as to improve nitrogen (N) use efficiency particularly on acid soils of low fertility 

(Chan et al. 2007; Steiner et al. 2008). Biochar also increases plant-water availability 
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(Novak et al. 2012; Xiaoa et al. 2016) and is one option to increase SOC (Ma et al. 

2016). 

 

Notwithstanding, there are other field studies reporting contrary results (Lentz and 

Ippolito 2012; Schnell et al. 2012; Cornelissen et al. 2013; Bass et al. 2016). A 

review of 44 published biochar research articles shows that half of the studies did not 

find any yield increase or even reported negative yield responses to biochar 

application (Spokas et al. 2012). Similarly, in a meta-analysis of 371 independent 

experiments, Biederman and Harpole (2013) found that the average effect of biochar 

was neutral to positive, despite variability from soil type, climate, and production 

methods. Studies like ours, which was conducted over a two-year period with 13 

cropping cycles following one single biochar addition, are rare. To the best of our 

knowledge, most published studies involve only two to five cropping cycles 

(Kulmatiski and Beard 2006; Steiner et al. 2007; Major et al. 2010; Haefele et al. 

2011; Quilliam et al. 2013). Also, the agronomic effects of untreated wastewater 

reuse and its interaction with biochar, are largely unknown. 

 

This study therefore aimed at examining the effects of a single biochar application, 

mineral fertilizer application, and different irrigation water qualities and quantities on 

biomass production, plant nutrition, and soil moisture over a two-year period and 

multiple cropping cycles in northern Ghana. We hypothesized that biochar 

application, combined with fertilization and wastewater irrigation, increases yields 

beyond what either practice may generate alone. 
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2.3. Materials and methods  

2.3.1. Study area 
The study was part of a broader project aimed at testing improved management 

strategies to enhance nutrient and water use efficiency, maintain soil quality, and 

produce safer vegetables in urban agriculture. This publication reports agronomic 

data from urban vegetable production in Tamale, northern Ghana (9°28'28.75"N 

latitude and 0°50'53.48"W longitude; Appendix 2.1). The experiment was established 

on an urban agricultural production site in Tamale. The Tamale municipality is the 

largest in northern Ghana with an urban population of about 400,000 inhabitants 

(GSS, 2012). The trial site lies within the Guinea savannah climate of West Africa 

and has a distinct rainy and dry season, characterized by a unimodal rainfall pattern 

with a mean annual rainfall of 1111 mm. The driest month is January with 2 mm 

average rainfall, while major rainfall occurs between August and September. The 

mean annual temperature is 29 oC (Climate-data.com 2016). During the field 

experiment, the precipitation during the rainy seasons (covering April to November) 

was 825 mm and 532 mm for the years 2014 and 2015, respectively (Appendix 2.2). 

The mean temperature during the experiment was 28.3 oC.  

 

2.3.2. Experimental setup 
The field experiment tested farmers’ practice (FP1) of fertilization in comparison to an 

unfertilized control (FP0), biochar (BC) addition and FP1+biochar (FP1+BC). These 

four treatments were irrigated with either untreated wastewater (ww) or clean water 

(cw) and using farmers’ usual “full” (f) or reduced (r, 2/3 of f) irrigation quantity. The 

full irrigation quantity was within the range of the crop water requirement for the 

various crops cultivated, which were modelled by accounting for climatic, crop and 

soil data (Abdul-Ganiyu et al. 2017). Irrigation water samples (clean and wastewater) 

were collected weekly for nutrient analysis while mineral fertilizer was collected at 

each application event for analysis (Table 1). The experiment was further divided 

into four blocks (replicates) and, subsequently, each block was divided into four 

irrigation schemes (main-plots). The location of the main-plots (irrigation) within a 

block was randomized as well as the location of the sub-plots (treatments) within 

each main-plot (Appendix 2.3 and 2.4). 
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2.3.3. Soil properties  
Soil samples were taken at the beginning of the study and at the end of each season 

at 0-0.2 m depth for analysis of pH, total C, nitrogen (N), phosphorus (P), potassium 

(K), magnesium (Mg), and CEC. The initial soil analysis revealed that the 

experimental site had a sandy loam texture with a sand content of 46% and a low 

clay content of 5 to 8%. It was classified as a Petroplinthic Cambisol according to the 

WRB classification (WRB, 2015) with a topsoil C content of 0.4%. The effective CEC 

was 38.8 mmol kg–1 and the pH was moderately acidic (5.1) (Häring et al. 2017; 

Appendix 2.5). Soil volumetric water contents (VWC) of plots were measured weekly, 

in the evening before irrigation (four points per plot, averaged) by using a FieldScout 

TDR 100 Soil Moisture Meter (Spectrum Technologies Inc., Plainfield, IL, USA). 

 

2.3.4. Agronomic inputs  
Plots were irrigated with watering cans once or twice a day with a predefined 

quantity, determined based on the crop water demand and the weather following 

farmer’s practise. In the rainy season, the amount of rainfall was taken into account 

for irrigation. Clean water was sourced from Ghana Water Company Limited, while 

wastewater came from domestic sewage effluent from the Kamina Military Barracks. 

Mineral fertilizer (NPK 15-15-15 and Urea 46-0-0, Springfield Agro, Singapore) and 

wastewater were the major sources of N, P, and K input. Fertilizer was applied 

through broadcasting at the farmers’ recommended rates and frequency. Average 

mineral fertilizer input was 52±18 kg N, 21±8 kg P, and 30±12 kg K ha–1 for all crops 

except for jute mallow (Corchorus olitorius L.) to which urea was applied at 117±2 kg 

N. Mean wastewater input for crops cultivated in the rainy seasons was 42±33 kg N, 

7±5 kg P, and 7±3 kg K ha–1 while an input of 111±80 kg N, 43±24 kg P, and 

32±25 kg K ha–1 was supplied during the dry seasons. The input from clean water 

was negligible compared with the other inputs (Table 2.1; Häring et al. 2017). 
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Table 2.1 List of cultivated crops, and irrigation quantities (mm) and nutrient inputs in (kg ha-1) of a multi-factorial vegetable growing 
experiment in Tamale (northern Ghana) between 2014 and 2016 

Cropping season 2014 wet season (Season 1) 2014/15 dry season (Season 2) 2015 wet seasons (Season 3) 2015/16 dry season (Season 4) 

Crop number  1 2 3 4 5 6 7 8 9 10 11 12 13 

Crop Maize Lettuce Cabbage Amaranth Lettuce Amaranth Jute 
mallow 

Jute 
mallow Amaranth Jute 

mallow 
Rosell

e Lettuce Carrots 

Planting date May Jun Jul Oct Dec Feb Apr Jun Jul Sep Oct Dec Jan 
Harvesting 
date Jun Jul Oct Nov Jan Mar May Jul Aug Oct Nov Jan Apr 

Crop duration 
(days) 31 28 72 30 48 30 31 30 34 35 36 35 91 

Full irrigation  198.0 339.6 204.9 242.0 431.8 176.0 200.8 160.9 38.5 8.3 264.0 242.0 540.4 
Reduce 
irrigation  126.5 228.3 145.8 170.5 298.4 118.3 148.5 115.5 27.5 8.3 180.1 166.4 391.8 

Rainfall a 42.2 69.8 542.3 10.4 0.0 37.3 18.8 72.7 146.4 170.6 13.8 0.0 125.9 
Fertilizer - N  84.4 85.5 58.8 31.9 54.1 31.9 115.1 119.5 30.6 45.4 45.2 46.1 57.2 
Fertilizer - P  36.1 36.5 25.1 13.6 23.1 13.6 0.0 0.0 11.6 17.2 17.1 17.5 21.7 
Fertilizer - K  52.3 53.0 36.5 19.8 33.6 19.8 0.0 0.0 15.0 22.3 22.2 22.6 28.1 
ww - N 30.8 52.9 19.3 32.7 172.0 55.0 86.9 91.2 15.0 2.3 55.0 95.6 258.8 
ww - P  4.6 7.9 3.5 12.5 53.8 28.5 14.7 13.8 1.4 0.1 33.4 44.8 87.3 
ww - K  7.2 12.7 5.9 7.3 20.1 9.1 8.0 7.8 4.0 1.2 37.3 36.0 80.4 
cw - N  0.5 0.9 0.5 1.7 3.0 1.2 1.1 0.5 0.1 0.0 1.3 1.2  2.6 
cw - P  0.0 0.0 0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.5 0.1  0.3 
cw - K  2.3 3.9 1.5 2.7 4.8 2.0 2.1 1.4 0.7 0.2 5.8 5.3  11.8 

cw = clean water; N = nitrogen; P = phosphorus; K = potassium; ww = wastewater; a rainfall quantities are the same for full and reduced irrigated plots. 
Nutrient input estimation was based on full irrigation, values for reduced irrigation and other details can be found in the Appendix 2.6.  
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2.3.5. Biochar production and incorporation 

Biochar, whose detailed properties are presented in Atiah et al. (unpublished), was 

produced from rice husks, available feedstock with little alternative usage in the 

study region. Air-dried rice husks were pyrolysed in a kiln at 500 °C. The resulting 

biochar had 12 kg N ha–1, 17 kg P ha–1 and 20 kg K ha–1, an electrical conductivity 

(EC) of 900 µS cm–1, volatile matter content of 23%, total C of 42% and an ash 

content of 45%. Biochar was incorporated into the soil (0-0.2m) manually at a rate of 

20 t ha–1. After incorporation, soil of all plots was thoroughly tilled. The soil surface 

(0-0.2m) was loosened before each cropping cycle to facilitate homogenous water 

infiltration and biochar distribution within the plots. 

 

2.3.6. Weather data 

Air temperature, relative humidity, wind speed, amount of rainfall, and solar radiation 

were recorded continuously at 30 min intervals using a WatchDog 2000 Series 

Weather Station (Spectrum Technologies Inc., Plainfield, IL, USA) and as a backup 

system, a HOBO data logger (Onset Computer Corp., Bourne, MA, USA).  

 

2.3.7. Crops 

Prior to the establishment of the treatments, maize (Zea mays L.) was cultivated to 

test the homogeneity of the field. After the establishment of the treatments, maize, 

lettuce (Lactuca sativa L.), and cabbage (Brassica oleracea L.) were cultivated 

during the first year rainy season. Two cropping cycles of amaranth (Amaranthus 

cruentus) interspersed with lettuce took place in the dry season of the first year. In 

the second rainy season, the field was cultivated three times with jute mallow and 

interspersed with amaranth. Crops cultivated in the last dry season were amaranth, 

roselle (Hibiscus sabdariffa L.), lettuce, and carrot (Daucus carota L.). Cabbage was 

severely damaged by cabbageworm (Pieris rapae). Consequently, the yields did not 

represent treatment effects and were excluded from our analysis. Nursing of 

seedlings, planting distance, weeding, tillage, loosening of soil and other production 

practices were carried out according to local farmers’ practice. Crops were harvested 

when FP plots reached physiological maturity (according to the farmer’s judgment), 

apart from maize biomass which was harvested after the vegetative stage. A 

sampling area of 1.2 x 2.7 m (3.2 m2) of each plot was harvested to measure crop 
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biomass. Crops from a ≥0.4 m border around each plot were discarded at each 

harvest to minimize edge effects. 

 

2.3.8. Analysis 

Fresh weight of aboveground biomass (stem and leaves) was measured, and for 

carrots, the root biomass was additionally determined. After the first four cropping 

cycles, marketable yields were assessed in addition to the total aboveground 

biomass. After obtaining the fresh weight of crops in the sampling area, sub-samples 

were air dried for three days and further oven-dried to constant weight at 65 oC. 

Dried samples were ground to 1.5 mm to analyse nutrient concentrations. Total C 

and N were determined with an elemental analyser (Vario MAX CHN Elementar 

Analysensysteme GmbH, Hanau, Germany). Total P was measured with a 

spectrophotometer (Hitachi U-2000, Hitachi Ltd., Tokyo, Japan) at 460 nm, P-yellow-

method after extraction with HCl and colouration with an ammonium 

molybdate/ammonium vanadate reagent. Potassium (K) was determined by flame 

photometry (BWB-XP, BWB Technologies UK Ltd., Garforth, UK).  

 

2.3.9. Statistics 

Data were analysed using a mixed model accounting for the effects fertilization, 

biochar amendment, quality and quantity of water using the procedure PROC MIXED 

in SAS (SAS Institute Inc 2009). As the experimental layout was a split-plot design, 

error terms for main-block and sub-block were added. The statistical model used to 

test significance of fixed effects (type 3) was defined as: y=Xβ+Zu+e,  

where y = vector of observations for yield (expressed in t ha–1); β = vector of fixed 

effects including fertilization (farmers’ practice and control), biochar amendment (with 

and without biochar), water quality (wastewater and clean water), and water quantity 

(full irrigation and reduced irrigation); u = vector of random effect block; and X and Z 

are the respective associated incidence matrices, and e stands for the error term. To 

account for repeated measurement over time, an autoregressive model was used. 

Residuals were tested for normality (Shapiro-Wilks or Kolmogorov-Smirnov test) and 

homogeneity of variances in SAS statistical package version 9.2 (SAS Institute Inc 

2009). Where necessary, data were log10 transformed prior to statistical analysis. All 

possible interactions up to four-way interaction were included in vector β for 

conducting multiple least square mean comparisons using a Tukey’s posthoc honest 
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significant difference test at p < 0.05. 

 

2.4. Results 

2.4.1. Effect of fertilization and biochar on crop biomass production 

Fertilizer application (irrespective of any other factors), compared with yields of 

unfertilized plots, significantly (p < 0.01) improved total biomass and marketable 

yields for all crops with the exception of carrot (crop 13) for which a 3% increase in 

total biomass and 15% increase in marketable yield was recorded. The highest 

increments were recorded for lettuce (crop 2) and amaranth (crop 9) with biomass 

and marketable yield increases of 263% and 1400% respectively (Table 2 and 3). 

Biochar amended plots (irrespective of any other factors), compared with 

unamended plots, on the other hand, significantly (p < 0.05) improved total biomass 

of the first four crops, on average by 15%. The marketable yield on biochar amended 

plots was on the other hand significantly improved for lettuce (crop 5 and 12) with a 

mean increment of 14% compared with unamended biochar plots. Biochar 

amendment on fertilized plots (FP1+BC) increased the total biomass yields of maize 

(crop 1) and amaranth (crop 4) compared with fertilized plots without biochar 

amendment (FP1). A significant interaction between fertilization and biochar addition 

was observed for jute mallow (crop 8, p=0.01) which led to a 15% decline in yield 

(Table 2.2; Appendix 2.7). Biochar amendment on unfertilized plots (BC) on the other 

hand, had an 82% and 42% increment respectively on the first two lettuce cropping 

cycles (crops 2 and 5) (Table 2). The remaining crops were not significantly 

influenced by the addition of biochar, even though means of crop yields were 

numerically higher on both fertilized and unfertilized plots (Table 2 and 3), with the 

exception of amaranth (crop 6), jute mallow (crop 8), roselle (crop 11), and lettuce 

(crop 12). 
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Fig 2.1 Aboveground biomass (FM) of (a) amaranth (crop 6), (b) jute mallow (crops 8), (c) 
lettuce (crop 12) and (d) carrot (crop 13), influenced by wastewater irrigation on fertilized 
and unfertilized plots in a multi-factorial vegetable growing experiment in Tamale (northern 
Ghana) from May 2014 to April 2016. 
Data show mean ± one standard error, n = 16; columns with the same letter are not 
significantly different (Tukey multiple comparison test, p < 0.05). FM = fresh matter. Values 
for carrot comprise below- and aboveground yields. 
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Fig 2.2 Marketable yield (FM) of (a) lettuce (crop 5), (b) jute mallow (crop 7), (c) jute mallow 
(crops 8) and (d) roselle (crop 11) influenced by fertilization and water quality in a multi-
factorial vegetable growing experiment in Tamale (northern Ghana) from May 2014 to April 
2016.  
Data show mean ± one standard error, n = 16; columns with the same letter are not 
significantly different using a Tukey multiple comparison test at p < 0.05. FM = fresh matter. 
 

From the sixth crop onwards, a significant interaction (p < 0.05) between fertilization 

and water quality was observed in amaranth (crop 6), jute mallow (crops 7 and 8), 

lettuce (crop 12) and carrot (crop 13). In these crops, wastewater irrigation led to 

significant higher yields in both fertilized (FP1+ww) and unfertilized (FP0+ww) plots 

compared with clean water irrigation (Fig. 1). Similarly, on marketable yields, crops 

irrigated with wastewater increased yields between 200-600% on unfertilized plots 

and between 20-80% on fertilized plots (Fig. 2). Interaction between fertilization and 

water quantity was significant (p < 0.05) in maize (crop 1), amaranth (crop 9) and 

lettuce (crop 12; Fig. 3; Appendix 2.7 and 2.8). For these three crops, fully irrigated 

plots under FP1 produced yields which were significantly higher than on the reduced 

irrigated plots. However, on the unfertilized plots (FP0), water quantity did not 

influence yield. Our study did not show a significant interaction between all the four 

factors (fertilization, biochar, water quality and quantity) in any of the crops apart 
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from lettuce (crop 12). For this crop, the reduction in yield due to reduced irrigation 

was higher on wastewater irrigated plots than on clean water irrigated plots (Fig 4). 

 

Repeated measurement analysis of total fresh biomass including all cropping cycles, 

showed that fertilized plots compared with unfertilized plots doubled yields at the end 

of the two years (p < 0.05). Yield on biochar amended plots on the other hand 

increased by an average of 9% over the 13 cropping cycles (p>0.05).  

Fig 2.3 Aboveground biomass (FM) of (a) maize (crop 1), and (b) amaranth (crop 9) 
influenced by fertilization and water quantity in a multi-factorial vegetable growing 
experiment in Tamale (northern Ghana) from May 2014 to April 2016.  
Data show mean ± one standard error, n = 16; Columns with the same letter are not 
significantly different using a Tukey multiple comparison test at p < 0.05. FM = fresh matter. 
 

 

 

 

 

 

 
 

 
 
 

Fig 2.4 Aboveground biomass (FM) of lettuce (crop 12) influenced by water quality and 
quantity in a multi-factorial vegetable growing experiment in Tamale (northern Ghana) from 
May 2014 to April 2016.  
Data show mean ± one standard error, n = 4; Columns with the same letter are not 
significantly different using a Tukey multiple comparison test at p < 0.05. BC = biochar; C = 
control (no fertilizer, no biochar); cw = clean water; f = full irrigation; FM = fresh matter; FP1 = 
fertilization according to farmers’ practice; FP1+BC = farmer’s practice + biochar; r = reduced 
irrigation (2/3 f) and ww = wastewater. 
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2.4.2. Effect of irrigation water quality and quantity on crop biomass production 

Wastewater irrigation increased fresh biomass (p < 0.05) in all cropping cycles apart 

from maize (crop 1, p = 0.10) and jute mallow (crop 10, p = 0.17). The extent of the 

biomass increase varied across the cropping cycles with a mean annual increment of 

142%. The greatest increase was recorded in lettuce (crop 12, +352%) in the dry 

season and the lowest in maize (crop 1, +19%) in the wet season. Reduced 

irrigation, on the other hand, reduced yields, ranging from 5 to 57%. However, on 

lettuce (crop 2), reduced irrigated plots showed a marginal yield increase of 2% (p = 

0.90) compared with fully irrigated plots. A significant increase (p < 0.05) was also 

observed in the marketable yield of jute mellow (crop 7) and roselle (crop11; Table 2 

and 3). 

 

A significant interaction (p < 0.05) between water quality and quantity was noted in 

lettuce (crop 5 and crop 12) and roselle (crop 11) where full irrigation increased 

yields only on wastewater irrigated plots by 40-60% (Fig. 5). A 50% increment was 

recorded in marketable yields of lettuce (crop 5), jute mallow (crop 7) and roselle 

(crop 11) on wastewater irrigated plots (Appendix 2.7 and 2.8). 

 

At the end of the two years, wastewater compared with clean water irrigation had 

doubled yields (p < 0.05). Full irrigation on the other hand led to a 23% higher 

cumulative yield (data not shown).  

 

2.4.3. Plant nutrition  

Fertilizer application, as well as wastewater irrigation, significantly increased N 

concentration in plant tissue of all crops except for amaranth (crop 9) and jute 

mallow (crop 10). The effect of biochar amendment on plant tissue N was higher (p < 

0.05) in maize (crop 1) and amaranth (crops 6). In both crops, biochar amendment 

resulted in a 10% decrease in plant N nutrient concentration. Irrigation water 

reduction did not influence plant N concentration in any of the cropping cycles 

(Appendix 2.10).  

 

With the exception of amaranth (crop 9), jute mallow (crop 10), and lettuce (crop 12), 

all wastewater irrigated plants had significantly higher P and K concentrations in 

plant tissue compared with clean water irrigated plants. Most plants fertilized 



Effects of biochar and wastewater irrigation on urban crop production in Tamale, Ghana 

 

 
 

26 

according to farmer’s practice had significantly higher P than unfertilized plants. 

Exceptions were amaranth (crop 6) and jute mallow (crops 7, 8 and 10). Plant tissue 

K was higher in plants on fertilized plots, except for that in lettuce (crop 5), jute 

mallow (crop 8), and amaranth (crop 9). Plants grown on biochar amended soils 

recorded higher P concentrations in plant tissue in the first year, while K 

concentration was different in maize (crop 1), and lettuce (crops 5 and 12) (Appendix 

2.11 – 2.12). Ca and Mg concentrations in plant tissue were inconsistent. Apart from 

fertilizer application that resulted in differences in the Mg content, biochar 

amendment, water quality and quantity rarely influenced Mg and Ca concentrations 

(Appendix 2.13 and 2.14).  
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Table 2.2 Aboveground biomass (t ha–1 FM) of selected treatments for the experimental crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) from May 2014 to April 2016.  

  ------------------------------------------------------------------------Biomass t ha–1(FM)----------------------------------------------------------------------------- 
Treatment n Crop 1 Crop 2 Crop 4 Crop 5 Crop 6 Crop 7 Crop 8 Crop 9 Crop 10 Crop 11 Crop 12 Crop 13 

  Maize Lettuce Amaranth Lettuce Amaranth Jute 
mallow 

Jute 
mallow Amaranth Jute 

mallow Roselle Lettuce Carrot 

  Fertilization 
Unfertilized 32 16.1±1.0b 2.4±0.4b 7.4±0.7b 15.6±2.5b 11.6±1.7b 4.8±0.7b 4.3±0.5b 2.7±0.5b 1.9±0.1b 6.2±0.6b 6.3±0.9b 16.2±2.4a 
Fertilized 32 32.0±1.7a 8.7±0.6a 22.5±1.1a 30.9±2.7a 22.3±1.8a 7.6±0.6a 9.8±0.6a 9.1±0.9a 5.6±0.5a 18.0±0.7a 8.7±1.2a 16.7±2.2a 
  Biochar amendment 
No Biochar 32 22.7±1.8b 5.1±0.7b 13.9±1.6b 21.6±3.0a 16.7±2.0a 6.1±0.7a 7.4±1.0a 5.7±0.9a 3.6±0.5a 12.2±1.2a 7.4±1.1a 15.8±2.3a 
Biochar 32 25.4±2.1a 6.0±0.7a 16.1±1.7a 24.9±2.9a 17.2±1.9a 6.3±0.7a 6.9±0.6a 6.1±0.9a 4.0±0.5a 12.1±1.3a 7.6±1.0a 17.1±2.3a 
  Water quality 
cw 32 22.0±1.9a 3.8±0.6b 12.3±1.7b 13.2±1.9b 8.2±1.1b 3.4±0.4b 3.9±0.5b 3.1±0.7b 3.4±0.5a 10.0±1.2b 2.7±0.3b 7.1±1.1b 
ww 32 26.1±2.0a 7.3±0.7a 17.7±1.5a 33.3±2.7a 25.7±1.3a 9.0±0.5a 10.1±0.6a 8.7±0.8a 4.2±0.5a 14.2±1.2a 12.2±0.8a 25.9±1.9a 
  Water quantity 
r 32 20.1±1.7b 5.6±0.7a 13.7±1.4a 19.1±2.4b 16.1±1.8a 5.1±0.5b 6.2±0.6b 4.6±0.7b 3.7±0.5a 10.9±1.1b 6.0±0.8b 14.7±2.5a 
f 32 28.0±2.0a 5.5±0.7a 16.3±1.8a 27.4±3.2a 17.8±2.1a 7.3±0.8a 7.9±0.7a 7.2±1.0a 3.9±0.5a 13.4±1.3a 8.9±1.2a 18.2±2.0a 
  Water quality*water quantity 
cw+r 16 19.1±2.5b 4.0±0.9b 11.7±2.1b 12.5±2.5c 8.6±1.6b 3.0±0.4c 3.5±0.5c 2.2±0.7b 3.8±0.7a 9.9±1.7b 2.3±0.4c 4.4±1.1b 
cw+f 16 24.9±2.9ab 3.6±0.9b 13.0±2.6b 13.9±3.0c 7.9±1.7b 3.7±0.6c 4.4±0.7c 4.1±1.1b 2.9±0.7a 10.1±1.7b 3.2±0.5c 9.7±1.7b 
ww+r 16 21.1±2.3b 7.1±1.1a 15.7±1.9ab 25.7±3.5b 23.6±1.9a 7.1±0.4b 8.8±0.8b 7.0±1.0a 4.5±0.7a 11.8±1.4b 9.7±0.8b 25.0±3.2a 
ww+f 16 31.0±2.7a 7.4±1.0a 19.6±2.3a 40.9±3.1a 27.8±1.5a 11.0±0.8a 11.4±0.8a 10.4±1.3a 3.9±0.7a 16.6±1.7a 14.7±1.2a 26.7±1.9a 
  Fertilization*water quality 
FP0+cw 16 14.0±1.4b 1.0±0.1d 4.1±0.5c 3.6±0.6c 2.6±0.4d 1.6±0.7d 1.3±0.1c 0.6±0.2c 1.6±0.2b 3.6±0.2d 2.1±0.1d 4.6±0.9c 
FP0+ww 16 18.3±1.3b 3.8±0.5c 10.8±0.7b 27.6±2.5b 20.7±0.9b 8.0±0.2b 7.1±0.5b 4.8±0.5b 2.3±0.2b 8.8±0.7c 10.4±0.9b 27.9±2.1a 
FP1+cw 16 30.1±2.2a 6.6±0.7b 20.6±1.5a 22.7±1.7b 13.9±1.0c 5.2±0.4c 6.4±0.5b 5.7±1.0b 5.3±0.7a 16.4±0.7b 3.3±0.6c 9.6±1.8b 
FP1+ww 16 33.9±2.4a 10.8±0.5a 24.5±1.5a 39.0±4.3a 30.7±1.5a 10.1±0.8a 13.1±0.7a 12.6±0.8a 6.2±0.6a 19.7±1.2a 14.0±1.3a 23.8±3.1a 
  Fertilization*biochar amendment 
C 16 15.5±1.5c 1.7±0.5c 6.8±1.1c 12.9±3.5c 11.8±2.6b 4.6±1.0b 4.0±0.9c 2.4±0.6b 1.7±0.2b 6.3±0.8b 5.7±1.2c 15.6±3.4a 
BC 16 16.7±1.4c 3.1±0.5b 8.1±1.0c 18.3±3.5b 11.5±2.2b 4.9±0.9b 4.4±0.6c 2.9±0.7b 2.2±0.2b 6.1±0.8b 6.8±1.3bc 16.9±3.4a 
FP1 16 29.8±2.2b 8.4±0.8a 21.0±1.5b 30.3±3.9a 21.6±2.6a 7.5±0.8a 10.8±1.2a 9.0±1.3a 5.5±0.7a 18.0±1.0a 9.0±1.9a 16.1±3.2a 
FP1+BC 16 34.2±2.4a 9.0±0.8a 24.1±1.5a 31.4±4.0a 23.0±2.4a 7.8±1.0a 9.2±0.7b 9.3±1.2a 6.0±0.7a 18.1±1.1a 8.3±1.5ab 17.3±3.1a 
Data shows mean ± one standard error. Values followed by the same letter in a column are not significantly different using a Tukey multiple comparison 
test at p < 0.05. BC = biochar; C = control (no fertilizer, no biochar), cw = clean water, f = full irrigation, FP0 = no fertilizer application, FP1 = fertilization 
according to farmers’ practice, FP1+BC = farmer’s practice + biochar, r = reduced irrigation (2/3 f) and ww = wastewater. Values for carrot are both below 
and aboveground yields. 
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Table 2.3 Marketable yield (t ha–1 FM) of selected factor combinations for the experimental crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) from May 2014 to April 2016.  
  ------------------------------------------------Biomass t ha–1(FM)------------------------------------------------------ 
Treatment n Crop 5 Crop 6 Crop 7 Crop 8 Crop 9 Crop 10 Crop 11 Crop 12 Crop 13 
  Lettuce Amaranth Jute mallow Jute mallow Amaranth Jute mallow Roselle Lettuce Carrot 
  Fertilization 
Unfertilized 32 14.4±2.3b 6.2±1.4 1.8±0.3b 1.3±0.2b 0.2±0.1 0.6±0.1b 4.6±0.5b 4.7±0.9b 2.0±0.5 
Fertilized 32 29.0±2.5a 8.6±1.7 3.1±0.2a 4.7±0.3a 3.0±0.4 1.8±0.2a 14.5±0.6a 6.5±1.1a 2.3±0.5 
  Biochar amendment 
No Biochar 32 20.0±2.8b 8.0±1.6 2.4±0.3a 2.9±0.4a 1.4±0.4 1.2±0.2a 9.6±1.0a 5.3±1.1b 1.9±0.4 
Biochar 32 23.4±2.6a 6.9±1.5 2.5±0.3a 3.0±0.4a 1.7±0.4 1.3±0.2a 9.5±1.1a 5.9±1.0a 2.4±0.5 
  Water quality 
cw 32 12.1±1.8b 0.1±0.1 1.5±0.2b 2.0±0.4b 0.8±0.3 1.0±0.2b 7.7±1.0b 1.0±0.3b 0.5±0.2 
ww 32 31.3±2.4a 15.6±0.9 3.5±0.2a 4.0±0.3a 2.3±0.4 1.4±0.2a 11.5±1.0a 10.2±0.8a 3.8±0.5 
  Water quantity 
r 32 18.0±2.2a 6.7±1.6 2.0±0.2b 2.7±0.4a 1.4±0.4 1.1±0.2a 8.6±1.0b 4.4±0.8a 1.3±0.3 
f 32 25.4±3.0a 8.1±1.5 2.9±0.3a 3.2±0.4a 1.6±0.4 1.3±0.2a 10.5±1.1a 6.8±1.2a 3.0±0.6 
  Water quality*water quantity 
cw+r 16 11.3±2.3c 0.0±0.0 1.3±0.2c 1.6±0.4b 0.5±0.4 0.8±0.2b 7.7±1.5b 1.0±0.4c 0.4±0.2 
cw+f 16 12.8±2.8c 0.1±0.1 1.6±0.3c 2.3±0.6b 1.0±0.4 1.3±0.2ab 7.6±1.4b 1.1±0.4c 0.6±0.3 
ww+r 16 24.6±3.0b 15.0±1.6 2.8±0.1b 3.8±0.5a 2.3±0.6 1.5±0.2a 9.4±1.2b 7.9±0.8b 2.1±0.5 
ww+f 16 38.0±2.9a 16.1±0.9 4.1±0.2a 4.1±0.5a 2.3±0.6 1.3±0.2a 13.5±1.4a 12.5±1.1a 5.5±0.6 
  Fertilization*water quality 
FP0+cw 16 3.3±0.6c 0.0±0.0 0.5±0.1d 0.3±0.0d 0.0±0.0 0.5±0.1c 2.2±0.1d 0.6±0.1c 0.0±0.0 
FP0+ww 16 25.5±2.3b 13.3±1.2 3.2±0.2b 2.2±0.2c 0.3±0.1 0.8±0.1b 7.0±0.6c 8.8±0.9b 4.0±0.7 
FP1+cw 16 20.9±1.6b 0.1±0.1 2.4±0.2c 3.7±0.4b 1.6±0.5 1.6±0.2a 13.1±0.5b 1.5±0.5c 1.0±0.3 
FP1+ww 16 37.2±3.7a 17.6±1.0 3.8±0.3a 5.7±0.2a 4.3±0.5 2.1±0.2a 15.9±0.9a 11.6±1.2a 3.6±0.7 
  Fertilization*biochar amendment 
C 16 11.9±3.3c 7.3±2.2 1.8±0.4b 1.2±0.3b 0.1±0.1 0.5±0.1c 4.7±0.8b 4.1±1.1b 1.8±0.6 
BC 16 16.8±3.3b 4.9±1.7 1.9±0.4b 1.3±0.3b 0.2±0.1 0.7±0.1b 4.5±0.8b 5.3±1.3a 2.2±0.8 
FP1 16 28.1±3.6a 8.7±2.5 3.0±0.3a 4.6±0.4a 2.8±0.6 1.8±0.2a 14.5±0.7a 6.6±1.8a 2.0±0.5 
FP1+BC 16 30.0±3.5a 8.5±2.3 3.1±0.3a 4.7±0.4a 3.1±0.5 1.9±0.2a 14.5±0.9a 6.5±1.5a 2.7±0.8 

Data shows mean ± one standard error. Values followed by the same letters in a column are not significantly different (Tukey multiple comparison 
test, P<0.05). Those without values were not analysed due to incomplete data. BC = biochar; C = control (no fertilizer, no biochar), cw = clean water, 
f = full irrigation, FP0 = no fertilizer application, FP1 = fertilization according to farmers’ practice, FP1+BC = farmer’s practice + biochar, r = reduced 
irrigation and ww = wastewater. Marketable yields for crops 1 to 4 were not determined. Values for carrot comprise below and aboveground yields. 
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2.4.4. Soil volumetric moisture content 
Compared with unfertilized plots, application of mineral fertilizers (irrespective of 

other factors) led to a marginal change in mean soil volumetric moisture content 

(VMC) between -10 to 13%. In four cropping cycles, specifically, lettuce (crop 2 and 

5; 8%), cabbage (crop 3; 6%), and carrot (crop 13; 13%), a significant higher VMC 

were recorded on fertilized soils. The mean VMC of biochar amended soils, 

compared with soils without biochar were higher, but these differences were not 

significant in any cropping cycle. While biochar amended plots under fertilized 

conditions (FP1+BC) did not show an increase in the mean soil volumetric moisture 

content, a significant increment of 4 and 7% was observed in cabbage (crop 3) and 

amaranth (crop 6), respectively, under unfertilized biochar amended plots (BC). The 

mean soil moisture content of the wastewater-irrigated plots was similar to that of 

clean water-irrigated plots, with the exception of lettuce (crop 5) where it showed a 

15% increment. Full irrigated plots, on the other hand, showed a significantly higher 

mean soil moisture content in maize (crop 1), lettuce (crops 5 and 12), amaranth 

(crop 6), jute mallow (crop 8), and carrot (crop 13) with increments ranging from 22 

to 85%. 

 

2.5. Discussion 
Many studies have shown yield increases with rice husk biochar, particularly on 

infertile soils under both greenhouse and field conditions (Carter et al. 2013; 

Gandahi et al. 2015; Kamara et al. 2015; Manickam et al. 2015; Munda et al. 2015). 

In our study in northen Ghana, the significant effects of biochar amendments on crop 

yields were restricted to the first six months or five cropping cycles including maize, 

amaranth, and lettuce. Biochar increased yields of the first and fourth cropping 

cycles on fertilized plots (FP1+BC). Lettuce (crops 2 and 5), on the other hand, had a 

substantial increase in yield on unfertilized plots (BC) compared with control plots in 

the third and fifth cropping cycles (Table 2). These crop performances are consistent 

with other research results (Yamato et al. 2006; Cornelissen et al. 2013; Zhang et al. 

2016a; Agegnehu et al. 2016). Agegnehu et al. (2016) reported that a biochar 

addition of 10 t ha–1 to fertilized plots resulted in an 18% total biomass increment, 

which is higher than the yield increases in our study. Carter et al. (2013) observed a 

pronounced effect of biochar on fertilized and unfertilized plots in their first two 
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cropping cycles of lettuce and cabbage, but a decline in the third cropping cycle 

when lettuce was cultivated.  

 

Results from this study, on the other hand are contrary to those of Major et al. 

(2010), who recorded no change in maize yields in their first year but significant 

increases in the second year following a 20 t ha–1 amended wood biochar. One of 

the factors that may contribute to the short term-biomass increment is the nutrient 

input from the rice husk biochar, especially P and K which would be in line with 

results reported in other studies (Lehmann et al. 2003; Enders et al. 2012). The 

significantly higher plant P concentration in the tissues of plants grown on biochar 

plots in the first year is likely a result of the additional P input from the applied 

biochar. Considering that, the addition of nutrients from the rice husk biochar was 

relatively low compared with inputs from wastewater and fertilizer, the high P 

concentration in plant tissue could also be as a result of alteration of the soil P by the 

biochar addition, which influenced its plant availability (Gao and DeLuca 2016). 

Likely, not all of the applied N (12 kg ha–1) was plant available since biochar N is 

usually tied up in heterocyclic compounds (Knicker 2010). The reduction in plant 

tissue N in maize and amaranth (crop 6) could be attributed to the N immobilization 

as was also observed by Bargmann et al. (2014).  

 

Lettuce yields were significantly higher in biochar amended unfertilized plots (crop 2 

and 5) than in fertilized plots. The optimal pH range for lettuce is between 6.0-7.0, 

with a minimum pH of 4.2 (FAO). The use of mineral fertilizers resulted in a 

significant decline in soil pH from 5.1 at the commencement of the study to a pH of 

4.5 after 1.5 years (Häring et al. 2017). The decline in soil pH could have contributed 

to the decrease in yields of lettuce under fertilized conditions. After reviewing 371 

independent biochar studies, Biederman and Harpole (2013) concluded that biochar 

can provide nutrients and promote plant growth by increasing pH and reducing 

leaching losses. In contrast to Biederman and Harpole (2013) and Gwenzi et al. 

(2015), in this study biochar stabilized the pH (Häring et al. 2017).  

 

It has been shown that fertigation with nutrient-rich wastewater irrigation in daily 

small dosages instead of large single fertilizer applications can improve nutrient use 

efficiency by ensuring nutrient savings of up to 40% without affecting crop yield 
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(Sathya et al. 2008; Mikkelsen et al. 2015). Wastewater irrigation has been reported 

to raise the concentration of N, P, and K in cauliflower and red cabbage significantly 

(Kiziloglu et al. 2008) and also raised soil available N, P, and K (Singh and Agrawal 

2012; Singh et al. 2012). During our two-year field study, wastewater input supplied 

N, P and K at 950, 300 and 230 kg ha–1, respectively, while a similar amount was 

added with NPK and urea (800, 230 and 320 kg ha–1). The effect of wastewater on 

crop yields and nutrient uptake varied among crops. It had a pronounced effect on 

nutrient concentrations during the two dry seasons where wastewater irrigation 

produced significant yield increases (p < 0.0001) on unfertilized plots compared with 

fertilized plots without wastewater. The seasonal difference is attributed to the higher 

quantities wastewater provided during the dry season, and thus the higher amount of 

added nutrients. This result is corroborated by the significant reduction in yields if 

wastewater irrigation was reduced (ww+r) but not in the case of reduction in clean 

water irrigation (cw+r). This implies that the nutrients contained in the wastewater 

were more important than the water in improving yields. Larger and well-developed 

crops demand more water, therefore plant growth was only limited on well-fertilized 

plots due to a reduction in irrigation water.  

 

The application of mineral fertilizers led to higher yields in all crops and was 

generally accompanied by higher N and P contents in the crops. The P free urea 

applied on jute mallow (crops 7 and 8) likely led to the indifference in the plant tissue 

P. Complementary effects of inorganic fertilizer or biochar and wastewater on plant 

growth have been reported in other studies (Glaser et al. 2002; Gwenzi et al. 2015; 

Gwenzi et al. 2016; Manka’abusi et al. unpublished). On the other hand, significant 

interactions between biochar and fertilizer application occurred only once 

corroborating the findings of Biederman and Harpole (2013) and Carter et al. (2013). 

 

A reduction in irrigation water led to a significant decline in crops yields, which was 

particularly pronounced on wastewater-irrigated plots. The potential of biochar to 

improve water holding capacity of soils has been shown in previous studies (Karhu 

et al. 2011; Novak et al. 2012; Ma et al. 2016; Xiaoa et al. 2016). With its porous 

structure, biochar is able to retain soil moisture (Herath et al. 2013; Githinji 2014). 

Karhu et al. (2011) observed a 11% increment in soil water holding capacity adding 9 

t biochar ha−1 in Southern Finland, while Glaser et al. (2002) reported an 18% 
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increment in water retention in biochar-rich Amazonian Anthrosols. On a sandy loam 

soil, Paneque et al. (2016) also recorded a relative increment of 7% water holding 

capacity with addition of biochar at a rate of 15 t ha−1 compared with an unamended 

plot. The ability of biochar to withhold moisture depends on the biochar applied, and 

on the soil characteristics, in particular its organic C content. In this study, the rice 

husk biochar applied had a very high ash content and relatively low carbon content 

(< 50%), therefore one single application only marginally affected total SOC content. 

Fertilized plots with biochar (FP1+BC) did not show significant difference in soil 

moisture compared with fertilized plots without biochar amendment (FP1). On the 

other hand, a soil moisture increment of up to 9% in biochar amended plots (BC) 

compared with control (C) plots was observed. Specifically, for cabbage (crop 3) and 

amaranth (crop 6), BC plots had 4% and 7% higher soil moisture than biochar 

unamended (C) plots. A similar observation was reported from a pot experiment by 

Pfister and Saha (2016), who found significant higher soil water holding capacity only 

in soil amended with a biochar rate of 50 t ha−1 but not at 25 t ha−1.  

 

2.6. Conclusions 
The results of this study showed a short-term positive effect of rice husk biochar 

amendment on crop biomass and marketable yield mainly by improving plant 

available P and K and by stabilizing soil pH. Soil moisture retention was enhanced 

by 9% after biochar application. Fertigation with wastewater had a pronounced effect 

throughout the two-year experiment and contributed significantly to plant nutrition. 

During the second year, wastewater irrigation was more effective in improving crop 

yields than fertilizer application. Our wastewater was highly loaded with plant 

nutrients, and hence different results may be obtained at locations where diluted 

wastewater is used. 
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2.8. Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix 2.1 Location map of Tamale in northern Ghana. Insert shows the experimental 
field. 
 

 
 
Appendix 2.2 Daily temperature and monthly rainfall for the study period including 
two consecutive dry and wet seasons each.  
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Appendix 2.3 Experimental layout of the multi-factorial field experiment in Tamale 
(northern Ghana). 
 
Appendix 2.4 List of treatments used in the multi-factorial field experiment in Tamale 
(northern Ghana) and Ouagadougou (central Burkina Faso). 

Soil management practice Water quality Water quantity Treatment combinations  

Control (C) clean water (cw) reduced (r) C+cw+r 
Control (C) waste water (ww) reduced (r) C+ww+r 
Control (C) clean water (cw) full (f) C+cw+f 
Control (C) waste water (ww) full (f) C+ww+f 
Biochar (BC) clean water (cw) reduced (r) BC+cw+r 

Biochar (BC) waste water (ww) reduced (r) BC+ww+r 
Biochar (BC) clean water (cw) full (f) BC+cw+f 

Biochar (BC) waste water (ww) full (f) BC+ww+f 
Farmer’s  practice (FP1) clean water (cw) reduced (r) FP+cw+r 

Farmer’s  practice (FP1) waste water (ww) reduced (r) FP+ww+r 

Farmer’s  practice (FP1) clean water (cw) full (f) FP+cw+f 

Farmer’s  practice (FP1) waste water (ww) full (f) FP+ww+f 

Farmer’s practice+biochar (FP1+BC) clean water (cw) reduced (r) FP+BC+cw+r 
Farmer’s practice+biochar (FP1+BC) waste water (ww) reduced (r) FP+BC±ww+r 
Farmer’s practice+biochar (FP1+BC) clean water (cw) full (f) FP+BC+cw+f 
Farmer’s practice+biochar (FP1+BC) waste water (ww) full (f) FP+BC+ww+f 

FP1 = fertilization according to farmer’s practice; Control = no fertilizer application and no 
biochar amendment. 
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Appendix 2.5 Soil and biochar properties of the field experiment in Tamale, northern 
Ghana (mean ± SD, n = 72 for soil, n = 3 for biochar). 

Properties (units) Soil1 Rice husk biochar2 
0-20 cm Depth 20-40 cm Depth  Sand (%) 45.7 ± 8.5 46.1 ± 6.8 -  

Silt (%) 47.0 ± 8.6 47.1 ± 6.1 -  
Clay (%) 5.9 ± 0.9 6.5 ± 1.0 -  

Bulk density (g cm-3) 1.4 ± 0.1 1.5 ± 0.0 - 
Texture class Sandy loam Sandy loam -  

Total nitrogen (%) 0.04 ± 0.0 0.03 ± 0.0 0.6a 
Total organic C (%) 0.41 ± 0.1 0.22 ± 0.1 42.4a 

C/N (molar ratio) 9.2 ± 0.9 8.3 ± 0.8  70.7a 
pH 5.1 ± 0.3 5.2 ± 0.3   9.1 ± 0.1  

CEC (mmolc kg-1) 36.1 ± 12.2 34.2 ± 4.4 81.2 ± 0.5 
P (mg kg-1) 110.9 ± 34.0 nd 861.3 ± 25.3 
K (mg kg-1) 38.9 ± 13.6 23.0 ± 3.9 977.1 ± 38.3  

Mg (mg kg-1) 116.0 ± 38.3 83.3 ± 17.3 948.5 ± 23.5 
Ca (mg kg-1) 530.4 ± 186.1 523.9 ± 68.4 1571.6 ± 124.0 

Bray P (mg kg-1) 7.7 ± 2.6 nd nd 
Total hydrogen (%) - - 2.1a 

Total oxygen (%) - - 11.5a 
O/C (molar ratio) - - 0.3a 
H/C (molar ratio) - - 0.1a 

BET surface area (m2 g-1) - - 62.9a 
Surface acidity (mmolc g-1) - - 6.6 ± 0.1 

Surface basicity (mmolc g-1) - - 5.7 ± 0.0  
% moisture - - 9.6 ± 2.0  

% Volatile matter - - 23.2 ± 2.6 
% Ash - - 45.2 ± 0.8 

% Fixed carbon  - - 22.0 ± 4.7 
EC(µS cm-1) - - 900.3 ± 74.7 

nd: not determined; sourced from 1 (Häring et al. 2017), 2 (Atiah et al. unpublished), a single 
determination. 
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Appendix 2.6 List of cultivated crops, irrigation quantities (l m-2) and nutrient inputs (kg ha-1) for the multi-factorial field experiment in Tamale 
(northern Ghana) from May 2014 to April 2016. 
 2014 wet season (Season 1)  2014/15 dry season (Season 2)  2015 wet seasons (Season 3)  2015/16 dry season (Season 4) 

Crop number Crop 1 Crop 2 Crop 3  Crop 4 Crop 5 Crop 6  Crop 7 Crop 8 Crop 9 Crop 10  Crop 11 Crop 12 Crop 13 

Crop Maize Lettuce Cabbage  Amaranth Lettuce Amaranth  Jute 
mallow 

Jute 
mallow Amaranth Jute 

mallow 
 Roselle Lettuce Carrot 

Planting date 09/05/14 19/06/14 26/07/14  21/10/14 15/12/14 04/02/15  24/04/15 04/06/15 25/07/15 08/09/15  20/10/15 08/12/15 18/01/16 

Fertilization 17/05/14 28/06/14 
06/07/14 

12/08/14 
14/09/14 

 
04/11/14 26/12/14 14/02/15 

 
11/05/15 22/06/15 10/08/15 26/09/15 

 
01/11/15 23/12/15 18/02/16 

Harvesting date 09/06/14 17/0714 06/10/14  20/11/14 01/02/15 06/03/15  25/05/15 04/07/15 28/08/15 13/10/15  25/11/15 12/01/16 18/04/16 
Crop duration 
(days) 31 28 72  30 48 30  31 30 34 35  36 35 91 

Full irrigation  198.0 339.6 204.9  242.0 431.8 176.0  200.8 160.9 38.5 8.3  264.0 242.0 540.4 

Reduce irrigation  126.5 228.3 145.8  170.5 298.4 118.3  148.5 115.5 27.5 8.3  180.1 166.4 391.8 

Rainfall * 42.2 67.8 542.3  10.4 0.0 37.3  18.8 72.7 146.4 170.6  13.8 0.0 125.9 

Fertilizer N  84.4 85.5 58.8 
 

31.9 54.1 31.9 
 

115.1 119.5 30.6 45.4 
 

45.2 46.1 57.2 
Fertilizer P  36.1 36.5 25.1 

 
13.6 23.1 13.6 

 
0.0 0.0 11.6 17.2 

 
17.1 17.5 21.7 

Fertilizer K  52.3 53.0 36.5 
 

19.8 33.6 19.8 
 

0.0 0.0 15.0 22.3 
 

22.2 22.6 28.1 
ww+f N 30.6 52.4 18.9  32.3 171.5 54.6  86.6 90.6 15.0 2.3  54.8 94.7 258.8 

ww+f P  4.6 7.9 3.5  12.5 53.8 28.5  14.7 13.8 1.4 0.1  33.4 44.8 87.3 

ww+f K  7.2 12.7 5.9  7.3 20.2 9.1  8.0 7.8 4.0 1.2  37.3 36.0 80.4 

cw+f N  0.5 0.9 0.5  0.0 0.0 1.2  1.1 0.5 0.1 0.0  1.3 1.2  2.6 

cw+f P  0.0 0.0 0.1  0.1 0.2 0.1  0.0 0.0 0.0 0.0  0.5 0.1  0.3 
cw+f K  2.3 3.9 1.5  0.0 0.0 2.0  2.1 1.4 0.7 0.2  5.8 0.3  11.8 
ww+r N 19.5 35.2 13.5  22.8 118.6 36.7  64.1 65.1 10.7 2.3  37.4 65.1 187.6 
ww+r P  2.9 5.3 2.5  8.8 37.2 19.2  10.9 9.9 1.0 0.1  22.8 30.8 63.3 
ww+r K  4.6 8.5 4.2  5.1 13.9 6.1  5.9 5.6 2.8 1.2  25.4 24.8 58.3 
cw+r N  0.3 0.6 0.4  0.0 0.0 0.8  0.8 0.4 0.1 0.0  0.9 0.8 1.9 
cw+r P  0.0 0.0 0.0  0.1 0.1 0.1  0.0 0.0 0.0 0.0  0.3 0.1 0.2 
cw+r K  1.4 2.6 1.1  0.0 0.0 1.3  1.5 1.0 0.5 0.2  3.9 3.6 8.6 
cw = clean; f=full, nd=not determine; r=reduced; ww=wastewater; *rainfall quantity is same in the case of full and reduce irrigated plot.  
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Appendix 2.7 Mixed model type III tests for significance (p values) of effects of main factors and interactions between factors on total aboveground 
yield (FM) in a multi-factorial vegetable growing experiment in Tamale (northern Ghana) from May 2014 to April 2016. 

  2014 wet season 2014/15 dry season 2015 wet season 2015/16 season 
Effect Crop 1 Crop 2 Crop 3 Crop 4 Crop 5 Crop 6 Crop 7 Crop 8 Crop 9 Crop 10 Crop 11 Crop 12 Crop 13 

  Maize Lettuce Cabbage Amaranth Lettuce Amarantha Jute 
mallowa 

Jute 
mallowa Amarantha Jute 

mallowa Roselle Lettuce Carrotsa 

block 0.483 0.609 nd 0.888 0.573 0.957 0.270 0.197 0.471 0.132 0.346 0.578 0.494 
fert <.000 <.000 nd <.000  <.000 <.000 <.000 <.000 <.000 <.000  <.000 0.000 0.744 
bio 0.039 0.042 nd 0.054 0.174 0.159 0.386 0.437 0.177 0.148 0.913 0.706 0.433 
qual 0.095 <.000 nd <.000  <.000 <.000 <.000 <.000 <.000 0.166 0.000 <.000 <.000 
quan 0.006 0.902 nd 0.028 0.002 0.546 0.015 0.035 0.039 0.840 0.010 0.009 0.109 
fert*bio 0.214 0.485 nd 0.425 0.359 0.775 0.738 0.010 0.589 0.541 0.872 0.106 0.928 
fert*qual 0.869 0.127 nd 0.228 0.106 <.000 <.000 0.013 0.177 0.940 0.120 0.031 0.006 
fert*quan 0.016 0.307 nd 0.108 0.091 0.396 0.223 0.658 0.022 0.427 0.269 0.003 0.096 
fert*qual*quan 0.880 0.640 nd 0.902 0.398 0.654 0.645 0.048 0.145 0.129 0.226 0.102 0.541 
bio*qual 0.777 0.371 nd 0.385 0.793 0.050 0.960 0.079 0.628 0.754 0.257 0.850 0.824 
bio*quan 0.857 0.377 nd 0.895 0.808 0.234 0.395 0.688 0.100 0.601 0.196 0.554 0.709 
bio*qual*quan 0.028 0.732 nd 0.893 0.462 0.059 0.100 0.270 0.173 0.834 0.318 0.050 0.438 
qual*quan 0.380 0.471 nd 0.257 0.008 0.118 0.089 0.412 0.807 0.312 0.017 0.043 0.468 
fert*bio*qual 0.782 0.284 nd 0.681 0.328 0.278 0.506 0.197 0.807 0.210 0.685 0.195 0.946 
fert*bio*quan 0.292 0.139 nd 0.507 0.665 0.790 0.916 0.287 0.183 0.813 0.590 0.130 0.643 
fert*bio*qual*quan 0.272 0.760 nd 0.871 0.659 0.927 0.796 0.064 0.657 0.563 0.956 0.008 0.757 

bio = biochar amendment; FM = fresh matter; fert = fertilization; nd = not determined; qual = irrigation water quality; quan = irrigation water quantity. a 

analysis made with square root transformation. Differences which were significant at p<0.05 are printed in bold. 
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Appendix 2.8 Mixed model type III tests for significance (p values) of effects of main factors and interactions between factors on marketable yield 
(FM) in a multi-factorial vegetable growing experiment in Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  2014 wet season 2014/15 dry season 2015 wet season 2015/16 season 

Effect Crop 1 Crop 2 Crop 3 Crop 4 Crop 5 Crop 6 Crop 7 Crop 8 Crop 9 Crop 10 Crop 11 Crop 
12 

Crop 
13 

  Maize Lettuce Cabbage Amaranth Lettuce Amaranth Jute 
mallow 

Jute 
mallowa Amaranth Jute 

mallow Roselle Lettuce Carrots 

block nd nd nd nd 0.109 na 0.285 0.257 na 0.049 0.213 0.949 na 
fert nd nd nd nd <.000 na <.000 <.000 na <.000 <.000 0.010 na 
bio nd nd nd nd 0.000 na 0.657 0.227 na 0.260 0.929 0.040 na 
qual nd nd nd nd <.000 na <.000 <.000 na 0.022 0.000 <.000 na 
quan nd nd nd nd 0.069 na 0.002 0.118 na 0.371 0.022 0.095 na 

fert*bio nd nd nd nd 0.001 na 0.863 0.662 na 0.513 0.874 0.113 na 

fert*qual nd nd nd nd <.000 na <.000 0.000 na 0.983 0.050 0.645 na 

fert*quan nd nd nd nd 0.093 na 0.147 0.633 na 0.335 0.554 0.065 na 

fert*qual*quan nd nd nd nd 0.353 na 0.875 0.080 na 0.051 0.351 0.471 na 

bio*qual nd nd nd nd 0.015 na 0.973 0.130 na 0.994 0.384 0.259 na 

bio*quan nd nd nd nd 0.712 na 0.713 0.678 na 0.827 0.147 0.877 na 

bio*qual*quan nd nd nd nd 0.082 na 0.304 0.936 na 0.729 0.243 0.151 na 

qual*quan nd nd nd nd 0.022 na 0.034 0.696 na 0.093 0.015 0.218 na 

fert*bio*qual nd nd nd nd 0.111 na 0.375 0.733 na 0.345 0.841 0.562 na 

fert*bio*quan nd nd nd nd 0.935 na 0.851 0.478 na 0.906 0.473 0.746 na 

fert*bio*qual*quan nd nd nd nd 0.606 na 0.453 0.471 na 0.937 0.834 0.016 na 
bio = biochar amendment; fert = fertilization; FM = fresh matter; na = not analyzed; nd = not determined; qual = irrigation water quality; quan = 
irrigation water quantity; a analysis made with square root transformation. Differences which were significant at p<0.05 are printed in bold.  
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Appendix 2.9 Total aboveground biomass (t ha-1 FM) of all treatments in a multi-factorial vegetable growing experiment conducted from May 2014 to 
April 2016 in Tamale (northern Ghana). Data show mean±one standard error. 

    ----------------------------------------------------------------------------------------Biomass Mg ha-1(FM)----------------------------------------------------------------------------------------- 

  
   Crop 1 Crop 2 Crop 3 Crop 4 Crop 5 Crop 6 Crop 7 Crop 8 Crop 9 Crop 10 Crop 11 Crop 12 Crop 13 

    
  n Maize Lettuce Cabba

ge Amaranth Lettuce Amaranth Jute 
mallow 

Jute 
mallow Amaranth Jute 

mallow Roselle Lettuce Carrots 

C cw r 4 10.6±2.9f 0.8±0.2g nd 3.2±0.9g 20.8±3.1fg 1.8±0.4g 1.2±0.4g 1.1±0.3d 0.2±0.1h 1.5±0.3e 3.3±0.6g 1.9±0.3e 1.9±0.8e 

 ww r 4 14.2±2.5ef 2.0±0.3efg 
nd 

9.0±0.3efg 28.1±10.9d 20.2±1.8cd 6.7±0.7def 5.3±1.1c 3.4±0.2ef 1.8±0.3e 7.8±1.1e 8.9±1.6c 29.7±6.2a  

 cw f 4 16.1±1.9ef 0.9±0.2g nd 3.1±1.0g 28.7±4.3g 2.1±1.2g 1.6±0.5g 1.1±0.2d 1.0±1.0h 1.4±0.4e 3.7±0.4fg 1.9±0.2e 6.4±2.4cde 

 ww f 4 21.2±2.2ed 3.3±1.7def nd 11.8±1.8de 48.1±5.7abcd 22.9±1.4bc 9.0±2.0bcd 8.5±1.5bc 5.2±1.1def 1.9±0.3e 10.3±1.1de 10.1±2.0c 24.5±1.1ab 

BC cw r 4 14.9±4.3ef 1.4±0.2fg nd 5.4±0.8efg 21.2±3.9e 4.2±0.3g 1.6±0.3g 1.3±0.1d 0.5±0.2gh 1.7±0.5e 3.7±0.5fg 2.4±0.3de 4.0±1.6de 

 ww r 4 15.5±2.9ef 4.5±0.9cd
e nd 10.7±2.2def 28.8±6.3cd 17.7±1.8de 6.2±0.6def 6.1±0.4c 4.1±0.8ef 3.0±0.4cde 6.2±1.2f  9.6±1.5c 28.6±5.7ab 

 cw f 4 14.2±0.9ef 1.0±0.3g nd 4.7±0.8fg 20.4±1.0ef 2.1±0.5g 1.8±0.5g 1.6±0.3d 0.6±0.3gh 1.8±0.5e 3.8±0.7fg 2.4±0.3de 6.1±1.4cde 

 ww f 4 22.2±0.5ed 5.2±0.4cd nd 11.7±0.9de 51.1±5.9abc 21.9±1.0bcd 9.9±0.8bc  8.4±0.8bc 6.5±0.9cde 2.4±0.3de 10.7±0.8d  12.8±1.8bc 28.8±2.7a 

FP1 cw r 4 21.2±2ed 7.3±1.2bc nd 17.2±2.8cd 5.7±1.3d 11.7±1.3f 4.5±0.3f 5.3±1.0c 3.1±1.9fg 3.8±1.6bcde 16.1±1.5c 3.2±1.5de 5.5±2.1cde 

 ww r 4 28.4±4.8bcd 11.1±1.6b
c nd 21.2±2.7bc 27.2±1.3abcd 28.2±4.1ab 8.0±0.5bcde 15.2±1.1a 9.4±1.5bc  6.6±1.0a  17.8±2.2bc 9.1±1.2c 21.5±7.3abc 

 cw f 4 33.8±4.6bc 5.2±0.9cd
e nd 19.3±2.6bc 5.3±1.0d 14.2±3.3ef 6.0±1.3def 7.7±0.9bc 8.7±2.0bcd 5.6±1.3abc 15.8±1.1c 3.3±0.2de 12.1±3.8bcd 

 ww f 4 35.8±2.0b 9.9±0.6ab nd 26.1±2.8ab 35.2±3.2a 32.4±2.2a 11.5±1.5ab 15.1±1.4a 14.8±1.3a 6.2±1.9abc 22.4±1.6ab 20.6±1.4a 25.1±7.1ab 

FP1
+BC 

cw r 4 29.6±4.9bcd 6.6±1.5bc
d nd 20.9±2.1bc 2.2±0.5d 16.5±1.7def 4.8±0.3f 5.7±0.7c 4.8±1.7def 4.2±1.9abcd 16.5±1.3c 1.8±0.3e 6.3±3.5cde 

ww r 4 26.5±4cd 10.9±0.4a nd 22.0±3.4abc 19.0±7.7bcd 28.4±4.1ab 7.4±1.0cde 10.0±1.2b 11.1±1.3ab 6.5±1.3a 15.3±1.5c 11.4±2.3bc 20.3±7.7abc 

cw f 4 35.6±3.3b 7.3±1.9a  nd 24.8±3.6ab 1.3±0.2bcd 13.1±1.0ef 5.4±0.9ef 7.1±1.1bc 6.1±1.5cdef 6.3±1.6ab  17.2±1.8c 5.0±1.5.0d  14.3±4.3abcd 

  ww f 4 45.0±1.4a 11.3±1.1a  nd 28.8±2.6a 29.2±3.0ab 33.9±1.0a 13.5±0.7a  14±0.8a 15.0±0.9a 5.4±1.1abc 23.1±1.9a  15.1±1.0b  28.3±3.5ab  

nd = not determined. Values followed by the same superscripts in a column are not significantly different (Tukey multiple comparison test, P<0.05). 
BC = biochar; cw = clean water; f = full irrigation, FM = fresh matter; FP1 = farmer’s practice; FP1+BC = farmer’s practice + biochar; r = reduced 
irrigation and ww = wastewater. 
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Appendix 2.10 Mean values ± one standard error (n = 36) of plant nitrogen (N) 
concentration for harvested crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  ---------------------------------------Nutrient concentration (mg N g–1 DM) ---------------------------------------- 
No. Crop Fertilization Biochar amendment Water quality Water quantity 
  Unfertilized Fertilized No Biochar Biochar cw ww r f 
1 Maize 24.9±0.6b 30.1±0.5a 28.3±0.7a 26.8±0.7b 26.5±0.8b 28.5±0.6a 27.4±0.9a 27.6±0.6a 
2 Lettuce nd nd nd nd nd nd nd nd 
3 Cabbage nd nd nd nd nd nd nd nd 
4 Amaranth 22.0±0.6b 31.3±0.7a 26.7±1.0a 26.6±1.1a 25.1±1.1b 28.2±0.9a 26.2±1.0a 27.1±1.1a 
5 Lettuce 36.4±1.3b 40.8±0.9a 38.5±1.2a 38.7±1.2a 33.1±0.8b 44.2±0.5a 38.8±1.3a 38.4±1.1a 
6 Amaranth 22.6±0.8b 31.0±1.4a 27.8±1.2a 25.8±1.5b 21.9±0.8b 31.6±1.2a 26.3±1.3a 27.3±1.4a 
7 Jute mallow 29.6±1.2b 53.6±0.5a 41.7±2.4a 41.9±2.3a 38.6±2.6b 45.0±1.9a 40.8±2.4a 42.7±2.3a 
8 Jute mallow 25.5±1.0b 48.3±1.2a 36.1±2.4a 37.4±2.3a 33.3±2.4b 40.3±2.1a 35.6±2.3a 37.8±2.4a 
9 Amaranth 26.1±1.0b 32.4±1.5a 28.9±1.3a 29.5±1.5a 28.9±1.3a 29.6±1.5a 29.3±1.3a 29.2±1.5a 
10 Jute mallow 21.9±0.4b 32.8±0.5a 27.2±1.1a 27.5±1.1a 26.6±1.2a 28.2±1.0a 27.0±1.1a 27.8±1.0a 
11 Roselle 22.7±0.6b 29.1±0.9a 25.5±0.8a 26.3±1.1a 22.9±0.7b 28.8±0.8a 26.6±0.9a 25.2±0.9a 
12 Lettuce 37.0±1.4b 44.8±1.1a 41.5±1.4a 40.5±1.4a 35.2±1.2b 46.6±0.8a 40.8±1.4a 41.1±1.5a 
13 Carrot 20.2±1.1b 25.4±0.7a 22.8±1.0a 22.8±1.0a 18.7±0.9b 26.7±0.4a 23.5±0.9a 22.1±1.1a 

Effect of subgroups with the same letters are not significantly different using a Tukey 
multiple comparison test at p < 0.05. cw = clean water, f = full irrigation, r = reduced irrigation 
(2/3 f) and ww = wastewater. 
 
Appendix 2.11 Mean values ± one standard error (n = 36) of plant phosphorus (P) 
concentration for harvested crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  ------------------------------------Nutrient concentration (mg P g–1 DM) ---------------------------------- 
No. Crop Fertilization Biochar amendment Water quality Water quantity 
  Unfertilized Fertilized No Biochar Biochar cw ww r f 
1 Maize 3.3±0.1b 4.5±0.1a 3.7±0.1b 4.1±0.1a 3.7±0.1b 4.2±0.1a 4.0±0.1a 3.8±0.2a 
2 Lettuce nd nd nd nd nd nd nd nd 
3 Cabbage nd nd nd nd nd nd nd nd 
4 Amaranth 2.6±0.1b 4.9±0.1a 3.6±0.2b 4.0±0.2a 3.4±0.2b 4.2±0.2a 3.9±0.2a 3.6±0.2b 
5 Lettuce 3.3±0.2b 5.3±0.2a 4.0±0.2b 4.5±0.3a 3.5±0.2b 5.0±0.2a 4.1±0.2b 4.4±0.3a 
6 Amaranth 2.8±0.1b 5.5±0.1a 4.0±0.3b 4.3±0.3a 3.6±0.3b 4.7±0.2a 4.1±0.3a 4.2±0.3a 
7 Jute mallow 3.5±0.1a 3.6±0.1a 3.5±0.1b 3.6±0.1a 3.2±0.1b 3.9±0.1a 3.4±0.1b 3.7±0.1a 
8 Jute mallow 4.4±0.2a 4.6±0.2a 4.4±0.2b 4.6±0.1a 3.8±0.1b 5.2±0.1a 4.4±0.2a 4.6±0.1a 
9 Amaranth 2.6±0.2b 3.8±0.1a 3.2±0.2a 3.2±0.2a 2.8±0.2b 3.6±0.2a 3.3±0.2a 3.1±0.2a 
10 Jute mallow 4.6±0.1a 4.5±0.1a 4.4±0.1a 4.6±0.1a 4.4±0.1a 4.6±0.1a 4.6±0.1a 4.4±0.1a 
11 Roselle 3.0±0.1b 3.5±0.1a 3.1±0.1b 3.3±0.1a 2.9±0.1b 3.6±0.1a 3.3±0.1a 3.2±0.1a 
12 Lettuce 2.7±0.1b 4.6±0.1a 3.6±0.2a 3.7±0.2a 3.2±0.2b 4.2±0.2a 3.7±0.2a 3.7±0.2a 
13 Carrot 2.9±0.2b 3.2±0.1a 3.1±0.2a 3.0±0.1a 2.5±0.1b 3.7±0.1a 2.9±0.1a 3.2±0.2a 

Effect of subgroups with same letters are not significantly different (Tukey multiple 
comparison test, p < 0.05). cw = clean water, f = full irrigation, r = reduced irrigation (2/3 f) 
and ww = wastewater. 
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Appendix 2.12 Mean values ± one standard error (n = 36) of plant potassium (K) 
concentration for harvested crops in a multi-factorial vegetable growing experiment 
in Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  ---------------------------------------Nutrient concentration (mg K g–1 DM) --------------------------------------- 
No. Crop Fertilization Biochar amendment Water quality Water quantity 
  Unfertilized Fertilized No Biochar Biochar cw ww r f 
1 Maize 30.6±1.5b 39.0±1.3a 31.1±1.3b 38.5±1.5a 33.4±1.6a 36.3±1.4a 33.4±1.5a 36.2±1.6a 
2 Lettuce nd nd nd nd nd nd nd nd 
3 Cabbage nd nd nd nd nd nd nd nd 
4 Amaranth 21.2±0.6b 23.2±0.5a 21.7±0.7a 22.7±0.5a 21.7±0.7a 22.7±0.5a 21.7±0.6a 22.7±0.6a 
5 Lettuce 41.9±1.1a 42.9±1.0a 40.2±1.0b 44.6±0.9a 39.9±1.1b 44.9±0.8a 41.7±1.0a 43.1±1.1a 
6 Amaranth 35.4±1.0a 38.9±1.1b 36.4±1.2a 37.9±0.9a 33.6±0.9b 40.6±0.9a 36.9±1.1a 37.4±1.1a 
7 Jute mallow 21.5±0.6a 23.5±0.5b 22.1±0.6a 22.9±0.6a 20.6±0.5b 24.4±0.5a 22.3±0.5a 22.7±0.7a 
8 Jute mallow 19.9±0.6a 18.6±0.7a 19.0±0.6a 19.5±0.6a 17.8±0.7b 20.8±0.5a 19.7±0.5a 18.9±0.7a 
9 Amaranth 33.5±1.4a 31.3±1.2a 31.2±1.3a 33.5±1.4a 30.6±1.5a 34.1±1.0a 33.3±1.2a 31.5±1.4a 
10 Jute mallow 23.7±0.8b 26.1±0.7a 24.6±0.7a 25.3±0.8a 26.5±0.6a 23.4±0.8b 24.3±0.8a 25.6±0.7a 
11 Roselle 11.3±0.3b 19.9±0.4a 15.7±0.9a 15.5±0.9a 14.6±0.8b 16.6±0.9a 15.7±0.8a 15.5±0.9a 
12 Lettuce 31.6±0.7b 40.8±0.6a 35.0±1.2b 37.2±0.9a 35.3±1.0a 36.9±1.1a 36.3±1.1a 36.0±1.1a 
13 Carrot 11.9±0.5b 14.7±0.6a 13.0±0.6a 13.5±0.6a 12.2±0.5b 14.4±0.6a 13.4±0.6a 13.1±0.6a 

Effect of subgroups with same letters are not significantly different using a Tukey multiple 
comparison test at p < 0.05. cw = clean water, f = full irrigation, r = reduced irrigation (2/3 f) 
and ww = wastewater. 
 
Appendix 2.13 Mean values ± one standard error (n = 36) of plant magnesium (Mg) 
concentration for harvested crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  ---------------------------------------Nutrient concentration (mg Mg g–1 DM) ---------------------------------------- 
No. Crop Fertilization Biochar amendment Water quality Water quantity 
  Unfertilized Fertilized No Biochar Biochar cw ww r f 
1 Maize 6.6±0.4a 6±0.3a 7.3±0.4a 5.3±0.2b 6.3±0.4a 6.3±0.3a 6.3±0.3a 6.4±0.4a 
2 Lettuce nd nd nd nd nd nd nd nd 
3 Cabbage nd nd nd nd nd nd nd nd 
4 Amaranth 9.7±0.2b 9.3±0.2a 9.7±0.2b 9.3±0.2a 9.5±0.2a 9.5±0.2a 9.8±0.2a 9.2±0.2a 
5 Lettuce 6.4±0.1a 5.3±0.2b 5.9±0.2a 5.8±0.2a 6.1±0.2a 5.7±0.2a 5.7±0.2a 6.0±0.2a 
6 Amaranth 15.0±0.5a 13.9±0.6b 15.2±0.6a  13.6±0.5b 12.9±0.5b 16.0±0.4a 14.6±0.4a 14.3±0.6a 
7 Jute mallow 6.5±0.3a 6.2±0.3b 6.4±0.3a 6.3±0.3a 5.9±0.3a 6.7±0.3a 6.5±0.3a 6.2±0.3a 
8 Jute mallow 5.1±0.2b 6.6±0.2a 5.9±0.3a 5.9±0.3a 5.3±0.3a 6.4±0.2a 6.2±0.3a 5.5±0.3a 
9 Amaranth 9.6±0.6b 12.3±0.6a 11.3±0.7a 10.7±0.6a 11.8±0.8a 10.2±0.5a      11.5±0.7a 10.4±0.6a 
10 Jute mallow 3.6±0.1a 3.8±0.1a 3.7±0.1a 3.7±0.1a 3.3±0.1b 4.1±0.1a 3.9±0.1a 3.5±0.1a 
11 Roselle 8.0±0.3a 7.2±0.2b 7.6±0.2a 7.7±0.3a 6.7±0.1b 8.5±0.2a 7.6±0.3a 7.6±0.2a 
12 Lettuce 7.7±0.2a 6.6±0.2b 7.0±0.3a 7.3±0.2a 7.6±0.2a 6.7±0.3a 7.1±0.2a 7.2±0.3a 
13 Carrot 3.4±0.1b 3.6±0.1a 3.5±0.1a 3.5±0.1a 3.8±0.1a 3.2±0.0b 3.4±0.1a 3.5±0.1a 

Effect of subgroups with same letters are not significantly different using a Tukey multiple 
comparison test at p < 0.05. cw = clean water, f = full irrigation, r = reduced irrigation (2/3 f) 
and ww = wastewater. 
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Appendix 2.14 Mean values ± one standard error (n = 36) of plant calcium (Ca) 
concentration for harvested crops in a multi-factorial vegetable growing experiment in 
Tamale (northern Ghana) conducted from May 2014 to April 2016. 

  ---------------------------------------Nutrient concentration (mg Ca g–1 DM) ---------------------------------------- 
No. Crop Fertilization Biochar amendment Water quality Water quantity 
  Unfertilized Fertilized No Biochar Biochar cw ww r f 
1 Maize 6.1±0.2a 5.8±0.2a 6.1±0.2a 5.8±0.2a 5.8±0.2a 6±0.2a 5.7±0.2a 6.1±0.2a 
2 Lettuce nd nd nd nd nd nd nd nd 
3 Cabbage nd nd nd nd nd nd nd nd 
4 Amaranth 18.5±0.4a 17.9±0.4a 18.7±0.4a 17.7±0.4b 18.1±0.4a 18.3±0.3a 18.7±0.3a 17.7±0.4a 
5 Lettuce 18.5±0.4a 17.9±0.4a 18.7±0.4a 17.7±0.4b 18.1±0.4a 18.3±0.3a 18.7±0.3a 17.7±0.4a 
6 Amaranth 24.5±0.6a 23.4±0.9a 24.9±0.7a 22.9±0.8b 21.9±0.9b 26.0±0.5a 23.9±0.8a 23.9±0.8a 
7 Jute mallow 12.0±0.2a 12.2±0.2a 12.1±0.2a 12.1±0.2a 12.1±0.2a 12.1±0.2a 12.3±0.2a 11.9±0.1a 
8 Jute mallow 10.9±0.2b 12.4±0.3a 11.6±0.3a 11.7±0.3a 10.9±0.3b 12.4±0.2a 12.2±0.3a 11.0±0.3b 
9 Amaranth 16.7±0.4b 22.3±0.7a 19.4±0.8a 19.7±0.8a 18.4±0.8b 20.6±0.8a 20.3±0.8a 18.8±0.8a 
10 Jute mallow 13.6±0.2a 14.0±0.2a 13.7±0.2a 13.9±0.2a 13.4±0.2a 14.2±0.2a 14.1±0.2a 13.5±0.2a 
11 Roselle 18.1±0.3a 15.8±0.3b 16.9±0.4a 16.9±0.3a 16.0±0.3b 17.8±0.3a 17.1±0.3a 16.7±0.4a 
12 Lettuce 20.7±0.5a 18.7±0.4b 19.8±0.4a 19.6±0.5a 18.3±0.4b 21.1±0.4a 19.8±0.5a 19.6±0.5a 
13 Carrot 17.7±0.5a 18.3±0.5a 18.1±0.5a 17.9±0.5a 16.6±0.4b 19.3±0.6a 18.6±0.6a 17.3±0.4a 

Effect of subgroups with same letters are not significantly different using a Tukey multiple 
comparison test at p < 0.05. cw = clean water, f = full irrigation, r = reduced irrigation (2/3 f) 
and ww = wastewater. 
 
 



Effects of biochar and wastewater irrigation on urban crop production in Tamale, Ghana 

48 
 
 
 

 Appendix 2.15 Pictures from the experimental field in Tamale (northern Ghana) conducted 
from May 2014 to April 2016. 

Photo 1: Panoramic view of maize (crop 1) at the second week of cultivation in Tamale, 
northern Ghana, May, 2014. 

Photo 2: Soil application (left) and incorporation (right) of biochar into the soil in Tamale, 
northern Ghana, March, 2014. 

Photo 3: Fertilization of maize, May, 2014.        Photo 4: Harvesting of lettuce in the field, July, 
2014. 
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Photo 5: Aerial view of the experimental field in Tamale, northern Ghana. 
Source: UrbanFoofPlus SP8, Freiburg University, April, 2014.  
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Nutrient use efficiency in intensively managed and wastewater irrigated urban 
vegetable production in two West African cities 

 

3.1. Summary 

This study assessed nutrient losses via leaching and gaseous emissions from two 

multi-factorial field experiments with vegetables in the two West African cities of 

Tamale (Ghana) and Ouagadougou (Burkina Faso) over a two-year period. Nutrient-

use efficiency of irrigated vegetable farms was calculated. Up to 2% of fertilizer 

nitrogen (N) was leached per year in Tamale (8 kg N ha-1) and Ouagadougou (30 kg 

N ha-1). While biochar application or wastewater irrigation on fertilized plots did not 

influence N leaching in both cities, P (p<0.05) and K leaching as determined by resin 

cartridges were reduced on biochar amended plots in Tamale. Nutrient balances 

amounted to +361 kg N ha-1, +217 kg P ha-1 and -125 kg K ha- 1 yr-1 in Tamale, while 

Ouagadougou had surpluses of 692 kg N ha-1, 166 kg P ha-1 and 427 kg K ha-1 yr-1. 

Under normal agricultural fertilization practice, agronomic nutrient use efficiencies 

were generally higher in Tamale than in Ouagadougou, but declined in both cities 

during the last season. This was the result of the higher nutrient inputs in 

Ouagadougou compared with Tamale, and relatively lower outputs. The high N and 

P surpluses and K deficits call for adjustments in local fertilization practices to 

prevent environmental pollution. We also suggest further studies to better 

understand K mineralogy in Tamale. 

Keywords: Biochar; Horticulture; Irrigation; Leaching; Volatilization; Nutrient balance 

Nutrient budgeting; UPA 

 

 

 

 

 

 

                   



Nutrient use efficiency in intensively managed and wastewater irrigated urban vegetable 
production in two West African cities 

 52 

3.2. Introduction 

In sub-Saharan Africa, urban and peri-urban agriculture (UPA) can contribute to 

reducing urban poverty and food insecurity and also contributes to the development 

of the local economy (Lydecker and Drechsel 2010; Drechsel and Keraita 2014). 

Urban farming can provide part-time or full-time employment, whereby the output 

from the farm is used to supplement household income (Orsini et al. 2013; Drechsel 

and Keraita 2014). The fast growing population of urban areas (United Nations, 

Department of Economic and Social Affairs 2014), increases the demand for fresh 

vegetables while reducing the available land for urban farming. Following demand 

increases, farmers intensify their production which may lead to large annual nutrient 

surpluses (Buerkert et al. 2005; Predotova et al. 2011; Abdulkadir et al. 2013). These 

may be caused by lack of appropriate knowledge of fertilizer application, missing 

devices for measuring fertilizer quantities (dosing) and the unavailability of 

appropriate fertilizers (Morris et al. 2007; Kaiser and Nelson 2014). The latter authors 

reported that farmers often follow what their neighbours are doing due to lack of 

extension services, with the risk of adopting inefficient practices. Aside mineral 

fertilizers, untreated wastewater is also used for irrigation and can provide large 

amounts of plant nutrients (Lal 2013; Thebo et al. 2014) despite related potential 

health hazards (Hussain et al. 2002). Intensive fertilization may ultimately lead to 

large gaseous and leaching losses of nutrients (Graefe et al. 2008).  

 

Among other benefits, biochar has been shown to improve nitrogen (N) use 

efficiency (Chan et al. 2007; Steiner et al. 2008), reduce leaching (Steiner et al. 

2007; Spokas and Reicosky 2009; Sohi et al. 2010; Jeffery et al. 2011; Cornelissen 

et al. 2013) and gaseous emissions (Cayuela et al. 2013; Zhang et al. 2016a). A 

number of studies have been conducted to estimate horizontal fluxes and leaching 

losses in UPA (Abdalla, 2012; Diogo et al., 2010; Lehmann et al., 2001; Predotova et 

al., 2010; Safi et al., 2011). However, not much research has been done in the area 

of intensively managed UPA systems on the use of biochar as a soil amendment in 

combination with wastewater irrigation. Nutrient balances may be a quantifiable 

indicator for the sustainability of an agricultural system (Eckert et al. 2000). And 

there is a long history of employing this approach at different levels of matter flow 
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since Stoorvogel and Smaling (1990) started propagating this approach and 

assessing its implication for food production.  

 

In view of the above, this two-year study aimed at quantifying inputs and outputs 

such as organic and mineral fertilizers, harvested crops, leaching losses and 

gaseous emissions in irrigated vegetables at two locations in West Africa. 

Subsequently, nutrient balances and use efficiencies were calculated. We 

hypothesized that (i) high fertilization rates, particularly in combination with 

wastewater irrigation, will lead to inefficient nutrient use, and high losses of major 

nutrients due to leaching and volatilisation especially during the rainy season, and 

that (ii) amending soil with biochar will improve nutrient-use efficiencies. 

 

3.3. Materials and methods 

3.3.1. Study area 
The study comprised of two field experiments conducted in Tamale, Ghana 

(9°28'28.75"N latitude and 0°50'53.48"W longitude) and in Ouagadougou, Burkina 

Faso (12°24'16.3"N latitude and 1°28'41.0"W longitude). At both locations (Fig. 3.1), 

the climate is semi-arid with a unimodal rainfall distribution of 1111 mm at Tamale 

and 788 mm at Ouagadougou and average annual temperatures of 27.9 and 28.2 °C 

(Climate-data.com 2016). 

 

The cropping pattern in the two cities was similar. In the dry season, fields are 

cultivated with lettuce (Lactuca sativa), cabbage (Brassica oleracea) and green leafy 

vegetables such as roselle (Hibiscus sabdariffa) and amaranth (Amaranthus 

cruentus). In the wet season, staple crops such as maize (Zea mays), rice (Oryza 

sativa) and sorghum (Sorghum bicolor), but also vegetables such as pepper 

(Capsicum sp.) and okra (Abelmoschus esculentus) are cultivated (Shakya et al. 

2014; Chagomoka et al. 2015). The soil in the area is poor in organic matter, 

nutrients and water holding capacity (Jones et al. 2013), hence the application of 

mineral fertilizer is a common practice (Bellwood-Howard et al. 2015). The soils were 

classified as a Petroplinthic Cambisol in Tamale and a Haplic (Cutanic) Lixisol in 

Ouagadougou (IUSS Working Group WRB 2014; Häring et al. 2017; Table 3.1). 
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Fig 3.1 Location map of the two West African study cities of Tamale (northern Ghana) and 
Ouagadougou (central Burkina Faso). 

 

3.3.2. Experimental setup 
Data collection occurred in a multi-factorial split-plot field experiment comprising four 

soil fertility management practices combined with two levels and qualities of irrigation 

water: untreated wastewater (ww) and clean water (cw) – each at “full” (f) or reduced 

(r, 2/3 of f) quantities. The fertility management practices included farmers’ practice 

(FP1) of fertilization in comparison to an unfertilized control (FP0), biochar (BC) 

addition and FP1+biochar (FP1+BC) yielding a total of 16 treatments. These were 

replicated in four blocks comprising plots of 8 m2 (Appendix 2.4).  

 

3.3.3. Quantification of nutrient inputs and outputs 

Biochar  
Biochar was produced from rice husks for the Tamale study site and corn cobs for 

Ouagadougou. The feedstock was air-dried before pyrolysis in a kiln at 500 °C. 
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Thereafter, corn cob biochar was milled into particle size < 2mm (Atiah et al. 

unpublished). At the onset of the experiment in both cities, 20 t ha-1 of biochar was 

incorporated in the soil at a depth of 0 - 0.2 m.  

 
Table 3.1 Soil and biochar properties at the two study cities of Tamale (northern Ghana) and 
Ouagadougou (central Burkina Faso) (mean±one SD, n = 72 for soil, n = 3 for biochar). 

 Soil1 Biochar2 
  Ouagadougou Tamale Rice husk  Corn cob  
Soil depth (cm) 0-20 20-40 0-20 20-40   
Sand (%) 59.6±5.2 54.7±4.1 45.7±8.5 46.1±6.8 -   n.a 
Silt (%) 34.8±4.2 37.7±3.1 47.0±8.6 47.1±6.1 -   n.a 
Clay (%) 5.3±1.3 7.5±1.2 5.9±0.9 6.5±1.0 -  n.a 
Bulk density (g cm-3) 1.60±0.14 1.71±0.2 1.4±0.1 1.5±0.0                  - n.a 
Textural class  Sandy loam Sandy loam Sandy loam Sandy loam -   n.a 
Total N (%) 0.06±0.0 0.03±0.0 0.04±0.0 0.03±0.0 0.60 0.88  
Total OC (%) 0.57±0.1 0.27±0.1 0.41±0.1 0.22±0.1 42.4 68.4  
pH (CaCl2) 5.9±0.3 5.5±0.4 5.1±0.3 5.2±0.3   9.1±0.1  10.3±0.0 
CEC (mmolc kg-1) 56.7±14.3 46.0±14 36.1±12.2 34.2±4.4 81.2±0.5 11.2±0.2 
Available P-Bray 
(mg kg-1) 135.8±30.4 n.d 7.7±2.6 nd nd n.d 

P (mg kg-1) 534.6±139.1 n.d 110.9±34.0 nd 861.3±25.3 1406.2±18.6 
K (mg kg-1) 29.6±5.6 27.1±8.6 38.9±13.6 23.0±3.9 977.1±38.3  3296.1±3.4 
Ca (mg kg-1) 940.1±246 765.5±259.9 530.4±186.1 523.9±68.4 1571.6±124.0 3512.6±57.6 
Mg (mg kg-1) 80.5±26.2 44.3±8.5 116.0±38.3 83.3±17.3 948.5±23.5 1150.1±16.3 
Total hydrogen (%) - - - - 2.1 2.6 
Total oxygen (%) - - - - 11.5 11.2 
O/C (molar ratio) - - - - 0.27 0.16 

nd: not determined; 1 (Häring et al. 2017), 2 (Atiah et al. unpublished). 

 

Irrigation water  
Crops were irrigated with clean and untreated wastewater whereby clean water 

refers to potable water. In Tamale, a domestic sewage effluent from a military 

barracks was used as wastewater, while a canal containing a mixture of urban runoff 

was used in Ouagadougou Manka’abusi (unpublished). The term wastewater is 

therefore used to refer to diluted as well as raw wastewater. Plots were irrigated with 

watering cans once or twice a day with a predefined water quantity, reflecting 

farmers’ perception of the weather-related crop water demand (Appendix 2.6 and 

3.3). In the rainy season, the amount of rainfall was taken into account for irrigation. 

Irrigation water was sampled weekly for nutrient analysis, while rainwater samples 

were collected after rains and pooled at the end of the week for analysis. NO3-N, 

NH4-N and PO4-P were determined photometrically with an UV/VIS 



Nutrient use efficiency in intensively managed and wastewater irrigated urban vegetable 
production in two West African cities 

 56 

spectrophotometer (Pharo 300 Spectroquant, Merk, Darmstadt, Germany). Total 

amount of K was determined using an ICP-OES (Ciros CCD, SPECTRO Analytical 

Instruments GmbH, Kleve, Germany) and described in Werner et al (unpublished). 

 

Fertilizer inputs 
Crops were fertilized with mineral fertilizers (NPK 15-15-15 and Urea 46-0-0) as 

practised by farmers. In Ouagadougou, organic fertilizer (cow manure) was also 

applied. All inputs were surface broadcasted. A representative sample of mineral 

fertilizer and manure was collected at each application event for analysis (Appendix 

2.6 and 3.3). 

 

Leaching losses  
Nutrient leaching was estimated with resin cartridges filled with an exchange resin-

granite sand mixture at a gravimetric ratio of 1:1:2 for cation, anion exchange resin 

and sand, respectively. Installation occurred according to the guidelines of TerrAquat 

Consultancy (Nürtingen, Germany) as used by (Predotova et al. 2011). The 

cartridges were constructed using PVC pipes of 0.12 m height and a diameter of 

0.10 m with nylon net at the bottom to avoid losses of the resin-sand mixture. A 

trench (2 m x 0.7 m x 0.5 m) was dug on both sides of a plot, to install resins cups in 

a distance of 0.5 m (Fig. 3.2). Resin cartridges were installed at 0.5 m depth in the 

soil profile under the root zone one month before the onset of the rainy season. After 

removal of the cartridges from the soil, the resin-sand mixture was separated into 

five layers for the assessment of the nutrient concentration profile for each cartridge 

(Bischoff et al. 1999). All layers were weighed and air dried at room temperature until 

analysis. A sub-sample of 30 ± 0.5 g was weighed from each layer into an extraction 

bottle with a 100 ml of an extractant and extracted six times by shaking horizontally 

in one-hour intervals. From each layer, a sub-sample was taken to determine dry 

weight (at 65 °C to constant weight). The extract was filtered and poured into a flask 

and the left resin–sand mixture was washed with another 100 ml of the extractant.  

 

Nutrient concentrations were determined using continuous flow analysis (Alliance 

Instruments, Salzburg, Austria) for nitrate (NO3-N), spectrophotometry (Hitachi U-

2000, Hitachi Ltd., Tokyo, Japan) at 710 nm using the P-blue-method (Hoffmann 

1991) for P and flame photometry (BWB-XP Technologies Ltd., Braintree, UK) for K. 
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Samples of the washed sand and pure anion and cation-exchange resins were 

extracted similarly as the samples from the field and used as blanks. After analysis 

of nutrient in the resin cartridges, the nutrient concentration of each cartridge was 

examined to determine if the nutrient concentration in each layer declined near to a 

“zero layer” indicating lack of contamination from stagnant water.  

 

Gaseous emissions  
Gaseous emission data from the field were collected by Manka’abusi (unpublished) 

and employed to compute NH3-N and N2O-N losses. For this purpose, a closed 

chamber system composed of a photo-acoustic infrared multi-gas monitor (INNOVA 

1312-5, Lumasense Technologies A/S, Ballerup, Denmark) was used to determine 

emissions of NH3-N and N2O-N. Emission measurements were conducted prior to 

input (manure and mineral fertilizers) application for four to eight consecutive days 

during the coolest and hottest part of the day in order to capture the expected 

minimum and maximum of daily flux rates. Detailed measurement procedure and full 

results are presented in Manka’abusi (unpublished). 

 

Crop nutrient uptake  
The field trial covered two wet and two dry seasons with a total of thirteen crops 

cultivated in Tamale and eleven in Ouagadougou (Appendix 2.6 and 3.3). All crops 

were grown and harvested according to nearby farmers practice’s whereby in 

Tamale maize was harvested as fodder at the last vegetative stage.  

 

A 3.24 m2 sample area was harvested to estimate crop biomass and a subsample 

was used to analyze crop nutrient uptake. Total N was determined with an elemental 

analyser (Vario MAX CHN Elementar Analysensysteme GmbH, Hanau, Germany) 

and total P was measured with a spectrophotometer (Hitachi U-2000, Hitachi Ltd., 

Tokyo, Japan) at 460 nm using the P-yellow-method (Lange and Vejdelek 1980) 

after extraction with HCl and colouration with an ammonium molybdate/ammonium 

vanadate reagent. Potassium was measured with a flame photometer (BWB-XP 

Technologies, Braintree, UK). To calculate aboveground nutrient uptake, the 

estimated dry matter (DM) yield of individual treatments were multiplied by the 

respective concentrations of total N, P and K. 
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Fig 3.2 Experimental plot showing resin cup installations and locations for gaseous emission 
measurements, in a multi-factorial cropping experiment conducted from May 2014 to April 
2016 in Tamale (Ghana) and Ouagadougou (Burkina Faso). 
 

Other variables 
Other monitored variables were: planting date, irrigation date and duration, type of 

fertilizer applied and date of fertilization (Appendix 2.6 and 3.3). Air temperature, 

relative humidity, wind speed, amount of rainfall, and solar radiation were also 

recorded continuously at 30 min intervals using a WatchDog 2000 Series Weather 

Station (Spectrum Technologies, Inc., Plainfield, IL, USA) and a HOBO external data 

logger (Onset Computer Corporation Corp., Bourne, MA, USA).  

 

3.3.4. Calculation of nutrient balances and use efficiency 

The rainy season comprised the period from April to November with four to five 

cropping cycles, while the dry season covered December to March with two cropping 

cycles per year. Input components (I) were: biochar (IB), irrigation water (IIW), 

rainwater (IRW), mineral fertilizer (IMF), and organic fertilizer (IOF). Output included 

crop harvest (OH), leaching losses (OL) and gaseous emissions (OG). Atmospheric 

deposition of dust, even though measured was not included because of its negligible 

quantity. The balance equation is therefore reads as follows:  

∆ = (IB + IIW + IRW + IMF +IOF) – (OH + OL + OG)  



Nutrient use efficiency in intensively managed and wastewater irrigated urban vegetable 
production in two West African cities 

 59 

Nutrient use efficiency (NUE) can be estimated using different agronomic factors: 

unit of crop yield per unit of applied nutrient, unit of crop yield increase per unit 

applied nutrient, unit of nutrient uptake per unit input, and unit of crop yield increase 

per unit of nutrient uptake (Roberts 2008; Fixen et al. 2015). In order to access the 

efficiency of fertilized and unfertilized crop management systems, and to gain an 

overview of the potential for nutrient loss in crop production, the apparent NUE 

according to Fixen et al. (2015) and Gunnarsson et al. (2010) was used for further 

comparison of treatment effects 

!"! = 	 %&'()
*+*,(	-.*/&'-*	,00(&')	  

 

12 =	 %&'()*/*−%&'()4+-
*+*,(	-.*/&'-*	,00(&')	  

 

52 = 	-.*/&'-*	.0*,6'787 − -.*/&'-*	.0*,6'9:;*+*,(	-.*/&'-*	,00(&')	 <100 
where yieldtrt denotes the aboveground biomass yield (kg ha-1) of treated crops, 

yieldcon is the aboveground biomass yield (kg ha-1) of crops grown on unfertilized 

plots, nutrient uptaketrt denotes total nutrient uptake (kg ha-1) of fertilized harvested 

crop biomass, and nutrient uptakecon is the nutrient uptake (kg ha-1) of crops grown 

on unfertilized plots. All nutrient inputs and outputs were calculated as kg nutrient ha-

1 season-1 and the results of the nutrient balances expressed in the same units.  

 

3.3.5. Statistical analysis 

Microsoft Excel (2010) was used for data entry before data were exported to SAS                                                                                                          

(SAS Institute Inc., Carey, NC, USA) for analysis. Data were checked for normality 

(Shapiro-Wilks test) and visually assessed with qq-plots. Where necessary, data 

were log10 transformed prior to statistical analysis and submission to a Tukey’s 

posthoc honest significant difference test at p < 0.05. 

 

3.3.6. Study scope 

This study assessed leaching losses on four of the 16 treatments (Appendix 2.4). 

The four treatments, all under full irrigation included: (1) No fertilization + Clean 
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water irrigation (C+cw), (2) Farmer’s practice (fertilization) + Clean water irrigation 

(FP+cw), (3) Farmer’s practice (fertilization) + wastewater irrigation (FP+ww), and (4) 

Farmer’s practice+biochar + wastewater irrigation (FP+BC+ww). In addition to these 

treatments, gaseous emission measurement covered: (1) No fertilization + 

wastewater irrigation (C+ww), and (2) Farmer’s practice + biochar + wastewater 

irrigation (FP+BC+cw) Manka’abusi (unpublished). Based on the nutrient input, 

leaching losses were extrapolated for the two treatments for which leaching was not 

assessed, to be able to estimate nutrient balances for all treatments.  

 

3.4. Results 

3.4.1. Nutrient inputs 
In Tamale, mineral fertilizer and wastewater were the major sources of N, P and K 

while in Ouagadougou, organic and mineral fertilizers were the main sources. 

Nutrient inputs from inorganic fertilizer in Tamale during the two-year trial were 806 

kg N ha-1, 233 kg P ha-1, and 325 kg K ha-1 and similar inputs (955 kg N ha-1, 306 kg 

P ha-1, and 237 kg K ha-1) was estimated for wastewater. 71% of the total nutrient 

input from mineral fertilizer was applied in the two rainy seasons. In contrast, 64% of 

the total nutrient input from wastewater was applied in the two dry seasons. The 

input from clean water was negligible (Table 2.6). Rice husk biochar supplied 17 kg 

P ha-1 and 20 kg K ha-1 for the Tamale field while 28 kg P ha-1 and 66 kg K ha-1 were 

added with corn cob biochar in Ouagadougou. 

 

In Ouagadougou, the total N input from urea was 1,053 kg ha-1 during the two years. 

Organic fertilizer, on the other hand, supplied 1,850 kg N ha-1 out of which 49% was 

supplied in the rainy season. Phosphorus and K inputs from the organic fertilizer 

were 532 kg ha-1 and 983 kg ha-1, respectively. Nutrients from wastewater were 

higher in the dry season (51%) compared with the rainy season. A total input at the 

end of two years was 122 kg N ha-1, 23 kg P ha-1, and 1204 kg K ha-1. The input from 

K in the wastewater likewise K balance must be used with caution due to the high 

and wide variation from the analysis. Clean water supplied 63 kg N ha-1, 13 kg P ha-

1, and 209 kg K ha-1 (Appendix 3.3). 
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3.4.2. Nutrient outputs 
Leaching losses  

Nutrient leaching was higher during the rainy than the dry season. Across both 

locations, wastewater irrigation on fertilized plots (FP) led to similar leaching losses 

of N, P, and K in the dry season farming. Similarly, biochar addition on fertilized plots 

(FP+BC+ww) resulted in negligible differences of N, P and K leaching in the dry 

season in both cities (Fig. 3.3). 

In Tamale, estimates of leached N were less than 2 kg ha-1 in the first rainy season 

(2014) while during the second rainy season N range from 2-15 kg ha-1. No effect of 

biochar addition or wastewater irrigation on nutrient leaching was observed. Biochar 

amended plots generally showed reduced P (p<0.05) and K leaching (p>0.05) during 

the rainy season. Wastewater irrigation on fertilized plots (FP+ww), compared with 

clean water irrigation (FP+cw) on the other hand led to higher P and K leaching but 

the differences were insignificant (Fig. 3.3). An exception occurred for P leaching in 

the first rainy season (2014) where FP+ww was significantly higher (p<0.05). 

 

In Ouagadougou leached N ranged from 4-30 kg ha-1. Biochar amended plots under 

wastewater irrigation and fertilized conditions (FP+BC+ww) reduced N leaching by 

50% in the first and second rainy season (p>0.05). Wastewater irrigation tended to 

increase N leaching compared with clean water irrigation, on both fertilized and 

unfertilized plots but differences were not significant (p>0.05). Biochar amendment, 

likewise, wastewater irrigation did not have a significant effect on P and K leaching.  

 
Crop uptake 

Crop uptake constituted on average 83% of the total nutrient exports. Nutrient uptake 

was generally higher in Ouagadougou than in Tamale, apart from wastewater 

irrigated plots in the dry seasons (Table 3.2). In Tamale, cumulative nutrient uptake 

of N, P and K were higher in wastewater irrigated plots than in clean water plots 

irrespective of the season (p<0.05). At the same water quality, biochar amendment 

on fertilized plots (FP vs FP+BC) led to higher nutrient uptake only in the 2014 rainy 

seasons (p<0.05). In Ouagadougou, nutrient uptake was significantly higher (p<0.05) 

on fertilized plots than on unfertilized plots, irrespective of the seasons. Wastewater 

barely had an effect on the seasonal cumulative nutrient uptake compared with clean 
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water. In the first two seasons, wastewater in most cases reduced nutrient uptake. 

Biochar amendment, on the other hand, improved K uptake by crops in the first two 

seasons (p<0.05; Table 3.3).  

 

Gaseous emission  
Gaseous NH3-N and N2O-N emissions were lower in Tamale compared with 

Ouagadougou, and in both cities, emissions were higher in the rainy season (Table 

3.2 and 3.3; Manka’abusi (unpublished). On average, gaseous N emission 

constituted 15% of the total N exports. Seasonal cumulative NH3-N emissions in 

Tamale ranged from 10 to 12 kg ha-1 and 6 to 12 kg ha-1 for the 2014 and 2015 rainy 

seasons, respectively. N2O-N emissions for the same period were 19 to 23 kg ha-1 

and 8 to 14 kg ha-1. In Ouagadougou, cumulative NH3-N emissions for the 2014 and 

2015 rainy season were 9 to 24 kg ha-1 and 6 to 17 kg ha-1, respectively. N2O-N 

emissions were 15 to 88 kg ha-1 and 14 to 24 kg ha-1. Refer to Manka’abusi 

(unpublished) for detailed results. 
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Table 3.2 Average cumulative seasonal crop yield, input and output in a multi-factorial cropping experiment conducted from May 2014 to April 2016 

in Tamale (northern Ghana). 
  ----------------------------------------------Cumulative nutrient input and output --------------------------------------------- 

Year Season  

DM yield 

(kg ha
-1

) 

Nitrogen (kg ha-1) Phosphorus (kg ha-1) 
  

Potassium (kg ha-1) 
  

      Input Crop 

uptake 

Leac

hing  

Gaseous 

emissions* 

Bala
nce 

Input Crop 

uptake 

Leac

hing  

Bala
nce 

Input Crop 

uptake 

Leachi

ng  

Bala
nce 

2014 rainy  C+cw 2154 4 64 0 32 -92 0 7 0 -7 10 62 21 -73 
  C+ww 4252 136 116 1 33 -14 28 14 0 14 33 115 29 -111 
  FP+cw 5631 264 169 1 31 63 111 25 0 87 172 168 29 -25 
  FP+ww 7430 396 233 0 29 133 140 31 0 109 195 211 25 -42 
  FP+BC+cw 7743 264 231 1 31 2 128 32 0 97 192 246 29 -83 

    FP+BC+ww 8493 396 265 0 35 97 157 39 0 118 215 264 26 -76 
2014/15  dry  C+cw 411 4 8 0 7 -11 0 1 0 -1 7 14 0 -7 

  C+ww 3259 227 106 0 8 113 82 12 0 71 29 135 1 -107 
  FP+cw 2612 90 78 0 8 4 37 13 0 24 60 101 1 -42 
  FP+ww 4369 313 177 0 9 127 119 26 0 93 83 184 1 -103 
  FP+BC+cw 2647 90 77 0 7 6 37 13 0 24 60 101 1 -42 

    FP+BC+ww 4268 313 175 0 8 131 119 27 0 92 83 177 3 -97 
2015 rainy  C+cw 1603 3 32 3 16 -48 1 4 0 -4 10 26 3 -19 

  C+ww 5032 250 150 11 16 74 63 20 1 43 58 113 9 -64 
  FP+cw 6111 359 207 11 18 123 47 22 1 24 70 139 9 -79 
  FP+ww 8870 606 369 15 24 199 109 37 1 71 118 209 12 -104 
  FP+BC+cw 5939 359 214 11 22 112 47 22 1 24 70 127 9 -67 

    FP+BC+ww 8957 606 365 9 23 210 109 38 0 71 118 207 7 -96 
2015/16  dry  C+cw 1213 4 19 0 16 -32 0 3 0 -2 17 17 0 0 

  C+ww 3920 342 122 0 20 200 132 13 0 119 116 71 1 44 
  FP+cw 2218 107 56 0 20 31 40 7 0 32 68 36 1 31 
  FP+ww 4561 445 157 0 22 266 171 20 0 151 167 98 1 68 
  FP+BC+cw 2666 107 63 0 18 27 40 8 0 31 68 47 1 20 

    FP+BC+ww 4389 445 151 0 25 269 171 19 0 152 167 105 3 60 
BC = biochar; C = control (no fertilizer, no biochar); cw = clean water; FP = farmer’s practice; FP+BC = farmer’s practice + biochar; and ww = 

wastewater. The rainy season covers April to November with four to five cropping cycles while the dry season covers December to March with two 

cropping cycles per year. *Preliminary data for gaseous emissions obtained from Manka’abusi (unpublished). 
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Table 3.3 Average cumulative seasonal crop yield, input and output in a multi-factorial cropping experiment conducted from May 2014 to April 2016 

in Ouagadougou (central Burkina Faso). 
  ----------------------------------------------Cumulative nutrient input and output --------------------------------------------- 

Year Season  

DM yield 
(kg ha-1) 

Nitrogen (kg ha-1) Phosphorus (kg ha-1) 
  

Potassium (kg ha-1) 
  

      Input Crop 

uptake 

Leaching  Gaseous 

emissions* 

Bala
nce 

Input Crop 

uptake 

Leac

hing  

Bala
nce 

Input Crop 

uptake 

Leachi

ng  

Bala
nce 

2014 rainy  C+cw 3691 58 143 7 26 -119 7 32 0 -25 35 93 37 -96 

  C+ww 4109 44 105 7 24 -93 8 24 0 -17 92 80 37 -25 

  FP+cw 6210 914 254 18 85 557 147 44 1 102 226 174 33 20 

  FP+ww 4922 901 203 28 91 579 147 34 0 113 283 139 36 108 

  FP+BC+cw 6074 914 241 12 113 549 175 45 0 129 292 203 54 34 

    FP+BC+ww 5652 901 229 12 113 547 175 39 0 136 349 181 54 113 

2014/15  dry  C+cw 2477 3 69 0 6 -71 2 15 0 -13 47 56 22 -31 

  C+ww 2595 15 62 0 7 -55 3 19 0 -16 278 95 22 161 

  FP+cw 8100 830 380 0 37 413 146 58 0 88 335 310 2 23 

  FP+ww 8746 842 359 1 38 444 148 58 0 90 566 296 5 265 

  FP+BC+cw 8511 830 345 0 34 451 146 60 0 86 335 359 1 -25 

    FP+BC+ww 8480 842 374 0 42 426 148 57 0 91 566 402 1 163 

2015 rainy  C+cw 5622 1 125 4 20 -148 1 20 1 -20 25 84 8 -67 

  C+ww 3923 16 175 4 26 -190 4 30 1 -27 170 156 9 5 

  FP+cw 12516 660 535 14 34 77 137 98 2 37 351 557 9 -214 

  FP+ww 12925 674 574 30 37 32 140 96 1 43 495 565 9 -79 

  FP+BC+cw 12823 660 549 15 38 58 137 95 1 41 351 617 8 -274 

    FP+BC+ww 12952 674 574 15 39 46 140 100 1 38 495 636 8 -149 

2015/16  dry  C+cw 4426 0 47 0 14 -61 3 18 0 -15 102 50 22 30 

  C+ww 2852 48 81 0 15 -49 8 22 0 -15 665 113 22 530 

  FP+cw 11346 561 307 0 33 221 116 64 0 52 279 235 2 43 

  FP+ww 10391 609 282 1 33 292 121 55 0 66 842 277 5 560 

  FP+BC+cw 11973 561 334 0 29 198 116 67 0 49 279 260 1 18 

    FP+BC+ww 11126 609 270 0 28 310 121 53 0 67 842 288 1 553 

BC = biochar; C = control (no fertilizer, no biochar); cw = clean water; FP = farmer’s practice; FP+BC = farmer’s practice + biochar; and ww = 

wastewater. The rainy season covers April to November with four to five cropping cycles while the dry season covers December to March with two 

cropping cycles per year. *Preliminary data for gaseous emissions obtained from Manka’abusi (unpublished). 
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Fig 3.3 Seasonal nitrogen (a), phosphorus (b) and potassium (c) leaching in a multi-factorial 
cropping experiment conducted from May 2014 to April 2016 in Tamale (northern Ghana).  
Data show mean ± one standard error (n = 4); different letters within a season shows 
significant differences (Tukey multiple comparison test, P<0.05). BC = biochar; C = Control 
(no fertilizer, no biochar); cw = clean water; FP = farmer’s practice (of fertilization); FP+BC = 
farmer’s practice + biochar; and ww = wastewater. The rainy season covers April to 
November with four to five cropping cycles while the dry season covers December to March 
with two cropping cycles per year. 
 

(a) 

(b) 

(c) 
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Fig 3.4 Seasonal nitrogen (a), phosphorus (b) and potassium (c) leaching in a multi-factorial 
cropping experiment conducted from May 2014 to April 2016 in Ouagadougou (central 
Burkina Faso).  
Data show mean ± one standard error (n = 4); different letters within a season shows 
significant differences (Tukey multiple comparison test, P<0.05). BC = biochar; C = Control 
(no fertilizer, no biochar); cw = clean water; FP = farmer’s practice (of fertilization); FP+BC = 
farmer’s practice + biochar; and ww = wastewater. The rainy season covers April to 
November with four to five cropping cycles while the dry season covers December to March 
with two cropping cycles per year. 

(a) 

(b) 

(c) 
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3.4.3. Nutrient balances  
All fertilized treatments showed positive N and P in both fields. Considering the high 

nutrient inputs in Ouagadougou compared with Tamale, and the relatively lower 

output, nutrient surpluses were high in Ouagadougou. Nitrogen surpluses on 

fertilized plots ranged from 32 to 579 kg N ha-1 in Ouagadougou compared with 2 to 

269 kg N ha-1 season-1 in Tamale. Phosphorus surpluses were between 37 to 136 kg 

ha-1 in Ouagadougou compared with 24 to 152 kg ha-1 season-1 in Tamale. Nutrient 

export exceeded the inputs on unfertilized plots that were irrigated with clean water 

(C+cw) in both fields. In Ouagadougou, unfertilized plots irrigated with wastewater 

(C+ww) had negative balances (-190 to -49 kg N ha-1 and -27 to -15 kg P ha-1; Fig. 

3.5 and 3.6). In Tamale, positive nutrient balances were observed for wastewater 

irrigated plots compared with clean water irrigated plots (p<0.05). In the first rainy 

season (2014), biochar amended plots on fertilized conditions irrespective of water 

quality had surpluses of up to +107 kg P ha-1, 9% higher than fertilized plots without 

biochar (Fig. 3.5). In contrast to Tamale, N and P surpluses in Ouagadougou were 

similar (p>0.05) for wastewater irrigated plot compared with clean water plots in the 

first three cropping seasons (Fig. 3.6). Biochar amendment increased P surplus in 

the first rainy season in both cities (p>0.05). For K, the first three seasons in Tamale 

recorded mainly negative balances in all treatments ranging from -111 kg ha-1 to -7 

kg ha-1. On the other hand, in the last dry season, all treatments with the exception 

of C+cw (-0.3 kg K ha-1) had positive nutrient balances. The respective balances 

were +44, +31, +68, +20 and +60 kg K ha-1 for C+ww, FP+cw, FP+ww, FP+BC+cw, 

and FP+BC+ww. The influence of wastewater on fertilized plots was only effective in 

the dry seasons where significant differences were observed (Fig. 3.5). In 

Ouagadougou, the largest K surpluses (kg K ha-1) were observed in the 2015/16 dry 

season with wastewater irrigated plots on C, FP and FP+BC having a balance of 

over 500 kg ha-1 compared with up to 43 kg ha-1 on clean water irrigated plots of the 

same treatments (p<0.05) (Fig. 3.6).  
 

Mean annual balance estimations indicates that, for Tamale, N surplus was highest 

in FP+ww (+362 kg ha-1) followed by FP+BC+ww > C+ww > FP+cw > FP+BC+cw > 

C+cw. Potassium balance followed a similar order, FP+BC+ww > FP+ww >C+ww > 

FP+BC+cw > FP+cw > C+cw with surpluses of +217, +212, +123, +88, +83, and a 
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deficit -7 kg ha-1, respectively. Finally, K showed deficits in the order C+ww > 

FP+BC+ww > FP+ww > FP+BC+cw > FP+cw > C+cw with -119, -105, -90, -86, -57, 

and -50 kg ha-1. In Ouagadougou, the mean annual N and P balances followed a 

similar order with the fertilized and wastewater irrigated plots recording the highest. 

Potassium balance on the other hand followed the order FP+ww > FP+BC+ww > 

C+ww > FP+cw > C+cw and FP+BC+cw with +427, +340, +335, -65, -82, and -123 

kg P ha-1, respectively.  
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Fig 3.5 Cumulative seasonal NPK balances (input – output) ± one standard error from a 
multi-factorial cropping experiment conducted from May 2014 to April 2016 in Tamale 
(northern Ghana).  
Balances with same letter within a season are not different according to Tukey’s test at p<0.05. 
BC = biochar; C = Control (no fertilization); cw = clean water; FP = farmer’s practice (of 
fertilization); FP+BC = farmer’s practice + biochar; and ww = wastewater. The rainy season 
covers April to November with four to five cropping cycles while the dry season covers December 
to March with two cropping cycles per year. 
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Fig 3.6 Cummulative seasonal NPK balance (input – output) ± one standard error in a multi-
factorial cropping experiment conducted from May 2014 to April 2016 in Ouagadougou 
(central Burkina Faso). 
Balances with same letter within a season are not different according to Tukey’s test at 
p<0.05. BC = biochar; C = Control (no fertilization); cw = clean water; FP = farmer’s practice 
(of fertilization); FP+BC = farmer’s practice + biochar; and ww = wastewater. The rainy 
season covers April to November with four to five cropping cycles while the dry season 
covers December to March with two cropping cycles per year. 
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3.4.1. Nutrient use efficiencies  
Nutrient use efficiency of N, P, and K in the two fields increased over the study 

period. The last season (2015/16 dry season), however, showed a decline in 

efficiency especially in Tamale. The Partial Factor Productivity (PFP), Agronomic 

Efficiency (AE), and Recovery Efficiency (RE) generally showed a similar pattern.  

 

Nitrogen Use Efficiency 

At the end of the first season (rainy season 2014) in Tamale, N use efficiency (PFP) 

was 31 kg kg-1 highest (p<0.05) in unfertilized plots with wastewater irrigation 

(C+ww). There were no differences between the treatments in AE and RE. For the 

second season, FP+BC and FP+cw had the highest PFP and AE with efficiencies 

between 25 - 29 kg kg-1 (p<0.05) and over 70% RE (p>0.05). At the end of the last 

season, N recovery for all management practices was low (<12 kg kg-1). Wastewater 

addition on unfertilized, fertilized and fertilized+biochar plots was higher with 

respective mean efficiencies of 11 kg kg-1 PFP, 8 kg kg-1 AE and 30% (p<0.05; Table 

3.4). Efficiencies were generally lower in Ouagadougou, where PFP, AE and RE 

were inconsistent and similar across treatments (p>0.05). Only AE of unfertilized 

plots with wastewater irrigation (C+ww) was 3 to 10 times higher (10 kg kg-1) than of 

plots with the other treatments (p<0.05). Similarly, the PFP of unfertilized plots with 

wastewater irrigation (C+ww) was significantly higher than of the other treatments in 

all seasons (Table 3.5). 

 

Phosphorus Use Efficiency 

In Tamale, agronomic efficiency (AE) of P followed a similar trend as PFP and RE. 

Efficiencies were highest in clean water irrigated plots, compared with wastewater 

under FP and FP+BC during the last three seasons. Agronomic efficiency, RE and 

PFP doubled (p<0.05) when clean water (instead of wastewater) was used under FP 

and FP+BC in the 2014/15 dry season. This effect continued throughout the last two 

seasons for PFP efficiency (p<0.05; Table 3.4). A significant difference was 

observed in the four seasons when unfertilized plots with wastewater irrigation 

(C+ww) had a significantly higher PFP than other treatments (Table 3.5). Unfertilized 

plots with wastewater irrigation also had a higher AE and RE (p<0.05) during the first 

rainy season (2014) and second rainy season (2015), respectively.  
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Potassium Use Efficiency 

Compared with all other soil management practices, wastewater irrigation of 

unfertilized plots (C+ww), proved to be most efficient for K (PFPK, AEK and REP) in 

the first rainy and dry seasons of Tamale. Efficiency peaked at the end of the first dry 

season (2014) with a recovery (RE) of over 400%. In unfertilized-wastewater 

irrigated plots (C+ww), PFPK and AEK were up to 129 kg kg-1 and 63 kg kg-1, 

respectively. During the last two seasons, there was no difference in efficiency 

across all the management practices (Table 3.4). Potassium use efficiency in 

Ouagadougou improved with time whereby the highest efficiencies were recorded in 

the third season (2015 rainy season). Across seasons, wastewater irrigation on both 

FP and FP+BC plots led to a reduction in K use (PFPK, AEK and REP) which was 

significant during the two dry seasons (p<0.05). 
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Table 3.4 Mean ± one standard error (n = 4) of NPK use efficiencies for different soil management practices in a multi-factorial cropping experiment 
conducted from May 2014 to April 2016 in Tamale (northern Ghana). 

  Nitrogen (N)   Phosphorus (P)   Potassium (K) 

 
2014 
rainy 

2014 
/15 dry 

2015 
rainy 

2015 
/16 dry   

2014 
rainy 

2014 
/15 dry 

2015 
rainy 

2015 
/16 dry   

2014 
rainy 

2014 
/15 dry 

2015 
rainy 

2015 
/16 dry  

 Partial Factor Productivity (kg kg-1) 
C+ww 31±4a 14±1b 20±2a 11±1a 

 
150±20a 40±2b 79±9b 30±2ab 

 
129±17a 112±7a 87±10a 34±2a 

FP+cw 21±2ab 29±2a 17±2ab 21±5a 
 

51±5b 71±6a 131±14a 56±14ab 
 

33±3b 43±4b 88±10a 33±8a 
FP+ww 19±1b 14±1b 15±1b 10±1a 

 
53±4b 37±2b 81±7b 27±4ab 

 
38±3b 53±3b 75±6a 27±4a 

FP+BC+cw 29±3ab 29±2a 17±1ab 25±5a 
 

60±5b 71±6a 128±10a 67±13a	 
 

40±4b 44±4b 85±7a 39±8a 
FP+BC+ww 21±1ab 14±1b 15±1b 10±1a 

 
54±3b 36±2b 82±5b 26±1b 

 
40±2b 52±3b 76±5a 26±1a 

 Agronomic Efficiency (kg kg-1) 
C+ww 15±4a 13±2b 14±2a 8±1a 

 
74±19a 35±5b 54±7a 20±2a 

 
63±16a 98±13a 59±7a 23±2a 

FP+cw 13±2a 24±1a 13±1a 9±6a 
 

31±4b 59±3a 97±10a 25±17a 
 

20±3b 37±2b 65±7a 15±10a 
FP+ww 13±1a 13±0b 12±1a 8±1a 

 
38±3ab 33±1b 66±6a 20±3a 

 
27±2b 48±1b 62±5a 20±3a 

FP+BC+cw 21±4a 25±4a 12±2a 14±6a 
 

44±8ab 60±11a 93±15a 37±15a 
 

29±5ab 37±7b 62±10a 21±9a 
FP+BC+ww 16±1a 12±1b 12±0a 7±1a 

 
40±3ab 32±2b 67±2a 19±2a 

 
30±2ab 47±2b 62±2a 19±2a 

 Recovery Efficiency (%) 
C+ww 39±12a	 43±4a 47±6a 30±3a 

 
23±8a 13±1b 24±3a 8±1a 

 
161±66a 415±21a 150±23a 46±6a 

FP+cw 40±3a 78±10a 49±7a 34±11a 
 

15±1a 32±4a 39±5a 11±6a 
 

61±10a 144±21b 163±25a 27±11a 
FP+ww 43±5a	 54±1a 56±5a 31±4a 

 
17±3a 21±1ab 30±3a 10±2a 

 
77±11a 207±8b 156±16a 48±9a 

FP+BC+cw 63±11a 76±15a 51±7a 41±12a 
 

19±2a 33±5a	 39±7a 14±6a 
 

96±14a 144±26b 146±22a 44±20a 
FP+BC+ww 51±5a	 53±3a 55±4a 30±3a   20±1a 22±1ab 31±1a 9±2a   94±8a 198±6b 154±6a 52±7a 
Values followed by the same letter in a column are not significantly different using a Tukey multiple comparison test at p < 0.05. A letter in italics 
indicates data that were log transformed before analysis. BC = biochar; C = control (no fertilizer, no biochar); cw = clean water; FP = fertilization 
according to farmers’ practice; FP+BC = farmer’s practice + biochar; and ww = wastewater. The rainy season covers April to November with four to 
five cropping cycles while the dry season covers December to March with two cropping cycles per year. 
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Table 3.5 Mean ± one standard error (n = 4) of NPK use efficiencies for different soil management practices in a multi-factorial cropping experiment 
conducted from May 2014 to April 2016 in Ouagadougou (central Burkina Faso). 

  Nitrogen (N)   Phosphorus (P)   Potassium (K) 

 
2014 
rainy 

2014 
/15 dry 

2015 
rainy 

2015 
/16 dry   

2014 
rainy 

2014 
 /15 dry 

2015 
rainy 

2015 
/16 dry   

2014 
rainy 

2014 
/15 dry 

2015 
rainy 

2015 
/16 dry  

 Partial Factor Productivity (kg kg-1) 
C+ww 94±6a 175±10a		 252±26a	 60±4a 

 
541±32a 750±42a		 934±95a	 367±25a	 

 
45±3a 9±1c	 23±2a 4±0c	 

FP+cw 7±1b 10±0b	 19±1b 20±1b	 
 

42±4b 55±1b	 92±6b	 98±7b	 
 

27±3b 24±1a		 35±2a 41±3a	 
FP+ww 5±0b 10±0b 19±1b 17±1b	 

 
34±1b 59±1b 93±5b 86±7b	 

 
17±1c 15±0b	 26±1a 12±1b	 

FP+BC+cw 7±0b 10±0b	 19±2b 21±1b	 
 

35±1b 58±1b	 94±8b	 103±3b	 
 

21±1bc 25±1a		 37±3a 43±1a	 
FP+BC+ww 6±0b 10±0b 19±3b 18±2b	 

 
32±1b 57±2b 93±14b 92±11b 

 
16±0c 15±1b 26±4a 13±2b	 

 Agronomic Efficiency (kg kg-1) 
C+ww 10±9a 8±19a		 -109±65a -33±11a 

 
55±51a 34±81a		 -405±242a -202±68a 

 
5±4a 0±1c	 -10±6b	 -2±1c		 

FP+cw 3±1b	 7±0a 10±3a 12±1a	 
 

17±4b 38±2a 50±13a 60±6a 
 

11±2a	 17±1a		 20±5a 25±3a	 
FP+ww 1±0b 7±0a 11±1a 10±1a 

 
8±1b	 42±2a	 52±6a 49±5a 

 
4±0a	 11±0b	 15±2a 7±1b	 

FP+BC+cw 3±0b	 7±0a 11±3a 13±1a	 
 

14±2b	 41±2a 53±14a 65±5a 
 

8±1a	 18±1a		 21±5a 27±2a	 
FP+BC+ww 2±0b	 7±0a 11±2a 11±2a	   11±1b	 41±2a	 53±10a 55±8a   6±0a	 11±1b	 15±3a 8±1b	 

 Recovery Efficiency (%) 
C+ww -89±46a	 -43±75a 320±184a 72±17a 

 
-103±60a 129±150a	 243±162a 52±59a 

 
-16±22b 14±4d 43±19b 10±3c 

FP+cw 12±2a 37±1a 62±8a 46±4ab	 
 

8±3a 30±3a 57±5b 39±5a 
 

35±6a	 76±3ab 134±13a	 66±6a	 
FP+ww 7±2a	 34±2a 67±5a 39±4ab	 

 
1±2a 29±3a	 54±8b 31±5a 

 
16±5ab 42±4c 97±13ab	 27±2b	 

FP+BC+cw 11±4a 33±2a 64±6a 51±2ab	 
 

7±2a 31±3a	 55±6b 42±3a 
 

37±5a	 91±9a		 152±22a	 75±2a	 
FP+BC+ww 9±1a	 36±2a 67±14a 37±3b	 

 
4±2a 29±4a		 58±11b 29±2a 

 
25±4ab	 61±1bc 112±17a 28±1b	 

Values followed by the same letter in a column are not significantly different using a Tukey multiple comparison test at p < 0.05. A letter in italics 
indicates data that were log transformed before analysis. BC = biochar; C = control (no fertilizer, no biochar); cw = clean water; FP = fertilization 
according to farmers’ practice; FP+BC = farmer’s practice + biochar; and ww = wastewater. The rainy season covers April to November with four to 
five cropping cycles while the dry season covers December to March with two cropping cycles per year. 
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3.5. Discussion 

3.5.1. Nutrient inputs 
In this study, nutrient inputs varied between the two cities. Wastewater contributed 

about half of the nutrient inputs (54% of N, 57% of P, and 41% K) in Tamale. The 

contribution of wastewater to total nutrient inputs in Ouagadougou was smaller for N 

and P, accounting for less than 5% respectively. However, wastewater irrigation 

provided 55% of total K inputs. Urea supplied 34% of N, while cow manure was the 

major source of P (94%). The inputs recorded were similar to earlier studies in 

vegetable gardens elsewhere (Buerkert et al. 2005; Khai et al. 2007; Diogo et al. 

2010). From high input vegetable gardens using municipal-sewage water for 

irrigation in Niamey, Niger for instance, Diogo et al. (2010)  reported annual nutrient 

inputs of 1,109 to 3,816 kg N ha-1, 143 to 644 kg P ha-1, and 640 to 2019 kg K ha-1. 

In the Tamale field, annual inputs ranged from 710 to 1066 kg N ha-1, 260 to 280 kg 

P ha-1, and 287 to 295 kg K ha-1 while the Ouagadougou comparative values were 

1,281 to 1,803 kg N ha-1, 265 to 304 kg P ha-1, and 931 to 1,465 kg K ha-1. In Tamale 

is no perennial stream, so most farmers rely on wastewater from open drains or 

municipal-sewage water deposits to access reliable water supply during the long dry 

season (Ackerson and Awuah 2010; Drechsel and Keraita 2014). Some farmers also 

experience that the combined use of wastewater and inorganic fertilizers enhances 

the visual appearance of their vegetables (Drechsel and Keraita 2014; Nyantakyi-

Frimpong et al. 2016). 

 

In Ouagadougou, the contribution of wastewater to the total nutrient input was 

minimal. Farmers rely largely on the use of manure because of its easy availability 

(Amadou et al. 2012; Roessler et al. 2016). Kiba et al. (2012) estimates that farmers 

applied on average 35 t ha-1 of manure in Wayalguin, Burkina Faso, more than twice 

of what was applied in the current study.  

 

3.5.2. Nutrient outputs 
Leaching losses and crop nutrient uptake 
In recent years several authors have used resin exchange cartridges to measure 

cumulative leaching in the subtropics (Predotova et al. 2011; Safi et al. 2011; Abdalla 
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et al. 2012; Goenster et al. 2014). While this approach entails several constraints, 

just like any other method of assessing leaching losses, many studies have 

confirmed the usefulness and reliability of the method (Lehmann et al. 2001; Lang 

and Kaupenjohann 2004). Other studies confirm low leaching rates during the dry 

season (Predotova et al. 2011; Sangare et al. 2012). It was therefore not surprising 

that the leaching losses from our two fields in the dry seasons were negligible, 

compared with those of the wet seasons.  

 

Negligible N and P leaching were also recorded in an urban intensified and 

traditional home-gardens in Khartoum, Sudan (Abdalla et al. 2012; Goenster et al. 

2014). On the other hand, a high proportion of K leaching (over 30 kg ha-1) was 

reported by Goenster et al. (2014), which is similar to what was estimated on this 

study. On a similar sandy loam soil, but with high nutrient and irrigation water inputs, 

Safi et al. (2011) reported from Kabul (Afghanistan) leaching losses of over 100 kg 

ha-1 N and 6.5 P kg ha-1 which caused serious environmental concerns.  

 

The high K leaching in the 2014 rainy season observed in this study is similar to 

values of the study made by Goenster et al. (2014) on black cotton soils of Central 

Sudan. The fact that K leaching was similarly high (p>0.05) across treatments could 

be a result of the exchangeable K in the soil pool, and the soil’s low clay content (< 

7%) corroborating observations of (Goenster et al. 2014). Given the N and P 

surpluses from the nutrient balances (Fig. 3.5), the N and P values measured by the 

resin cartridges are likely underestimated. Ion exchange resins are unable to capture 

dissolved organic compounds of N (van Kessel et al. 2009) and P (Langlois et al. 

2003). Comparative results of Werner et al. (unpublished) from the same field, and 

using lysimeters to estimate leaching losses  yielded 10 to 20 times higher values. 

 

Nutrient uptake in Tamale from wastewater irrigation was pronounced during the two 

dry seasons (p<0.01) on unfertilized, fertilized and fertilized+biochar plots. During the 

dry seasons, more nutrient was supplied through the frequent application of nutrient-

rich wastewater (Akoto-Danso et al.). In contrast, the use of wastewater did not 

influence the removal of nutrients by crops in Ouagadougou. In most cases, crop 

nutrient uptake was higher on clean water irrigated plots (Manka’abusi et al. 
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unpublished). Biochar amendment mainly influenced K uptake in both fields, 

specifically, at the end of the first season in Tamale and end of the first and second 

season in Ouagadougou. In Tamale, biochar amendment could have led to alteration 

of the soil P sustaining its availability for crop uptake (Akoto-Danso et al. 

unpublished; Gao and DeLuca 2016). 

 

3.5.3. Field balance and nutrient use efficiency  

Nutrient surpluses due to intensive agricultural production have been documented in 

several field studies (Khai et al. 2007; Diogo et al. 2010; Sangare et al. 2012). Thus 

an annual positive nutrient balance of up to 882 kg N ha-1, 196 kg P ha-1 and 306 kg 

K ha-1 was reported by Khai et al. (2007) from a peri-urban farm in Hanoi, Vietnam. 

Similarly, an annual positive nutrient balance up to 843 kg N ha-1, 70 kg P ha-1 and 

200 kg K ha- 1 was estimated from an urban vegetable farm in Niamey, Niger (Diogo 

et al. 2010). The magnitudes of balances recorded in this study were similar to the 

aforementioned studies (Khai et al. 2007; Diogo et al. 2010; Sangare et al. 2012). 

The accumulation of nutrients in Tamale was lower with up to an annual balance of 

+361 kg N ha-1, +217 kg P ha-1 and -125 kg K ha- 1, while Ouagadougou had annual 

surpluses of up to +692 kg N ha-1, +166 kg P ha-1 and +427 kg K ha-1. 

 

The large N and P surpluses in the two study fields raise environmental concerns. In 

many countries, agricultural pollution has been a recipe for deteriorating the quality 

of aquatic systems by eutrophication (Djodjic et al. 2004; Djodjic et al. 2008; 

Predotova et al. 2011; Wang et al. 2014). High P surpluses on fertilized plots 

irrespective of water quality could result from repeated manure application. The latter 

can usually be loaded with P as a result of inefficient utilization of P in feed (<30 %) 

by livestock (Sharpley et al. 2015). In Tamale, nutrient surpluses on wastewater 

irrigated plots compared with clean water irrigated plots during the dry seasons was 

usually major. This could be attributed to an enormous supply of nutrients from 

wastewater application which are not taken up by crops. The high P surpluses 

(p<0.05) observed in the first rainy season from the two fields could be attributed the 

addition of P from biochar (Akoto-Danso et al. unpublished; Manka’abusi et al. 

unpublished). Field nutrient balances and assessment of nutrient use efficiency 

provides feedback on the sustainability of an agriculture system (Eckert et al. 2000). 
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Nitrogen and phosphorus use efficiency were generally low in Ouagadougou 

compared with Tamale. Excessive or imbalanced fertilization contributes to low 

nutrient use efficiencies (Xu et al. 2016).  

 

The K deficit recorded in the first three seasons particularly in Tamale relates to 

findings of Siegfried et al. (2011) in similar sandy soils of northern Oman, where they 

measured K losses in two continuing cropping cycles. The uptake of excess K must 

come from plant-available K reserves in the soil as found in other studies (Rao et al. 

2001; Simonsson et al. 2007; Öborn et al. 2010; Khan et al. 2014). Simonsson et al. 

(2007) for instance, reported that, without a K fertilizer, a 40-year sandy loam to clay 

soils in South and Central Sweden, released between 8±10 and 67±7 kg K ha-1 yr-1 

from its reserves. Our results from Ouagadougou also corroborate the assertion that 

concentration of K in manure is quite soluble and available for plant uptake 

(Mikkelsen 2007). While the harmattan dry season in the savanna is considered as 

an essential source of soil nutrient replenishment especially K, studies from the 

region has reported insignificant contribution (0.5-6 kg K ha-1) (Kugbe et al. 2012; 

Breuning-Madsen et al. 2015). 

 

3.6. Conclusions 

This study aimed at quantifying horizontal fluxes of plant nutrients and calculate 

nutrient balances and use efficiencies of N, P, and K. Mineral fertilizer in addition to 

wastewater were the major nutrient sources in Tamale, while in Ouagadougou, 

farmers depend on organic and mineral fertilizers as farm nutrient sources. Leaching 

and gaseous emissions contributed less than 30% of the total nutrient offtake in the 

field trail. Generally, nutrient balances were more positive in fertilized and 

wastewater irrigated plots. Nutrient use efficiency of N, P, and K over the study 

period in the two fields increased until the 2015 rainy season. The high N and P 

surpluses and K deficits will require effective improvement strategies in preventing 

further environmental pollution. It is in this context that we suggest further studies to 

understand the mineralogy of K in Tamale. 
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Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix 3.1 Daily temperature and monthly rainfall for the study period for Tamale, northern 
Ghana (up) and Ouagadougou, central Burkina Faso (down). 
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Appendix 3.2 Photos of the resin cartridge installation and removal during the two year 
multi-factorial vegetable growing experiment in Tamale (northern Ghana) and Ouagadougou 
(central Burkina Faso). 

 
Photo 1: Making ditches for resin 
installation.  

Photo 2: Excavating a tunnel for the 
cartridge installation.  
 

 

Photo 3: Resin cartridge fixed in the hole. 

 

Photo 4: Covering of the tunnel with sand.  
 

Photo 5: Excavated ditch to remove resin 
cartridges at the end of a cropping 
season. 

 
 

Photo 6: A set of resin cartridge removed. 
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Appendix 3.3 List of cultivated crops, irrigation quantities (mm), and nutrient inputs in (kg ha
-1

) of a multi-factorial vegetable growing experiment in 

Ouagadougou (central Burkina Faso). 

Cropping season 
2014 rainy season 

(Season 1) 

 2014/15 dry season  

(Season 2) 

 2015 rainy season  

(Season 3) 

 2015/16 dry season  

(Season 4) 

Crop number 1 2  3 4 5  6 7 8  9 10 11 

Crop Lettuce Cabbage 

 

Amaranth Lettuce Amaranth 

 
Jute 

mallow 
Amaranth 

Jute 

mallow 

 

Roselle Lettuce Carrots 

Planting date May Jul  Oct Dec Feb  May Jul Sept  Oct Dec Jan 

Harvesting date Jun Oct  Nov Jan Mar  Jun Aug Oct  Nov Jan Apr 

Crop duration (days) 35 92  29 43 32  28 36 27  31 43 81 

Irrigation water (mm) 185.3 118.6  222.6 383.5 318.5  224.3 52 63.4  243.8 416.0 819.0 

Rainfall (mm) 120.6 513.6  1.4  0.2 0.0  132.8 311.8 70.0  0.4 0.0 20.2 

Mineral fertilizer - N 87.4 87.4  174.8 87.4 174.8  87.4 74.0 74.0  32.6 84.4 85.6 

Organic fertilizer - N  199.8 171.2 
 

136.4 281.2 283.4 
 

112.5 149.3 128.6 
  0.0 108.8 279.2 

Organic fertilizer - P  55.2 47.3 
 

36.8 60.0 84.3 
 

62.5 39.7 33.2 
  0.0 27.9 85.2 

Organic fertilizer - K  85.5 73.3 
 

32.3 168.5 119.8 
 

192.5 78.6 54.8 
  0.0 67.6 109.7 

ww - N  4.1 3.4 
 

36.2 3.1 11.7 
 

3.7 1.4 1.1 
 

9.4 16.0 31.5 

ww - P  2.7 1.7 
 

3.2 2.0 1.5 
 

1.8 0.3 0.5 
 

1.5 2.6 5.2 

ww - K  32.4 20.8 
 

39.0 48.1 229.8 
 

29.1 5.9 8.2 
 

126.4 215.7 448.8 

cw - N  3.5 2.3 
 

51.7 1.9 1.5 
 

0.9 0.2 0.3 
 

0.1 0.1 0.2 

cw - P  2.6 1.6 
 

3.1 0.9 0.9 
 

0.5 0.0 0.1 
 

0.6 1.0 1.9 

Cw - K  12.2 7.8 
 

14.7 7.9 38.7 
 

9.2 2.4 2.6 
 

11.2 19.1 82.7 

cw = clean water; N = nitrogen; P = phosphorus; and K = potassium; ww = wastewater. 

Source: Adapted after Manka’abusi et al. (unpublished). 
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BC = biochar; cw = clean water; FP = farmer’s practice; FP+BC = farmer’s practice + biochar; N = nitrogen;  

P = phosphorus; and K = potassium and ww = wastewater. 

 

Appendix 3.4 Average cumulative seasonal crop uptake of NPK in kg ha
-1

 ± standard devia tion in a multi-factorial cropping experiment conducted 

from May 2014 to April 2016 in Tamale (northern Ghana) and Ouagadougou (central Burkina Faso).  
   Tamale   Ouagadougou 

Year Season Treatment Cumulative nutrient removal (kg ha
-1

 season
-1

) 

      N P K   N P K 

2014 rainy C+cw 64±14d 7±3e 62±28e   142±25c 32±5b 93±22d 

  
C+ww 116±32c 14±3d 115±34d 

 
103±19d 24±6c 78±21d 

  
FP+cw 169±19b 25±4c 168±28c 

 
253±42a 44±11a 172±37b 

  
FP+ww 233±50a 31±8bc 211±39b 

 
201±28b 34±3b 138±5c 

  
FP+BC+cw 231±50a 32±5b 246±30ab 

 
238±41ab 45±3a 200±18a 

  
FP+BC+ww 265±35a 39±2a 264±29a 

 
228±7ab 39±5ab 180±18ab 

2014/15 dry C+cw 8±8d 1±1c 14±14d 
 

69±10c 15±7b 56±17e 

  
C+ww 106±13b 12±1b 135±10b 

 
62±13c 19±4b 95±20d 

  
FP+cw 78±26c 13±4b 101±39c 

 
380±18a 58±3a 310±26c 

  
FP+ww 177±16a 26±1a 184±24a 

 
359±29ab 58±4a 296±46c 

  
FP+BC+cw 77±19c 13±3b 101±17c 

 
345±20b 60±5a 359±49b 

  
FP+BC+ww 175±22a 27±3a 177±11a 

 
374±31a 57±7a 402±12a 

2015 rainy C+cw 32±14d 4±3c 26±13c 
 

125±32b 20±5b 84±26b 

  
C+ww 150±36c 20±5b 113±34b 

 
175±30b 30±10b 156±40b 

  
FP+cw 207±64b 22±7b 139±44b 

 
535±73a 98±8a 557±80a 

  
FP+ww 369±66a 37±8a 209±39a 

 
574±43a 96±18a 565±101a 

  
FP+BC+cw 214±45b 22±6b 127±29b 

 
549±61a 95±12a 617±132a 

  
FP+BC+ww 365±59a 38±5a 207±16a 

 
574±189a 100±31a 636±166a 

2015/16 dry C+cw 19±7d 3±2d 17±9d 
 

47±7d 18±5c 50±6e 

  

C+ww 122±21b 13±1b 71±21b 
 

81±14d 22±7c 113±32d 

  

FP+cw 56±11c 7±4c 36±12cd 
 

307±44ab 64±7a 235±37c 

  

FP+ww 157±40a 20±7a 98±31a 
 

282±48bc 55±11b 277±41ab 

  

FP+BC+cw 63±24c 8±4c 47±24c 
 

334±22a 67±4a 260±16b 

    FP+BC+ww 151±20a 19±4a 105±19a   270±31c 53±6b 288±18a 
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Virtual water flow in food commodity trade systems of two West 
African cities 

 

4.1. Summary 

Rapid urban growth in sub-Saharan Africa challenges food supply of cities. As an 

increasing number of consumers live farther away from where food is produced, may 

require the transfer of food over long distances. As food and other organic matter are 

transported from production areas to consumption points, water, which could have 

been used for local consumption, is transported virtually. The main aim of the study 

was to determine the magnitude and sources of virtual water flows (inflow and 

outflows) in agricultural commodity trade within and across the rural and urban 

spaces of two West African cities. Therefore, unprocessed food flows from local, 

regional, national and international sources were systematically recorded at all roads 

leading to/from Tamale, Ghana and Ouagadougou, Burkina Faso. The survey was 

conducted within two years covering the peak (November - December) and lean 

season (March - April) for six days in a row. Virtual water flows were computed by 

multiplying the quantity of flows of food commodities (t yr-1) by the respective virtual 

water content of the commodities (m3 t-1). Results showed that imported virtual water 

of all food commodities to Tamale and Ouagadougou were 514 and 2105 million m3 

yr-1 respectively, out of which 68% and 40% are exported to other regions of the 

country. It was found out that, major variation in seasonal virtual water flows with 

higher flows in the peak season. Cereals contribute most to the total virtual water of 

both cities. Southern Ghana is the major net virtual water importer from Tamale 

through cereals, legumes, vegetables, and livestock. The Northern Region of Ghana, 

on the other hand, is a net exporter of virtual water in all food groups apart from 

fruits. For Ouagadougou, large flows of virtual water were imported in the form of 

cereals (specifically rice) from international sources particularly Asian countries, 

through Ivory Coast. Other important sources of virtual water flows for cereals 

include western Burkina Faso. 

 

Keywords: Food security; Ouagadougou; Tamale; Wood and Fodder survey 



 
Virtual water flow in food commodity trade systems of two West African cities 

 

 90 

4.2. Introduction 

Rapid urbanization in sub-Saharan Africa (SSA) puts food supply of cities under 

stress. According to the Revision of the World Urbanization Prospects (United 

Nations, Department of Economic and Social Affairs 2014), 37% of SSA’s population 

currently live in urban areas and this share is expected to increase to 55% by 2050. 

Population growth, and the emergence of an urban middle class leads to increased 

demand for more and more diversified food and water (Kearney 2010), especially in 

cities, where people buy more food than they grow (Ruel and Garrett 2004). 

 

In SSA, most urban dwellers are involved in urban agriculture as a source of primary 

or supplementary income and a strategy to reduce food and nutrition insecurity 

(Lydecker and Drechsel 2010; Orsini et al. 2013; Drechsel and Keraita 2014), 

although inner-city spaces used for agriculture typically become scarcer with 

urbanization (Popkin 2003; Satterthwaite et al. 2010; Magigi 2013). Notwithstanding 

the contribution of urban and peri-urban food production, it is unrealistic to meet a 

city’s food demand without the use of more distant production areas. Ghana’s 

northern part is suitable for staple crop production while its centre is characterized by 

mixed or sole cropping of cereals, legumes, and tubers, and the forest zone is 

suitable for fruits, and other cash crops (Oppong-Anane 2006). 

 

As food and other organic consumables are transported from the production area to 

the consumption points, water that was used in the production is transported 

alongside in virtual state. This water is referred to as “virtual water” (Allan 1998; Allan 

2003; Chapagain and Hoekstra 2003). Many countries in SSA are faced with water 

scarcity, the effects of which in the next decades will be aggravated by rapid 

urbanization and increasing uncertainties of rainfall due to climate change (UNDP 

2007; Ringler et al. 2010; Allouche 2011). The concept of virtual water may help to 

better assess food provisioning risks and water resource use and planning.  

 

Many studies on virtual water have examined global (Hoekstra and Hung 2005; 

Hoekstra and Chapagain 2008; Zhang et al. 2016b), regional and national virtual 

water flows in food commodities especially in developed nations (Grote et al. 2005; 

Dang et al. 2014; Zhang and Anadon 2014; da Silva et al. 2016), but information 
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seems lacking about such flows for SSA. One of the few exceptions is Drechsel et al. 

(2007) who attempted to estimate the rural-urban food and water flows and the 

resulting nutrient and water-related ‘urban footprint’ or environmental burden in four 

West African cities. Data were collected through market surveys of food flows 

combined with household and street surveys to assess consumption patterns. The 

study used their approach with a focus on Tamale and Ouagadougou, two fast 

growing cities in West Africa. 

 

The main aim of the study was to determine the magnitude and sources of virtual 

water flows (in and outflows) in agricultural commodity trade within and across the 

rural and urban spaces of two West African cities of Tamale, Ghana and 

Ouagadougou, Burkina Faso. Agricultural commodity trade flows were quantified and 

mapped to assess the seasonal variability of local and regional virtual water fluxes.  

 

4.3. Materials and methods 

4.3.1. The study area  

This study was conducted in the West African cities of Tamale (northern Ghana) and 

in Ouagadougou (central Burkina Faso). Over the past 40 years, the two cities have 

experienced massive growth. In 1970, the population of Tamale was 84,000 and that 

of Ouagadougou was 466,000 in 1982. In 2010, the urban population had grown by 

344% for Tamale and 310% for Ouagadougou (GSS 2013; Institut National des 

Statistiques de la Démographie 2015). Both cities are located in the savannah zone 

(Fig. 1) with a unimodal rainfall regime whereby major rainfall occurs between 

August and September. Tamale is in the Guinea-Savannah with a mean annual 

precipitation of 1111 mm whereby January is the driest month with 2 mm and mean 

annual temperature is 27.9oC (Climate-data.com 2016). Ouagadougou lies in the 

Sudanian Savanna climatic zone with a mean annual precipitation of 788 mm and an 

annual temperature of 28.2oC. The rainy season in Ouagadougou is shorter (May to 

September) as compared with Tamale (April to October; Climate-data.com 2016). A 

large proportion of the urban households of the two cities are involved in agriculture 

(36% and 57% for  Ouagadougou and Tamale respectively), even though soils are 
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considered highly degraded and with poor inherent soil fertility (Argenti and 

Marocchino 2005; GSS 2014; Tully et al. 2015). 

 

The Northern Region of Ghana is the country’s grainery with an important production 

of maize (Zea mays), rice (Oryza sativa), sorghum (Sorghum bicolor), and millet 

(Pennisetum glaucum) alongside with yam (Dioscorea rotundata). Also important are 

the production of beef, cattle, sheep and goats (Karbo and Agyare 2002; Yiridoe et 

al. 2006). During the dry season, prevalent crops in Tamale are lettuce (Lactuca 

sativa), cabbage (Brassica oleracea), roselle (Hibiscus sabdariffa L.), and amaranth 

(Amaranthus cruentus), while maize, rice, sorghum, and some vegetables such as 

pepper (Capsicum sp.) and okra (Abelmoschus esculentus L.) are cultivated during 

the wet season (Karg et al. 2016). The savannah zone is largely rain-fed, and 

irrigation plays a more important role near cities where water is available. Maize, dry 

beans, millet and groundnut are the main staple cultivated in Ouagadougou, mostly 

in the wet season (Wang et al. 2009), but also “exotic vegetables” such as lettuce 

are intensively cultivated throughout the year (Shakya et al. 2014). In the dry season, 

farmers cultivate lettuce, cabbage and green leafy vegetables such as roselle and 

amaranth for the market. Livestock production is common in farming households in 

both cities and contributes significantly to the national economy (MRA (Ministère des 

Ressources Animales) 2004; Kaboré et al. 2011; Bellwood-Howard et al. 2015). 
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Fig 4.1 Distribution of mean annual precipitation in Ghana and Burkina Faso showing mean 
and regional locations.  
 

4.3.2. Methodology 

To capture flows of unprocessed food, a quantitative approach was employed using 

road and market surveys (Karg et al. 2016). With the help of enumerators, data of 

unprocessed food were recorded on all access routes to the two cities under study. 

The data collection period of six days corresponds to the traditional periodic market 

system in the two cities (McKim 1972).  

 

In Tamale, data were collected in collaboration with the Ghana Police Service and/or 

Customs Division at existing road checkpoints. Three major roads (Fig. 4.2a) were 

surveyed for 24 hours/day, while two minor roads were surveyed for 12 hours/day. In 

Ouagadougou, enumerators were positioned at tollgates located on all the seven 

access roads to the city (Fig. 4.2b). Apart from one minor road (Ouagadougou – 

Pabré) where data were collected for 12 hours/day, data were collected for 24 

hours/day at all other tollgates.  
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The Police1 and/or Customs Officers (Tamale, Ghana) and other officers in charge of 

the toll gates (Ouagadougou, Burkina Faso) assisted in stopping vehicles, and 

facilitated access to the drivers, driver’s assistants and/or to the traders (Appendix 

4.12). Apart from data of vehicles, also those of other means of food transport, 

including donkey carts, motor cycle and bicycles were captured. Prior to the survey, 

enumerators were trained in data collection and management of destructive 

situations, e.g. when vehicles could not be stopped or when drivers were unwilling to 

give information. In such cases, vehicle registration numbers were recorded and the 

quantity of food was estimated.  

 

Apart from the road survey, inflows and outflows of food were recorded at the main 

wholesale market in Tamale (Aboabo Market) for 24 hours/day during the study 

period. With five other markets (Savelugu, Katinga, Kumbungu, Nyankpala and 

Tampion), the Tamale market forms a market cycle within the larger periodic market 

system in north-eastern Ghana (McKim 1972; Karg et al. unpublished). During the 

respective market days, trucks transport food products from these five markets to 

Tamale purchased by local traders. Due to the large number of different products 

that are transported by these traders, it would have been difficult to accurately record 

the quantity and type of products transported on the road. Records of such trucks 

were therefore taken from the market when they are loading the products. The road 

and market surveys were done simultaneously to complement each other, especially 

to capture inner-urban food flows that could not be recorded on the roads. 

 
 

 

 

                                                
1The Ghana Police has different units for public and traffic protection. The unit we worked with 
included the Barrier Duty Men and also the Motor Traffic and Transport Unit. Read more about them 
from http://www.graphic.com.gh/features/features/police-units-responsibilities-and-duties.html. Along 
one of the roads (Tamale-Savelugu), we worked with the Customs Division which had a checkpoint 
for controlling the smuggling of goods. 
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Fig 4.2 Data collection points in the two cities of (a) Tamale (northern Ghana) and (b) 
Ouagadougou (central Burkina Faso) used for the study of virtual water flow.  
 
Data collected through the survey were (i) the type of foodstuff, (ii) their quantity, and 

(iii) their source and/or destination. The six-day data collection period was scheduled 

at the end of the two production seasons, corresponding to the peak season (end of 

rainy season) and the lean season (end of dry season). In Tamale, the survey was 

carried out for two consecutive years while in Ouagadougou, the survey was 

conducted in one year (Fig. 4.3).  

 

(a) 

(b) 
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Additionally, a monthly-market-foodshed survey was conducted to ascertain the 

availability or unavailability of a specific food commodity (Fig. 4.6). In the monthly 

survey, food commodities traded by a third of the market women, including their 

origin were recorded. The Aboabo and the Central Markets of Tamale were visited 

for this survey, while in Ouagadougou, seven markets (Tampouy, Larlé, Sankaryare, 

Dassasgho, Cité An II, Katre, Paag-la-yiri) were surveyed.  

 
Fig 4.3 Survey schedule and planting cycles of some common crops found in the study of 
virtual water flow in the two West African cities of Tamale and Ouagadougou. 
 

To quantify annual food supply, data collected during the six-day period was 

extrapolated by relying on the monthly market survey, secondary data and interviews 

with key stakeholders (including Ministry of Food and Agriculture officers and Market 

Group leaders etc) provided information to validate these estimations. It was 

assumed that all available commodities found in the market during the monthly 

surveys were also transported during the survey in similar quantities as during our 

main survey period. 

 

4.3.3. Data management 

The PostgreSQL database (Riemann et al. 2015) was used for data entry. Source 

and destination of food flows were assigned to geo-referenced locations. All the 

recorded quantities were converted to fresh weight by assessing unit weight per 

transport volume such as sacks and boxes (Karg et al. 2016).  
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4.3.4. Data sources and analysis 

Estimating virtual water fluxes 
The virtual water flows (VWFs) for Tamale and Ouagadougou were calculated by 

multiplying the quantity of flows of food commodities by the respective virtual water 

content of the commodities following work done by Hoekstra and Hung (2002) and 

Sun et al. (2013). Virtual water content (VWC) of a crop at a location is calculated as 

the ratio of total water used for the production of a specific crop to the total yield of 

crop produced at that location. 

!"#[%, '] = #"*	[%,']
,-.'/	[%,']	     

where CWR (in m3 yr-1) denotes crop water requirement, representing the volume of 

water used at the farm level for the production of a crop (c) at a given location (l), 

and Yield (in t yr-1) is the total annual yield of a crop. Accumulated crop 

evapotranspiration ETc (in mm day-1) over a complete growing cycle makes up the 

water requirement (in m3 ha-1) of a crop under optimal growth conditions (Hoekstra 

and Hung 2005; Sun et al. 2013). VWFs are therefore estimated on the basis of food 

quantities moving (c) from production location (herewith referred to as exporting 

location, le) to a specific location (importing location, li) in a given period (t). The 

quantity (Q) is multiplied by the respective virtual water content (m3 ton-1) of the 

commodity. 

!"0['., '-, %, 1] = 2['., '-, %, 1]	×	!"#['., '-]    

 

Yield data for the countries were taken from the national crop yield time series data 

of the Food and Agriculture Organization statistical database online (FAOSTAT, FAO 

2017). In case the yield data was not available in FAOSTAT, a regional (West 

African countries) average was used. At the time of the study, yield data were 

available only until 2014. The average yields for a period of 10 years (2005-2014) 

were therefore used in the computation. Water requirements data for the different 

crops were obtained from Chapagain and Hoekstra (2004) and virtual water content 

of livestock was obtained from Mekonnen and Hoekstra (2010). Water requirement 

likewise yields of a specific crop may vary depending on the growing season, soil, 

crop variety and individual management (irrigation type). However, to estimate the 

virtual water content of a crop, this study utilized average of water requirements per 



 
Virtual water flow in food commodity trade systems of two West African cities 

 

 98 

year and national average of yields. The various assumptions employed by this 

study as a result of the unavailability of accurate data may certainly lead to under- or 

overestimation of the virtual water flows of selected food commodities which is hard 

to quantify.  

 

Six food groups, adapted from Kennedy et al. (2010), were used to categorize the 

different food commodities (Table 4.1). From each group, the most common and 

major food totaling 34 were used for data analysis.  

 
Table 4.1 Food commodities considered under this study of virtual water flow in the two 
West African cities of Tamale (northern Ghana) and Ouagadougou (central Burkina Faso) in 
2013-2015. 

Adapted FAO food groups 

Cereals Fruits Vegetables Legumes  Root tubers and 
other staples  

Livestock  

Maize Banana Jute Bean  Carrots  Cattle 

Millet Mango Lettuce Groundnut  Cassava Chicken 

Rice  Orange  Avocado Soybean Plantain Goat 

Sorghum  Pawpaw Cabbage 

 

Potato Guinea 
fowl 

 
Watermelon Eggplants  

 
Sweet potato Pig 

  
Okra 

 
Yam Sheep 

  
Onion 

   

  
Pepper  

   
    Tomato       
 

4.4. Results 

4.4.1. Food commodity trade 

Data from this study show that Tamale daily imported on average 608 and 744 t of 

the selected food commodities respectively (Table 4.1) for the low supply season 

(lean) and high supply season (peak; Fig. 4.4; Karg et al. 2016). Of these, between 

40 to 70% were exported again in the lean and peak seasons with the remaining 

being stocked or consumed within the urban area. Cereals (maize, rice, millet, and 

sorghum) accounted for 38% of the inflows and 57% of the outflows. 
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Fig 4.4 Seasonal daily quantities (t) of imported (+) and exported (-) food flows in Tamale 
(northern Ghana) in 2013-2015. 
 
In Ouagadougou, 1,843 and 2,535 t of food entered the city on daily basis in the lean 

and peak seasons, respectively (Fig. 4.5; Karg et al. 2016). Of this quantity, 34% 

was exported from Ouagadougou irrespective of the season. In both seasons, 

cereals, accounted for 65% of the inflows and 70% of the outflows (Appendix 4.1).  
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Fig 4.5 Seasonal daily quantities (t) of imported (+) and exported (-) food flows in 
Ouagadougou (central Burkina Faso) in 2013-2015. 
 

4.4.2. Virtual water content 

The virtual water content of the food commodities considered varied between the two 

countries ranging from 200-15000 m3 t-1 for Ghana and 300-9000 m3 t-1 for Burkina 

Faso. Cattle, sheep, rice, groundnut and chilli pepper were among the food 

commodities with the highest virtual water content in both locations, while lettuce, 

okra, and cabbage, were among the commodities with the lowest virtual water 
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content (Table 4.2). Given the importation of some food commodities from 

international sources, such as onion and rice, their virtual water content was 

estimated based on the yield and water requirement of the producing country. As 

indicated by Karg et al. (2016), for rice, about 20% (Tamale) and 90% 

(Ouagadougou) of flows were imported from outside national boundaries. In the case 

of Ouagadougou, over 80% of the rice was re-exported (imported) from Ivory Coast. 

In the last decade, between 75-88% of rice imported to Ghana, Burkina Faso and 

Ivory Coast came from Thailand, India, Myanmar, Pakistan, United States, and 

Vietnam (FAO 2017). The mean virtual water content of producing rice in these 

countries was therefore used in the computation of the virtual water flows that were 

imported from Ivory Coast and other international locations. 
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Table 4.2 Yield (t ha-1), crop water requirement (m3 ha-1) and virtual water content (m3 t-1) of food commodities in the West African study area of 
Tamale (northern Ghana) and Ouagadougou (central Burkina Faso) in 2013-2015. 

 
No. 

 
Food group 

 
Crop/animal 

Yield (t ha-1)   Crop water requirement  
(m3 ha-1) 

  Virtual water content  
(m3 t-1) 

Ghana Burkina 
Faso 

Western 
Africa 

  Ghana Burkina 
Faso 

Western 
Africa 

  Ghana Burkina 
Faso 

Western 
Africa 

1 Cereals Maize 1.7 1.7 1.7  3410 5030 4689  2006 2959 2758 
2  Millet 1.0 0.8 0.8  2410 3630 3437  2410 4538 4296 
3  Rice  2.4 2.2 1.9  9730 13410 12205  4054 6095 6424 
4  Sorghum  1.1 1.0 0.9  2920 4440 4165  2655 4440 4628 
5 Fruits Banana 8.5 na 11.6  16710 na 18023  1966 na 1554 
6  Mango 11.7 7.5 4.0  15230 21710 17788  1302 2895 4447 
7  Orange  31.8 4.6 16.0  10170 14590 11603  320 3172 725 
8  Pawpaw 6.1 na 8.2  11270 na 12157  1848 na 1483 
9  Watermelon na na 14.8  na na 10003  na na 676 

10 Vegetables Jute na na 0.4  na na 407  na na 980 
11  Lettuce na na 16.4  na na 4660  na na 284 
12  Avocado 4.7 na 5.8  11270 na 10300  2398 na 1776 
13  Cabbage na na 19.0  na na 7583  na na 399 
14  Eggplants  6.5 na 7.2  5290 na 4650  814 na 646 
15  Okra 14.9 8.9 2.5  3560 4680 3915  239 526 1566 
16  Onion 13.0 16.8 10.3  9580 na 12116  737 na 1176 
17  Pepper (hot) 0.7 na 0.5  5720 na 6349  8171 na 12697 
18  Tomato 6.7 10.7 6.7  5970 8780 7173  891 821 1071 
19 Legumes  Bean (dry) 1.1 1.1 0.7  2730 3670 3448  2482 3336 4926 
20  Groundnut  1.2 0.8 1.1  5550 6970 5999  4625 8713 5453 
21  Soybean na na 0.9  na 4580 3568  na na 3964 
22 Root tubers Carrots  na na 9.0  na na 6453  na na 717 
23 and other staples Cassava 15.0 1.7 9.9  6290 9920 8283  419 5835 837 
24  Plantain 10.5 na 6.3  16710 na 15801  1591 na 2508 
25  Potato na 1.8 4.0  na 8390 8319  na 4661 2080 
26  Sweet potato 1.7 11.2 3.1  5170 6740 5646  3041 602 1821 
27  Yam 14.7 7.5 9.9  3390 5440 4146  231 725 419 
28 Livestock Cattle na na na  na na na  15013 8126 na 
29  Chicken na na na  na na na  532 317 na 
30  Goat na na na  na na na  2478 2573 na 
31  Guinea fowl na na na  na na na  532 317 na 
32  Pig na na na  na na na  3318 2695 na 
33   Sheep na na na   na na na   6682 4164 na 

na = not available 
 
 
 



 
Virtual water flow in food commodity trade systems of two West African cities 

 

 103 

 Table 4.3 Virtual water flows (m3 yr-1) with corresponding cropping season and food commodities for Tamale (northern Ghana) and Ouagadougou 
(central Burkina Faso) in 2013-2015. 
 Food   Tamale Incoming Tamale Outgoing   Ouagadougou Incoming Ouagadougou Outgoing 
group  Crop/Animal Lean Peak Total Lean Peak Total   Lean Peak Total Lean Peak Total 
  ----------------------------------------------------------------------------------106 m3 yr-1------------------------------------------------------------------ 
Cereals Maize 43.71 49.98 93.69 36.17 86.75 122.92   213.22 428.15 641.37 41.53 65.17 106.71 
  Millet 11.58 5.51 17.09 6.36 5.08 11.43   134.48 122.61 257.09 38.79 19.09 57.88 
  Rice  61.59 73.01 134.60 24.25 25.12 49.37   196.92 266.82 463.73 120.65 199.96 320.62 
  Sorghum  4.35 4.07 8.42 0.60 1.52 2.12   34.20 86.37 120.56 16.36 66.82 83.17 
Fruit Banana 4.23 3.83 8.06 0.45 0.31 0.76   3.45 23.90 27.35 0.23 0.84 1.07 
  Mango 0.89 0.01 0.90 0.12 0.01 0.13   48.01 0.00 48.01 9.91 0.00 9.91 
  Orange  0.77 2.70 3.47 0.01 0.35 0.37   0.35 7.16 7.52 0.00 0.42 0.42 
  Pawpaw 0.06 0.78 0.84 0.00 0.00 0.00   1.13 11.53 12.65 0.00 0.02 0.02 
  Watermelon 0.06 5.04 5.11 0.00 0.74 0.74   0.00 16.41 16.41 0.00 3.18 3.18 
Vegetables Jute 0.06 0.05 0.11 0.00 0.01 0.01   0.06 0.03 0.09 0.00 0.00 0.00 
  Lettuce 0.01 0.01 0.02 0.00 0.00 0.00   0.00 0.00 0.00 0.00 0.00 0.00 
  Avocado 5.66 0.06 5.72 0.65 0.01 0.66   4.77 0.00 4.77 0.04 0.00 0.04 
  Cabbage 0.28 0.25 0.52 0.02 0.01 0.03   2.50 6.82 9.32 0.31 0.65 0.96 
  Eggplants  0.14 0.15 0.29 0.06 0.03 0.09   0.77 2.29 3.06 0.25 0.05 0.30 
  Okra 0.08 0.08 0.16 0.03 0.01 0.04   0.22 0.02 0.24 0.00 0.03 0.03 
  Onion 2.45 0.50 2.95 0.58 0.02 0.60   21.60 6.24 27.83 2.63 6.30 8.93 
  Pepper  5.10 22.07 27.17 3.15 6.27 9.42   3.88 1.50 5.38 0.00 0.03 0.03 
  Tomato 3.78 4.20 7.98 0.40 0.51 0.91   18.36 7.23 25.59 2.82 0.03 2.85 
Legumes  Bean 6.01 11.43 17.44 4.90 4.25 9.15   58.28 50.23 108.51 52.45 33.90 86.34 
  Groundnut  26.59 29.50 56.09 9.72 31.21 40.93   46.21 71.63 117.84 27.94 13.46 41.40 
  Soybean 8.86 9.80 18.66 6.43 11.04 17.47   0.00 1.81 1.81 0.05 0.01 0.06 
Root tubers Carrots  0.01 0.00 0.01 0.00 0.00 0.00   0.02 0.14 0.16 0.00 0.00 0.00 
and other  Cassava 2.47 1.91 4.37 0.21 0.38 0.59   0.00 0.00 0.00 0.01 0.00 0.01 
 staples Plantain 4.48 4.46 8.94 0.64 0.08 0.72   0.00 3.54 3.54 0.00 0.07 0.07 
  Potato 0.00 0.00 0.00 0.00 0.00 0.00   6.88 0.03 6.91 0.00 9.51 9.51 
  Sweet potato 0.00 0.24 0.24 0.00 0.03 0.03   0.13 6.74 6.87 0.02 0.23 0.26 
  Yam 4.48 3.96 8.44 1.82 1.88 3.70   5.97 6.67 12.64 0.26 0.76 1.02 
Livestock  Cattle 35.28 40.49 75.77 5.54 7.66 13.20   40.95 82.98 123.93 38.91 54.99 93.90 
  Chicken 0.13 0.02 0.15 0.00 0.01 0.01   1.43 1.58 3.02 0.02 0.01 0.02 
  Goat 0.91 0.54 1.45 0.07 0.08 0.15   13.49 12.08 25.57 1.68 1.45 3.13 
  Guinea fowl 0.06 0.05 0.10 0.01 0.00 0.01   0.05 0.13 0.18 0.00 0.00 0.00 
  Pig 0.00 0.00 0.00 0.17 0.00 0.17   3.26 2.86 6.12 0.09 0.02 0.11 
  Sheep 2.68 2.77 5.45 0.48 0.64 1.11   7.55 9.25 16.80 3.10 13.34 16.44 
  TOTAL 236.75 277.47 514.22 102.84 183.98 286.82   868.14 1236.74 2104.89 358.03 490.36 848.39 
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4.4.3. Food supply calendar 

 
 

 

 

 

 

 

 

 

 

 

 
Fig 4.6 Crops in food flows recorded during monthly market foodshed surveys in Tamale 

(northern Ghana) and Ouagadougou (central Burkina Faso) in 2013-2015. 

 

The results from the monthly market survey showed that most food commodities 

were available in the market throughout the year, and originating from diverse 

sources. In particular, vegetables had a diverse origin reflecting their perishable 

nature. The Northern Region served as a major source of most of the food available 

in the markets of Tamale (Aboabo and Central market) irrespective of the month of 

the year (Fig. 4.6). Food commodities that were not found in off-season periods 

includes some tubers - sweet potato (Ipomea batatas L. Lam), potatoes (Solanum 
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tuberosum L.), carrot (Daucus carota L.), and avocado (Persea americana), and 

fruits - watermelon (Citrullus lanatus), pawpaw (Carica papaya L.), and pineapple 

(Ananas comosus L.). In Ouagadougou, apart from cassava, avocado, and pawpaw, 

most food commodities were observed throughout the year.  

 

4.4.4. Imported virtual water  

Total annual volumes of water required for the production of the food commodities 

transported were 514 million m3 for Tamale and 2,105 million m3 for Ouagadougou 

(Table 4.3). In Tamale, cereals contributed to half of the total imported annual virtual 

water flows, followed by legumes (18%), livestock (16%), vegetables (9%), root 

tubers and other staples (4%), and fruits (4%). Most of the recorded food 

commodities originated from various regions in Ghana, but some food commodities 

were also imported from Burkina Faso (for tomato and cattle), and Niger (for onion). 

In the lean season, 91 million m3 of virtual water was imported in cereals from the 

Northern Region of Ghana to Tamale while this rose to 101 million m3 during the 

peak season. These values represent 37% of the total virtual water flow of all food 

commodities to the city irrespective of the season.  

 

Within the specific food groups, 73% of the virtual water from vegetables was 

imported from the Northern Region during the peak season, while only 34% of the 

flows were imported within the region in the lean season. Central Ghana (including 

Ashanti, Brong Ahafo, Eastern and Western Regions) provided mainly fruits to 

Tamale, serving as origin of 75% and 50% of the virtual water inflows in the form of 

fruits in the lean and peak seasons respectively (Fig. 4.7 and 4.8; Appendix 4.4 and 

4.5). 
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Fig 4.7 Seasonal distribution of virtual water import (%) to Tamale (northern Ghana) in 

cereals, legumes, and fruits with their corresponding regional sources in 2013-2015. 
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Fig 4.8 Seasonal distribution of virtual water import (%) to Tamale (northern Ghana) in 

livestock, vegetable, and root tubers and other staples with their corresponding regional 

sources in 2013-2015. 
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Fig 4.9 Seasonal distribution of virtual water import (%) to Ouagadougou (central Burkina 

Faso) in cereals, legumes, and fruits with their corresponding regional sources in 2013-

2015. 
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Fig 4.10 Seasonal distribution of virtual water import (%) to Ouagadougou (central Burkina 

Faso) in livestock, vegetable and root tubers and other staples with their corresponding 

regional sources in 2013-2015. 
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In Ouagadougou, the total imported virtual water was estimated at 2.1 billion m3 yr-1. 

Cereals contributed 70%, legumes 11%, livestock 8%, fruits 5%, vegetables 4%, and 

root tubers and other staples 1%. In the lean season, 185 million m3, representing 

21% of the season’s total virtual water flows came from Ivory Coast (18%), and Togo 

(2%), and Niger (1%). Ivory Coast was exporting on average about 350 t of rice per 

day, but it must be noted that most of this amount was not produced in Ivory Coast 

but Asia. Apart from root tubers and other staples (27% in the lean season) and 

vegetables (17% in the peak season), the administrative region of Ouagadougou 

contributed less than 4% to the virtual water flow per any food group. Major amounts 

came from Hauts Bassins, Central West, and Boucle Du Mouhoun Regions (western 

Burkina Faso) (Fig. 4.9 and 4.10: Appendix 4.6 and 4.7). 

 

4.4.5. Exported virtual water  

An average daily weight of 268 and 511 t of food was exported from Tamale in the 

lean and peak seasons, respectively (Fig. 4.4). The exported quantities in 

Ouagadougou on the other hand averaged 620 and 889 t in the lean and peak 

seasons (Fig. 4.5). Based on the virtual water content of food commodities at these 

two locations, the total annual exported virtual water of all food commodities 

amounted to 287 million m3 for Tamale and and 848 million m3 for Ouagadougou. Of 

these, 64% are exported in the peak. Cereals, legumes and livestock contributed 

over 90% of the VWFs in both cities.  

 
A high proportion of food export (and hence virtual water) in Tamale was directed to 

central and southern Ghana. In terms of cereals, a total of 45% and 65% of the 

virtual water were exported to Greater Accra Region in the lean and peak season 

respectively. Fruits were redistributed to the Northern Region with 89% and 37% in 

both seasons. Throughout the year 40-50% of the livestock were exported to the 

Ashanti Region while a similar portion is traded within the Northern Region in the 

peak season, but less (15%) in the lean season. 

 
In Ouagadougou, the virtual water export out of the country was higher than in 

Tamale. In the individual food groups, between 25-70% (lean season) and 40-78% 

(peak season) of the virtual water exports in the form of vegetables, legumes and 

livestock went to Benin, Ivory Coast, Ghana, Mali, Niger and Togo. Throughout the 
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year, Ghana received the highest virtual water export from Ouagadougou, with the 

exception of livestock. Specifically, in the peak season, the major virtual water export 

destination in the form of legumes (47%) and vegetables (64%) was Ghana. In the 

same season, 25% of virtual water in the form of livestock was exported to Ghana 

and 50% to Benin.  

 

Across seasons, 60% of the virtual water export in the form of cereals occured 

towards the central administrative regions of Burkina Faso (Centre, Central West, 

Central North and Central East), North and Sahel Regions. For fruits, half of the total 

virtual water in the lean season was exported to Central West, Central East and East 

Region. For root tubers and other staples, four central regions (North, West, East 

and Plateau) and the East region received 92% of the total virtual water in the lean 

season, with the Central West Region alone receiving 79% of the total virtual water 

for the peak season.  

 

4.4.6. Virtual water balance 

The net virtual water balance was calculated as the difference between the virtual 

water imports of a city and its export. Ouagadougou had a total annual net import of 

1260 106 m3 yr-1 (representing 850 m3 per capita) than Tamale, with 227 106 m3 

(representing 610 m3 y-1 per capita). The per capita net virtual water variations for 

the various food groups in the two cities are presented in Fig. 4.11. Greater Accra 

Region of Ghana had the highest net virtual import related to cereals, legumes and 

vegetables, while Ashanti Region recorded the highest net virtual import mainly from 

livestock from Tamale (Fig. 4.12: Appendix 4.10). In Ouagadougou, large flows of 

virtual water were imported in the form of cereals (specifically rice) from Asian 

countries through Ivory Coast, followed by sources from western Burkina Faso. In 

fruits, the main net exports came from Hauts Bassins Region. The Centre West 

Region had the highest net virtual export in legumes, with Ghana being the main net 

virtual importer (Fig. 4.13: Appendix 4.11).  
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Fig 4.11 Per capita net virtual water import of Tamale (northern Ghana) and Ouagadougou 

(central Burkina Faso).  

*Root tubers = root tubers and other staples 

 

 

 

 

 

 

 

 

 

 

 



 
Virtual water flow in food commodity trade systems of two West African cities 

 

 113 

 

Fig 4.12 Regional virtual water in and outflows (106 m3 yr-1) for (a) Cereal for Tamale (b) 

cereal for Ouagadougou (c) livestock for Tamale and (d) fruits for Ouagadougou in 2013-

2015.  

The size of each ribbon reflects the volume of the virtual water flow. Virtual water imports 

(inflows) are shown in blue, while exports (outflows) are shown in purple. Each ribbon 

identified with a specific colour corresponds to an exporting or importing region. Values 

indicate the absolute (inner) and percentage (outer) of the total virtual water trade volumes. 

Figure was created with a network visualization software of Krzywinski et al. (2009). See 

https://goo.gl/p8KYG3 to view electronic version of the in and outflows for all food groups. 

(c) (d) 

(a) (b) 
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4.5. Discussion 
The observed differences between the results of the current study and those of 

earlier groups (Chapagain and Hoekstra 2004; Hoekstra and Hung 2005; Drechsel et 

al. 2007; Mekonnen and Hoekstra 2011), may be due to the differences in years, 

climatic conditions and yield variation, and agricultural efficiencies among the 

countries. Estimates by Chapagain and Hoekstra (2004) were based on yields and 

water requirements of crops between 1997-2001. While Chapagain and Hoekstra 

(2010) values covered the period of 1996 to 2005, the values reported by this study 

utilized data covering 2005-2014. Sun et al. (2013) attributed variations in the virtual 

water content of maize and rice in different regions of China to differences in climatic 

conditions, crop yield and management between the studied locations. The variation 

in virtual water content estimated in the present study is similar to what Sun et al. 

(2013) recorded for different regions of China. The virtual water content of the 

studied commodities was 30-60% higher in Ouagadougou than in Tamale which 

likely reflects higher evapotranspiration rates in Ouagadougou during the hot dry 

season (November – May) of the Sahel than northern Ghana (Jenness et al. 2007; 

Sadick et al. 2007; Schendel et al. 2007; Wang et al. 2007). 

 

The crop related virtual water flows reported by Drechsel et al. (2007) indicated 

VWFs that was only half of what was recorded in this study. This may reflect 

urbanization-induced increases in VWFs. However, also the method of estimating 

VWFs by Drechsel et al. (2007) could have contributed to the differences observed. 

Drechsel et al. (2007) relied mainly on a household as well as street food 

consumption surveys while the current study used import-export survey. The largest 

contributors to the virtual water trade in both cities were rice and maize which are 

traditional staples (Becquey et al. 2010; Karg et al. 2016). Apart from livestock, 

cereals have the highest virtual water content of all food commodities and thus 

caused the largest virtual water flows.  

 

The virtual water flows showed seasonal variations following the differences in the 

magnitude of trade per each season. During the peak season, the total virtual water 

flows exceeded the lean season virtual water flows by 17% in Tamale and 43% in 

Ouagadougou. Similar data of seasonal variation between food commodities were 
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presented by Drechsel et al. (2007). Due to the climatic conditions in the sub-region, 

regional agricultural production for most food commodities is seasonal. Food 

stocking (Hoekstra 2003), a common practice in the two cities and their source 

communities, guarantees the continuous flow of certain storable food commodities 

such as cereals, which would have, under normal condition, been unavailable in off 

seasons. It must be admitted that such flows from the city reservoirs (which could 

have been imported into the city and stored prior to the survey period), could lead to 

an over estimation of the exported virtual water. This study revealed that irrespective 

of seasons, in most food groups, the imported virtual water for Tamale came from 

the rural hinterland of the Northern Region. The exception is for fruit and vegetables 

which mainly came from central Ghana and in some instances, were imported from 

outside of Ghana (especially for tomato and onions). Food trade between cities, 

regions and nations is a common practice and plays a central role in preventing the 

effects of national food shortages, boosting agricultural growth in surplus zones, and 

mitigating the consequences of shortages in deficit ones (World Bank 2012).  

 

Northern Ghana is considered water-scarce compared with southern Ghana (with 

the exeption of the coastal savannah), with its abundant water resources. 

Notwithstanding, about one-third to half of the total virtual water in food commodities 

traded to central and southern Ghana are from the north. Rockström et al. (2009) 

pointed out that water scarcity and rainfall variability in the midst of human pressure 

on water resources for food production in the savannah regions will increasingly lead 

to dry spells and floods, if key agricultural water resilience strategies are not 

explored. These include besides the increased use of more efficient irrigation 

techniques and improved soil fertility, the shift of more water efficient crops to areas 

of water scarcity using principles of VWF (Allan 1998; Chapagain and Hoekstra 

2003; Hoekstra and Hung 2005). The case of virtual water trade in food commodities 

from the water-constraint-northern Ghana to the central and southern parts of Ghana 

is inconsistent with the virtual water saving strategy. This situation is similar to the 

approach reported by Guan and Hubacek (2007) from China, where water-abundant 

southern regions imported water-intensive commodities like agricultural crops and 

processed food from North China. As observed by Guan and Hubacek (2007), the 

large flow of virtual water from northern to southern Ghana, especially in the form of 
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cereals, could likely be attributed to the ability of the food commodities to withstand 

the climatic and soil conditions of the region. While maize is adapted to grow well in 

all ecological zones of Ghana (Adu et al. 2014), sorghum and millet are mostly 

cultivated in the Guinean and Sudanian savannah zones due to their resilience to 

drought, high temperatures and low soil fertility (Darfour and Rosentrater 2016).  

 

In Ouagadougou, the diverse sources of food, and therefore, virtual water import was 

expected due to its central location and status as the national capital. Unlike Tamale, 

the sources of food supply from water-secure regions (western and eastern Burkina 

Faso) and water-constrained regions (northern Burkina Faso) allows the city to be 

relatively resilient to water-related shocks in food supply (Battersby 2014). The 

western region of Burkina Faso is considered as the country’s breadbasket, with 

more fertile soils and an annual precipitation of 800-1200 mm (Gray 1999). This area 

alone comprising mainly of Boucle du Mouchoun, Hauts-Bassins, Cascades, and 

Central West supplied almost half of the total imported virtual water from all food 

commodities to the city of Ouagadougou. The water constrained regions of North, 

Central-North and Sahel on the other hand contributed virtual water through 

livestock, especially cattle. In these areas, the production period is short given an 

annual precipitation of less than 600 mm and agriculture is thus less diversified 

(Funk et al. 2012). 

 

Results from this study showed that the per capita net virtual water import of all food 

commodities was 852 m3 y-1 in Ouagadougou, 40% higher than that of Tamale. Both 

values are within the per capita virtual water consumption of developing nations 

which ranges between 500-3800 m3 y-1 per capita (Hoekstra and Mekonnen 2011). 

This higher net import in Ouagadougou could be attributed to the Sahelian conditions 

requiring more virtual water in crop production per person. The net imports would not 

entirely reflect the consumption because stocks were not taken into account. There 

is evidence to show large stocks in both cities (especially in Ouagadougou as a 

major trade hub) and this could change the per capita virtual water consumption 

between the cities.  
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4.6. Conclusions 
While season influences virtual water flows with higher flows in the peak season, 

food stocks allow a continuous trade of food commodities. The study gave insights 

into the quantity and origin of virtual water used in the food supply to the two West 

African cities and underline the dominant role of cereals in these flows. The results 

suggested that cereals contribute highest in the total virtual water of both cities. 

Southern Ghana is a major destination of virtual water exported from Tamale related 

to cereals, legumes, vegetables, and livestock. Ghana’s Northern Region, on the 

other hand, is the main source of virtual water import to Tamale from all food groups 

apart from fruits. For Ouagadougou, large flows of virtual water were imported in the 

form of cereals (mainly rice) from Asian countries, through Ivory Coast. Other 

important sources of water demanding cereals include western Burkina Faso. 

Different national sources for the different food groups, including both water-secure 

(western and eastern Burkina Faso) and water-constrained regions (northern 

Burkina Faso), allow the city of Ouagadougou, compared with Tamale, to be more 

resilient to water-related and food supply shocks. 	
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4.8. Appendix  

Appendix 4.1 Country/region code.  

Country Region Code 
Burkina Faso Boucle Du Mouhoun  1 

 
Cascades  2 

 
Center 3 

 
Central East 4 

 
Central North 5 

 
Centre West 6 

 
Centre South  7 

 
East 8 

 
Hauts Bassins 9 

 
North 10 

 
Plateau Central  11 

 
Sahel 12 

 
South West  13 

Ghana Ashanti 14 

 

Brong Ahafo 15 

 Central 16 

 

Eastern 17 

 

Greater Accra 18 

 

Northern 19 

 

Upper East 20 

 

Upper West 21 

 

Volta 22 

 

Western 23 

Benin 
 

24 

Burkina Faso 25 

Ivory Coast 26 

Ghana 
 

27 

Mali 
 

28 

Niger 
 

29 

Sénégal 
 

30 

Togo  31 

 Unknown 32 
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Appendix 4.2 Quantities of food commodities flowing in and out of Tamale (northern Ghana) in the virtual water flow study (2013-2015). 
    Tamale Incoming     Tamale Outgoing     

  
LEAN   PEAK   LEAN   PEAK   

Food group Crop/Animal total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 

Cereals Maize 1452840 121 1661160 138.43 1202060 100.17 2883126 240.26 

 
Millet 320404 27 152286 12.69 175842 14.65 140412 11.70 

 
Rice  1078770 90 1315631 109.64 424806 35.40 452667 37.72 

  Sorghum  109293 9 102253 8.52 15115 1.26 38060 3.17 
Fruits Banana 143449 12 129722 10.81 15361 1.28 10376 0.86 

 
Mango 68672 6 942 0.08 9446 0.79 561 0.05 

 
Orange  160036 13 562956 46.91 2840 0.24 73410 6.12 

 
Pawpaw 12951 1 33960 2.83 225 0.02 139 0.01 

  Watermelon 7443 1 746001 62.17  - - 108819 9.07 

Vegetable Avocado 188821 16 5313 0.44 21751 1.81 481 0.04 

 
Cabbage 46195 4 41005 3.42 2676 0.22 1544 0.13 

 
Eggplants  11119 1 12446 1.04 4959 0.41 2062 0.17 

 
Jute 4373 0 3282 0.27 90 0.01 409 0.03 

 
Lettuce 1846 0 2049 0.17 - - - - 

 
Okra 21543 2 23229 1.94 9571 0.80 2498 0.21 

 
Onion 231563 19 44945 3.75 52183 4.35 2210 0.18 

 
Pepper (hot) 41642 3 180059 15.00 25707 2.14 51121 4.26 

  Tomato 294433 25 314204 26.18 29655 2.47 38298 3.19 
Legumes  Bean 161375 13 306979 25.58 131580 10.97 114222 9.52 

 
Groundnut  383239 32 425235 35.44 140094 11.67 449945 37.50 

  Soybean 446873 37 988928 82.41 324477 27.04 1114025 92.84 

Livestock Cattle 156667 13 183000 15.25 24600 2.05 34000 2.83 

 
Chicken 16151 1 2595 0.22 595 0.05 900 0.07 
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    Tamale Incoming     Tamale Outgoing     

  
LEAN   PEAK   LEAN   PEAK   

Food group Crop/Animal total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 

 
Goat 24390 2 14650 1.22 1900 0.16 2075 0.17 

 
Guinea fowl 7222 1 5878 0.49 1054 0.09 608 0.05 

 
Pig 42 - - - 3360 0.28 - - 

  Sheep 26695 2 27660 2.31 4740 0.40 6360 0.53 
Root tubers Carrots  1350 0 - - - - - - 
and other Cassava 392353 33 303130 25.26 33242 2.77 60829 5.07 
staples Plantain 187558 16 186863 15.57 26640 2.22 3515 0.29 

 
Potato - - - - 250 0.02 - - 

 
Sweet potato - - 10438 0.87 - - 1275 0.11 

  Yam 1294095 108 1145259 95.44 525542 43.80 542749 45.23 
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Appendix 4.3 Quantities of food commodities flowing in and out of Ouagadougou (central Burkina Faso) in the virtual water flow study (2013-2015). 

Food group 

 
Ouagadougou Incoming   Ouagadougou Outgoing   

 
LEAN   PEAK   LEAN   PEAK   

Crop/animal total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 

Cereals Maize 2402108 400.35 4823692 803.95 467892 77.98 734230 122.37 

 
Millet 987986 164.66 900686 150.11 284950 47.49 140270 23.38 

 
Rice  2608325 434.72 3436345 572.72 1598125 266.35 2575340 429.22 

  Sorghum  256743 42.79 648393 108.07 122805 20.47 501620 83.60 
Fruits Banana 69125 11.52 422537 70.42 3915 0.65 14272 2.38 

 
Mango 663485 110.58 - - 114106 19.02 - - 

 
Orange  3717 0.62 295569 49.26 0 - 6639 1.11 

 
Pawpaw 61035 10.17 207938 34.66 0 - 300 0.05 

  Watermelon - - 809161 134.86 0 - 157008 26.17 

Vegetable Avocado 141911 23.65 0 - 1099 0.18 23 0 

 
Cabbage 208713 34.79 569648 94.94 25994 4.33 54290 9.05 

 
Eggplants  31513 5.25 93880 15.65 10378 1.73 1944 0.32 

 
Jute 2029 0.34 1072 0.18 55 0.01 100 0.02 

 
Lettuce - - 0 - 0 - - - 

 
Okra 14069 2.34 1459 0.24 104 0.02 1676 0.28 

 
Onion 1126394 187.73 295860 49.31 119036 19.84 285050 47.51 

 
Pepper (hot) 15820 2.64 6132 1.02  - 120 0.02 

  Tomato 742887 123.81 293641 48.94 114388 19.06 1323 0.22 
Legumes  Bean 582250 97.04 501834 83.64 524013 87.34 338650 56.44 

 
Groundnut  176808 29.47 279726 46.62 106883 17.81 51513 8.59 

  Soybean    30480 5.08 2400 0.40 125 0.02 

Livestock Cattle 168000 28.00 340400 56.73 159600 26.60 225600 37.60 

 
Chicken 150688 25.11 166127 27.69 1790 0.30 726 0.12 

 
Goat 174725 29.12 156550 26.09 21725 3.62 18800 3.13 
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Food group 

 
Ouagadougou Incoming   Ouagadougou Outgoing   

 
LEAN   PEAK   LEAN   PEAK   

Crop/animal total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 total (kg) ton day-1 

 
Guinea fowl 5524 0.92 13776 2.30 10 - 74 0.01 

 
Pig 40362 6.73 35322 5.89 1134 0.19 210 0.04 

  Sheep 60405 10.07 74070 12.35 24780 4.13 106800 17.80 
Root tubers  Carrots  1150 0.19 6492 1.08 0 - 0 - 
and other  Cassava 0 - 0 - 50 0.01 0 - 
staples Plantain 0 - 59450 9.91 0 - 1513 0.25 

 
Potato 49200 8.20 250 0.04 0 - 68000 11.33 

 
Sweet potato 7192 1.20 373199 62.20 1320 0.22 12977 2.16 

  Yam 305579 50.93 367974 61.33 11914 1.99 34802 5.80 
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Appendix 4.4 Imported virtual water flows (106 m3 yr-1) to Tamale (northern Ghana) in the lean season with their corresponding sources.  
  Location code*  

Food group Crop/animal 14 15 16 17 18 19 20 21 22 23 25 29 31 32 Total 
    -----------------------------------------------------Imported virtual water (106 m3 yr-1)--------------------------------------------------  

Cereals Maize 0.03 0.80 - - - 34.41 1.42 - 0.21 - - - - 6.84 43.71 
  Millet - 0.13 - - - 9.66 0.28 - 0.01 - - - - 1.50 11.58 
  Rice 1.22 1.32 - - 8.00 45.69 0.71 0.12 0.21 - - - - 8.35 65.60 
  Sorghum - - - - - 3.94 0.01 - - - - - - 0.40 4.35 
Fruit Banana 3.34 0.74 - -1 - 0.14 - - - - - - - - 4.23 
  Mango - 0.01 - - - 0.48 0.23 - - - - - - 0.17 0.89 
  Orange 0.08 0.26 - - - 0.01 - - - - - - - 0.41 0.77 
  Pawpaw  0.02 0.03 - - - - - - - - - - - - 0.06 
  Watermelon - - - - - 0.06 - - - - - - - - 0.06 
Vegetables Jute - - - - - 0.06 - - - - - - - - 0.06 
  Lettuce - - - - - 0.01 - - - - - - - - 0.01 
  Avocado  2.64 1.69 - 0.08 - 0.20 - - - - 0.14 - - 0.90 5.66 
  Cabbage - 0.14 - - - 0.05 0.05 - - - - - - 0.03 0.28 
  Eggplant - - - - - 0.02 0.12 - - - - - - - 0.14 
  Okra - - - - - 0.08 - - - - - - - - 0.08 
  Onion - 0.02 - - - 0.45 0.79 - - - - 0.30 - 0.89 2.19 
  Pepper (hot) - - - - - 4.80 -1 - - - - - - 0.30 5.10 
  Tomato - - - - - 0.21 0.19 - - - 1.79 - - 1.60 3.78 
Legumes  Bean 1.52 0.63 - - - 1.53 2.08 0.24 - - - - - 0.01 6.01 
  Groundnut - 2.08 - - - 18.11 2.29 - 0.03 - - - - 4.07 26.59 
  Soybean - - - - - 8.09 0.40 - - - - - - 0.36 8.86 
Livestock Cattle - - - - - 24.50 0.54 - - 0.09 - - - 10.15 35.28 
  Chicken - - - - - 0.11 - - - - - - - 0.02 0.13 
  Goat - - - - - 0.72 0.02 - - - - - - 0.16 0.91 
  Guinea fowl - - - - - 0.04 0.01 - - - - - - 0.01 0.06 
  Pig - - - - - - - - - - - - - - - 
  Sheep - - - - - 1.13 0.57 - - - - - - 0.98 2.68 
Root tubers  Carrots - - - - - - - - - - - - - - - 
 and other Cassava 0.07 0.20 - - - 1.92 - - 0.04 - - - - 0.23 2.47 
 staples Plantain 1.93 1.25 - -3 - 1.07 - - - - - - - 0.20 4.48 
  Potato - - - - - - - - - - - - - - - 
  Sweet potato - - - - - - - - - - - - - - - 
  Yam - - - - - 3.60 - - - - - - - 0.87 4.48 

*Refer to the list of code for locations from appendix 1 
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Appendix 4.5 Imported virtual water flows (106 m3 yr-1) to Tamale (northern Ghana) in the peak season with their corresponding sources.  
    Location code*   
Food group Crop/animal 14 15 16 17 18 19 20 21 22 23 25 29 31 32 Total 
    ----------------------------------------------------Imported virtual water (106 m3 yr-1)---------------------------------------------------   
Cereals Maize - 0.08 - - - 41.17 0.31 - 0.38 - - - - 8.04 49.98 
  Millet - - - - - 4.76 0.31 - - - - - - 0.44 5.51 
  Rice 0.44 0.01 - - 14.52 55.89 - - 0.05 - - - 0.30 8.79 80.01 
  Sorghum - - - - - 3.84 0.15 - - - - - - 0.08 4.07 
Fruit Banana 2.23 0.62 - 0.74 - 0.23 - - - - - - - - 3.83 
  Mango - - - - - 0.01 - - - - - - - - 0.01 
  Orange 1.37 0.47 - - - 0.02 - - - - - - - 0.84 2.70 
  Pawpaw  0.25 0.09 - 0.36 - 0.08 - - - - - - - - 0.78 
  Watermelon - - - - - 3.27 0.07 - 0.10 - - - - 1.60 5.04 
Vegetables Jute - - - - - 0.04 0.01 - - - - - - - 0.05 
  Lettuce - - - - - 0.01 - - - - - - - - 0.01 
  Avocado  - 0.05 - 0.01 - - - - - - - - - - 0.06 
  Cabbage 0.12 0.09 - - - 0.03 - - - - - - - - 0.25 
  Eggplant 0.02 0.11 - - - 0.03 - - - - - - - - 0.15 
  Okra - - - - - 0.08 - - - - - - - - 0.08 
  Onion - - - - - 0.28 0.13 - - - - - - 0.08 0.50 
  Pepper (hot) 0.10 -5 - - - 19.17 0.11 -3 - - - - - 2.61 22.07 
  Tomato 0.98 2.47 - - - 0.38 - - - -6 - - - 0.31 4.20 
Legumes  Bean 0.02 2.98 - - 1.45 3.61 2.60 - - - - - - 0.77 11.43 
  Groundnut - 1.06 - - - 24.93 1.01 - 0.15 - - - - 2.35 29.50 
  Soybean 0.28 - - - - 8.90 0.23 - - - - - - 0.39 9.80 
Livestock Cattle - - - -9 - 26.80 - - -5 - 1.27 - - 12.70 40.49 
  Chicken - - - - - 0.01 - - - - - - - 0.01 0.02 
  Goat - - - - - 0.33 -2 - - - - - - 0.19 0.54 
  Guinea fowl - - - - - 0.03 0.01 - - - - - - 0.01 0.05 
  Pig - - - - - - - - - - - - - - - 
  Sheep - -1 - - - 1.19 0.90 - - - - - - 0.68 2.77 
Root tubers  Carrots - - - - - - - - - - - - - - - 
 and other staples Cassava -5 0.62 - - - 1.21 - - - - - - - -3 1.91 
  Plantain 0.92 2.61 - 0.24 - 0.61 - - - - - - - -8 4.46 
  Potato - - - - - - - - - - - - - - - 
  Sweet potato - - - - - 0.22 - - - - - - - -1 0.24 
  Yam - 0.16 - - - 3.24 -1 - - - - - - 0.54 3.96 

Values below 500 m3 yr-1 are not shown but will be included in the total. *Refer to the list of code for locations from appendix 1.  
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Appendix 4.6 Imported virtual water flows (106 m3 yr-1) to Ouagadougou (central Burkina Faso) in the lean season with their corresponding sources.  
  Location code*  
Food  Crop/ 1 2 3 4 5 6 7 8 9 10 11 12 13 32 24 26 27 28 29 30 31 Total 
group animal   ----------------------------------------------------Imported virtual water (106 m3 yr-1)---------------------------------------------------   
Cereals Maize 9.1 - 1.6 3.4 - 55.7 9.8 12.2 85.1 2.2 0.2 - - 33.9 - - - - - - - 213.2 
  Millet 11.7 - 2.0 1.9 0.1 17.9 6.5 19.1 36.9 11.8 0.3 - - 26.2 - - - - 0.2 - - 134.5 
  Rice  - 5.5 0.2 5.4 - 9.4 - 4.6 24.9 - 0.7 - - 15.5 - 382.4 - - - - 28.3 477.0 
  Sorghum - - 1.3 0.1 - 8.7 0.4 - 5.5 4.1 0.9 - - 13.2 - - - - - - - 34.2 
Fruit Banana - - - - - 1.1 - - - - - - - - - 1.2 - - - - 1.2 3.4 
  Mango - 5.8 0.8 - - 2.7 3.9 - 27.8 - 0.1 - - 6.9 - - - - - - - 48.0 
  Orange - - - - - - - - - - - - - 0.3 - - - - - - - 0.4 
  Pawpaw  - - 0.1 - - 0.4 0.6 - - - - - - - - - - - - - - 1.1 
  Watermelon - - - - - - - - - - - - - - - - - - - - - - 
Vegetables Jute - - - - - - - - - - - - - - - - - - - - - 0.1 
  Lettuce - - - - - - - - - - - - - - - - - - - - - - 
  Avocado  - - - - - - - - - - - - - 2.7 - 0.9 1.1 - - - - 4.8 
  Cabbage - - 0.2 - - - - - 1.6 - - - - 0.7 - - - - - - - 2.5 
  Eggplant - - - - - 0.4 - - - - 0.1 - - 0.2 - - - - - - - 0.8 
  Okra - - - - - 0.1 - - - - - - - 0.1 - - - - - - - 0.2 
  Onion - - - 0.9 0.2 - - 1.9 0.6 1.6 0.2 - - 7.0 - - - - 1.0 - - 13.2 
  Pepper  - - - - - - - - - 3.8 - - - - - - - - - - - 3.9 
  Tomato - - 0.1 - 0.8 - - - - 2.2 0.2 - - 14.2 - - 0.9 - - - - 18.4 
Legumes  Bean 0.3 - 3.3 2.7 0.8 13.9 0.1 6.5 14.7 5.1 5.6 - - 5.4 - - - - - - - 58.3 
  Groundnut 0.2 - 0.5 9.3 - 10.7 6.4 - 6.5 7.0 0.1 - - 5.5 - - - - - - - 46.2 
  Soybean - - - - - - - - - - - - - - - - - - - - - - 
Livestock  Cattle 0.5 - - 0.1 2.7 2.8 0.4 - - 7.5 1.2 5.4 - 20.4 - - - - - - - 41.0 
  Chicken - - - 0.1 0.1 0.1 0.1 - - 0.1 0.1 - - 0.9 - - - - - - - 1.4 
  Goat 0.1 - - 0.5 0.6 1.4 0.8 0.1 - 0.6 0.4 - - 9.1 - - - - - - - 13.5 
  Guinea fowl - - - - - - - - - - - - - - - - - - - - - 0.1 
  Pig - - 0.1 - 0.1 1.2 0.4 - - 0.1 0.4 - - 0.9 - - - - - - - 3.3 
  Sheep - - - - 0.3 1.5 0.5 - - 1.7 0.4 - - 3.1 - - - - - - - 7.5 
Root tubers Carrots - - - - - - - - - - - - - - - - - - - - - - 
and other Cassava - - - - - - - - - - - - - - - - - - - - - - 
staples Plantain - - - - - - - - - - - - - - - - - - - - - - 
  Potato - - 3.5 - - - - - - - - - - 3.4 - - - - - - - 6.9 
  Sweet potato - - - - - - - - - 0.1 - - - - - - - - - - - 0.1 
  Yam - - - - - 0.7 1.7 - - - - - - 2.7 - 0.4 - - - - 0.5 6.0 

Values below 500 m3 yr-1 are not shown but will be included in the total. *Refer to the list of code for locations from appendix 1. 
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Appendix 4.7 Imported virtual water flows (106 m3 yr-1) to Ouagadougou (central Burkina Faso)in the peak season with their corresponding sources.  
  Location code*   
Food  Crop/ 1 2 3 4 5 6 7 8 9 10 11 12 13 32 24 26 27 28 29 30 31 Total 
 group  animal ----------------------------------------------------Imported virtual water (106 m3 yr-1)---------------------------------------------------  
Cereals Maize 81.5 2.7 1.9 9.8 5.3 97.0 5.1 0.3 179.7 2.2 6.6 1.2 1.3 33.3 0.1 - - - - - 0.2 428.2 
  Millet 22.9 - 3.0 18.2 3.7 18.0 11.3 0.2 10.8 1.4 5.1 - - 27.7 0.1 - - - - - - 122.6 
  Rice  - - 4.0 0.5 - - 0.1 - 38.4 0.2 - - - 19.1 10.1 513.4 - - - - 42.5 628.4 
  Sorghum 10.8 - 0.1 1.6 13.5 22.8 1.9 - 2.7 4.1 8.0 - 2.7 18.3 - - - - - - - 86.4 
Fruit Banana 4.5 3.2 - - - 3.1 - - 5.9 1.3 - - 2.1 - - 3.8 - - - - - 23.9 
  Mango - - - - - - - - - - - - - - - - - - - - - - 
  Orange - - - - - - - - 1.9 - - - - 2.9 - - 2.4 - - - - 7.2 
  Pawpaw  - - 0.6 - - 5.4 1.5 - - 2.7 - - - 1.3 - - - - - - - 11.5 
  Watermelon - - - 0.8 5.8 0.4 0.3 3.4 - - 3.4 - - 2.3 - - - - - - - 16.4 
Vegetables Jute - - - - - - - - - - - - - - - - - - - - - - 
  Lettuce - - - - - - - - - - - - - - - - - - - - - - 
  Avocado - - - - - - - - - - - - - - - - - - - - - - 
  Cabbage - - 2.9 - - - 0.7 0.3 0.7 - 0.1 - - 2.1 - - - - - - - 6.8 
  Eggplant - - 0.2 - 0.1 0.4 0.3 - - - 0.7 - - 0.6 - - - - - - - 2.3 
  Okra - - - - - - - - - - - - - - - - - - - - - - 
  Onion - - - 1.0 - 0.5 - 0.1 - 0.2 - - - 2.7 - - - - 0.1 - 0.4 5.1 
  Pepper  - - 0.3 0.3 0.1 - 0.3 - - - 0.2 - - 0.3 - - - - - - - 1.5 
  Tomato - - 0.7 - - - 0.1 - - - 4.1 - - 2.3 - - - - - - - 7.2 
Legumes  Bean - - 0.4 - 5.4 21.9 0.4 - - 12.9 7.5 0.5 - 1.2 - - - - - - - 50.2 
  Groundnut 5.6 - 0.3 1.8 0.2 16.0 3.1 0.1 10.8 8.7 1.5 - - 21.0 - - - 2.4 - - 0.1 71.6 
  Soybean 1.8 - - - - - - - - - - - - - - - - - - - - 1.8 
Livestock  Cattle 2.7 - 2.6 0.3 1.1 15.4 2.9 2.6 4.1 19.6 2.0 9.8 - 19.9 - - - - - - - 83.0 
  Chicken 0.1 - 0.1 0.2 0.1 0.2 0.1 - - 0.3 0.1 - - 0.5 - - - - - - - 1.6 
  Goat 0.2 - - - 0.1 1.7 3.5 - - 1.5 0.8 - - 4.3 - - - - - - - 12.1 
  Guinea fowl - - - - - - - - - - - - - - - - - - - - - 0.1 
  Pig - - 0.3 0.1 - 0.9 0.1 0.1 - 0.9 0.1 - - 0.4 - - - - - - - 2.9 
  Sheep - - 0.1 0.6 1.4 1.1 0.1 0.2 - 1.9 0.9 0.2 - 2.8 - - - - - - - 9.3 
Root tubers Carrots - - - - - - - - - 0.1 - - - - - - - - - - - 0.1 
and other Cassava - - - - - - - - - - - - - - - - - - - - - - 
staples Plantain - - - - - - - - - - - - - 1.6 - 1.9 - - - - - 3.5 
  Potato - - - - - - - - - - - - - - - - - - - - - - 
  Sweet potato - - - 0.1 - 3.6 - - 3.0 - - - - - - - - - - - - 6.7 
  Yam - - - - - 1.2 2.3 - - - - - - 1.6 0.1 - 0.2 - - - 1.3 6.7 

Values below 500 m3 yr-1 are not shown but included in the total. *Refer to the list of code for locations from appendix 1. 
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Appendix 4.8 Exported virtual water flows (106 m3 yr-1) out of Tamale (northern Ghana) with corresponding destination.  
  Location code*   

 Food group 14 15 16 17 18 19 20 21 22 23 32 25 29 31 Total 
  ----------------------------------------------------Exported virtual water (106 m3 yr-1) in lean season---------------------------------------------------   
Cereals 14.5 8.9 - 0.1 29.1 12.2 0.5 - - - 2.0 - - - 67.4 
Fruits - - - - - 0.5 - - - - 0.1 - - - 0.6 
Vegetables 1.6 0.3 - - 0.3 1.0 0.6 - - - 1.1 - - - 4.9 
Legumes  2.0 5.6 - - 11.2 1.6 - - - - 0.6 - - - 21.1 
Root tubers  0.3 0.1 - - 0.5 0.9 0.6 0.0 - 0.1 0.2 0.0 - - 2.7 
Livestock  3.0 0.8 - - 0.0 0.9 0.0 - - - 1.5 - - - 6.3 
TOTAL 21.4 15.6 0.0 0.1 41.2 17.2 1.7 0.0 0.0 0.1 5.6 0.0 0.0 0.0 102.8 

                                
   ----------------------------------------------------Exported virtual water (106 m3 yr-1) in peak season---------------------------------------------------  
Cereals 67.4 18.2 8.6 1.9 - 76.4 8.2 3.2 - - 0.2 1.2 0.7 - - 
Fruits 0.4 - - - 0.3 0.5 0.1 - - - 0.2 - - - 1.4 
Vegetables 2.5 0.1 - - 1.4 1.5 0.4 0.5 - - 0.4 - - - 6.9 
Legumes  14.4 5.8 - - 23.5 1.4 0.0 - - 0.5 0.9 0.1 - - 46.5 
Root tubers  0.8 0.2 0.1 - 0.1 0.4 0.3 - - 0.0 0.3 0.1 - - 2.4 
Livestock  3.2 - - - 0.9 3.4 - - - - 0.9 - - - 8.4 
TOTAL 39.3 14.6 2.1 0.0 102.6 15.4 4.0 0.5 0.0 0.7 3.8 0.9 0.0 0.0 184.0 

*Refer to the list of code for locations from appendix 1. Root tubers = Root tubers and other staples. 
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Appendix 4.9 Exported virtual water flows (106 m3 yr-1) out of Ouagadougou (central Burkina Faso) with corresponding destinations.  
  Location code*  Total 

 Food 
group 

1 2 3 4 5 6 7 8 9 10 11 12 13 32 24 26 27 28 29 30 31   

  ----------------------------------------------------Exported virtual water (106 m3 yr-1) in lean season---------------------------------------------------  
Cereals 76.6 - 135.1 201.7 79.6 463.3 67.9 130.9 145.8 241.0 76.8 3.5 - 444.7 0.4 11.0 - 1.8 79.3 - 14.0 2173.3 
Fruits - - 0.9 12.7 - 9.1 2.3 31.3 - 1.0 4.2 - - 39.7 - - 0.2 - - - - 101.4 
Vegetab
les 0.3 - 2.0 6.7 0.1 2.9 5.5 1.6 0.1 0.0 1.3 - - 9.7 - 8.4 11.6 - 8.3 - 2.2 60.6 

Legume
s  1.2 20.0 9.7 6.8 - 44.1 - 2.5 42.8 16.8 6.6 - - 77.3 - 82.3 333.8 130.1 30.0 - 0.3 804.3 

Root 
tubers  - - 0.0 0.9 0.1 0.5 0.0 0.7 - 0.0 0.6 - - 0.2 - - - - - - - 2.9 

Livesto
ck  - - 27.1 196.1 - 4.4 10.7 3.8 12.3 1.4 0.5 - - 70.3 - - 111.3 - - - - 437.9 

TOTAL 78.1 20.0 174.9 424.8 79.7 524.3 86.4 170.7 201.0 260.3 90.0 3.5 - 641.9 0.4 101.7 456.8 131.9 117.6 - 16.4 3580.4 
                                              
                                              
                                              
  ----------------------------------------------------Exported virtual water (106 m3 yr-1) in peak season---------------------------------------------------  
Cereals 131.5 - 59.0 229.6 552.5 440.5 125.0 129.4 541.5 263.8 148.6 484.0 0.2 107.6 - 21.9 60.1 - 215.3 - - 3510.5 
Fruits 5.4 - 4.2 2.0 0.7 16.0 1.6 - 7.2 3.5 0.9 - - 3.3 - - - - - - - 44.6 
Vegetabl
es 0.0 - - 1.1 0.1 0.2 1.1 - 5.6 0.5 5.4 0.1 - 1.4 - 7.7 45.3 - - - 2.4 70.9 

Legume
s  61.2 - 0.1 - - 26.5 72.9 - 83.9 5.7 1.7 - - 0.1 - 0.4 221.2 - - - - 473.7 

Root 
tubers  - - 0.0 5.5 3.7 83.9 3.0 - - 0.5 1.6 - - 7.5 - - - - - - - 105.7 

Livesto
ck  0.0 1.9 2.1 53.1 0.1 31.5 13.1 11.0 25.9 1.1 5.1 - 0.1 17.8 323.1 38.4 173.8 - - - - 698.1 

TOTAL 198.1 1.9 65.4 291.2 557.1 598.6 216.8 140.3 664.1 275.0 163.3 484.1 0.2 137.8 323.1 68.5 500.5 - 215.3 - 2.4 4903.6 
*Refer to the list of code for locations from appendix 1. Root tubers = Root tubers and other staples



Curriculum Vitae 

 133 

Appendix 4.10 Net regional virtual water flows per food group to Tamale (northern Ghana). 
 Net virtual water flows (106 m3 yr-1) 
 Location Cereals Fruits Vegetables Legumes  Root tubers Livestock  
Ashanti -31.1 6.9 -0.2 -14.5 1.9 -6.2 
Brong Ahafo -15.2 2.2 4.2 -4.6 4.6 -0.8 
Central -1.9 0.0 0.0 0.0 -0.1 0.0 
Eastern -0.1 1.1 0.1 0.0 0.3 0.1 
Greater Accra -84.7 -0.3 -1.8 -33.3 -0.6 -0.9 
Northern 171.2 3.3 23.4 62.2 10.6 50.6 
Upper East -0.5 0.2 0.4 8.6 -0.9 2.1 
Upper West 0.1 0.0 -0.5 0.2 0.0 0.0 
Volta 0.8 0.1 0.0 0.2 0.1 0.0 
Western -0.2 0.0 0.1 -0.5 -0.1 0.1 
Unknown 30.0 2.8 5.2 6.4 1.5 22.5 
Burkina Faso -0.7 0.0 1.9 -0.1 -0.1 0.9 

Negative values refer to net export to Tamale while positive values are net import. Root 
tubers = Root tubers and other staples. 
 

Appendix 4.11 Net regional virtual water flows per food group to Ouagadougou (central 
Burkina Faso). 

 Net virtual water flows (106 m3 yr-1) 
 Location Cereals Fruits Vegetables Legumes  Root tubers Livestock  
Boucle Du Mouhoun 115.2 3.9 0.0 1.7 0.0 3.6 
Cascades 4.9 9.0 0.0 -2.0 0.0 -0.2 
Centre -7.6 1.0 4.2 3.5 3.5 0.3 
Centre East -5.6 -0.7 1.4 13.1 -0.5 -22.9 
Centre North -40.6 5.7 1.2 6.4 -0.4 6.3 
Centre West 133.6 10.6 1.1 55.5 -3.0 22.6 
Centre South 15.8 5.9 0.6 2.7 3.7 6.4 
East 7.6 0.3 2.1 6.4 0.0 1.6 
Hauts Bassins 278.5 34.8 2.3 19.4 3.0 0.3 
North -24.5 3.5 7.8 31.4 0.2 33.9 
Plateau Central -1.2 3.0 5.1 13.8 -0.2 5.9 
Sahel -47.6 0.0 0.0 0.5 0.0 15.3 
South Ouest 4.0 2.1 0.0 0.0 0.0 0.0 
Unknown 111.8 9.5 31.9 25.4 8.6 53.5 
Benin 4.4 0.0 0.0 0.0 0.1 -32.3 
Ivory Coast 372.6 5.1 -0.7 -8.3 2.3 -3.8 
Ghana -6.0 2.3 -3.7 -55.5 0.2 -28.5 
Mali -0.2 0.0 0.0 -10.6 0.0 0.0 
Niger -29.3 0.0 9.8 -3.0 0.0 0.0 
Sénégal 0.0 0.0 0.0 0.0 0.0 0.0 
Togo 28.6 1.2 0.0 0.0 1.8 0.0 

Negative values refer to net export to Ouagadougou while negative values are net import. 
Root tubers = Root tubers and other staples. 
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Appendix 4.12 Photos from training and data collection  

 
Photo 1: A group picture with 
enumerators after training session.  

Photo 2: Enumerators conferring with 
each other before ending daily survey.  
 

 

Photo 3: Data collection on the Tamale -
Kumbugu road. 

 

Photo 4: Recording data in a village 
market in Tamale, Ghana. 

Photo 5: Data collection on the 
Ouagadougou-Pabre road. 

 
 

Photo 6: Recorded data from an 
enumerator. 
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5.1. General discussion  

Insights from biochar, fertilizer, and wastewater application  
The studies conducted evaluated the role of a one-time biochar amendment, and 

normal farmers’ practice of fertilization under different irrigation water quality and 

quantity regimes on biomass production, plant nutrition, and soil moisture, as well as 

nutrient use efficiency over a two-year period and multiple cropping cycles. The 

study revealed a short-term effect of the biochar amendment, over a period of six 

months, covering four cropping cycles. The 15% increment observed on biochar 

amended crops compared with plots without biochar are consistent with earlier 

studies (Carter et al. 2013; Agegnehu et al. 2016). With an addition of 10 t ha–1 on 

fertilized plots, Agegnehu et al. (2016) recorded an 18% yield increment. Carter et al. 

(2013) observed a pronounced effect of biochar on fertilized and unfertilized plots in 

their first two cropping cycles of lettuce and cabbage, but a decline in the third 

cropping cycle when lettuce was cultivated. It must be noted that, while yields of 

subsequent cropping cycles were not statistically different, plots amended biochar 

were numerically higher on both fertilized and unfertilized plots. This resulted in a 9% 

increment in yield by the end of two years. The use of wastewater and mineral 

fertilizer was effective, with the supply of nutrients up to 900 kg N, 300 kg P and 300 

kg K ha-1 each by the end of the two years. The reduction of irrigation water quantity 

led to a significant decline in crops yields, which was particularly pronounced on 

wastewater-irrigated plots. On the other hand, the combined usage of wastewater 

and mineral fertilizer led to higher crop yields and generally accompanied by higher 

N and P contents of the crops.  

 

Nutrient budgeting has been employed by many authors in assessing the nutrient 

use efficiency, sustainability and environmental impact of agricultural production. A 

balance between nutrient inputs and outputs ensures productivity and long-term 

sustainability (Fortune et al. 2000; Stockdale and Watson 2002; Berry et al. 2003). 

Nutrient balance from our studies revealed extensive supply of nutrients in UPA in 

excess of what crops require, leading to large nutrient surpluses (Khai et al. 2007; 

Graefe et al. 2008; Diogo et al. 2010; Sangare et al. 2012). Large N and P surpluses 

reported from both Tamale and Ouagadougou call for environmental concerns, as it 

can lead to deterioration of the quality of aquatic systems and intensified 
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eutrophication (Djodjic et al. 2004; Djodjic et al. 2008; Predotova et al. 2011; Wang 

et al. 2014). Biochar amendment increased P surplus in the first rainy season in both 

cities (p>0.05) as a result of P supplied by the biochar from incorporation. However, 

it did not improve nutrient use efficiency, contrary to earlier studies (Chan et al. 2007; 

Steiner et al. 2008).  

 

The findings from study 1 (i.e. chapter 2) largely confirmed the hypothesis that 

biochar application, combined with fertilization and wastewater irrigation will increase 

yields beyond what either practice may generate alone. The study (i.e. chapter 3) 

further revealed extensive supply of nutrients in excess of crops requirement leading 

to large nutrient surpluses, confirming the hypothesis that, the high fertilization rates 

and in particular wastewater irrigation results in inefficient nutrient use, leading to 

high losses of nutrients. Under this excessive supply of nutrients, biochar was not 

able to improve nutrient-use efficiency. 

 

Review of methods for assessing leaching losses 
Determining leaching losses under field conditions has been made possible with the 

use of several approaches and models. Notably, ceramic suction cup, suction plates, 

wick samplers and drainage lysimeters (Webster et al. 1993) has extensively been 

used, and a number of published reviews has pointed out pros and cons of each of 

the methods  (Weihermüller et al. 2007; Wang et al. 2012; Abdulkareem et al. 2015). 

For many years, resin exchange cores have been used to successfully measure 

cumulative leaching in the sub-tropics (Bischoff et al. 1999; Predotova et al. 2011; 

Safi et al. 2011; Abdalla et al. 2012; Goenster et al. 2014). While it comes with 

varying constraints, many studies have confirmed the usefulness and reliability of the 

resin exchange cores method (Lehmann et al. 2001; Lang and Kaupenjohann 2004). 

Resin exchange cores are unable to obtain information on short-term processes and 

nutrient leaching dynamics. It also fails to capture dissolved organic carbon or 

nitrogen (Lehmann et al. 2001; van Kessel et al. 2009). A common challenge with 

the use of resin cartridges in sandy soils is spatial variation due to potential 

preferential flows (Lehmann et al. 2001). Resin cartridges are installed by making 

trenches, and fitting the cartridges below an undisturbed root zone. The installation 

process could cause some soil disturbances depending on the soil type, leading to 
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potential preferential flows. In the study, the four pseudo-replicates per treatment, 

which was subsequently replicated four times was expected to minimize variations 

between replicates. The wide variations recorded in some of the leaching data led to 

the high number of insignificant differences reported among the treatments. 

Preliminary results from lysimeters on the same field predict the possibility of the 

resin cartridges being unable to account for the leached NPK, and hence 

underestimated results reported. 

 

Virtual water concept application  
For the past years, discussion on virtual water has extensively included virtual water 

strategy in managing regional and national water scarcity crisis, and improving water 

use efficiency (Zhao et al. 2005). The strategy suggests importing high water-

intensive commodities from locations that have a low virtual water content for 

commodities or abundant water resources (Hoekstra and Hung 2002; Hoekstra and 

Hung 2005). Results from the study have given an indication of the inequalities of 

virtual water fluxes in the two cities. Specifically, the Northern Region of Ghana, 

although, a water scarce region, is a major supplier of food commodities. Most of the 

country’s supply of cereals, livestock and tubers are from this region. Considering 

the recent common phenomenon of floods and droughts in the northern Savannas, 

often associated with high temperatures and intense heat (Stanturf et al. 2011; 

Asante and Amuakwa-Mensah 2014; Sidibe et al. 2016), food production in the 

region is at risk and the country stands highly vulnerable to any climate-related 

shocks. 

 

5.2. Conclusions  

The three studies have given insights into nutrient fluxes in urban wastewater 

irrigated vegetable fields and virtual water flows between production and 

consumption points. Based on the results, the following conclusions are suggested:  

• Rice husk biochar at 20 t ha-1 improved yields of the first four crops mainly by 

improving plant available P and K and by stabilizing the soil’s pH. Biochar 

addition to soil also increased soil moisture by up to 9% compared with soil 

without biochar. 
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• Untreated wastewater irrigation was more effective than fertilization resulting 

in improved crop yields. However, wastewater in addition to fertilizer 

application has the potential of improving yield more than wastewater 

irrigation alone.  

• Farmer’s usual irrigation water quantity was sufficient to meet the crop water 

requirement, as a reduction in water quantity resulted in yield reduction.  

• Nitrogen and phosphorus nutrient inputs from the fields far exceeds nutrient 

requirement for crop productions leading to excessive nutrient surpluses.  

• The variety of different national sources for different food groups, including 

both water-secure (western and eastern Burkina Faso) and water-constraint 

regions (northern Burkina Faso), allow the city of Ouagadougou, compared 

with Tamale, to be more resilient to water-related and food supply shocks. 

 

The following recommendations are proposed: 

• As the first biochar application led to a promising increase in yield, a second-

time application is recommended to evaluate the different effects of fresh and 

aged biochar. Long-term monitoring would also be necessary to evaluate the 

long-term effects of biochar on crop production. 

• As nutrient inputs led to both excess and deficit supply for crop uptake, it is 

recommended that farmers’ knowledge on fertilizer use should be improved. 

Hence, in order to help improve the efficient use of fertilizer, tailor-made 

fertilizers (fertilizer that is based on providing required nutrient needs for crops) 

could be provided by fertilizer producing companies and extension service for 

successful implementation. 

• Notwithstanding the health concerns of wastewater irrigation, this study has 

once again revealed its high potential for yield improvement. Further studies 

on treating wastewater with biochar that can be handled easily by local 

farmers should be explored.  
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