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Summary  

The surge in the urban population evident in most developing countries is a worldwide 

phenomenon, and often the result of drought, conflicts, poverty and the lack of education 

opportunities. In parallel with the growth of the cities is the growing need for food which leads 

to the burgeoning expansion of urban and peri-urban agriculture (UPA). In this context, urban 

agriculture (UA) contributes significantly to supplying local markets with both vegetable and 

animal produce. As an income generating activity, UA also contributes to the livelihoods of 

poor urban dwellers. In order to evaluate the nutrient status of urban soils in relation to 

garden management, this study assessed nutrient fluxes (inputs and outputs) in gardens on 

urban Gerif soils on the banks of the River Nile in Khartoum, the capital city of Sudan. To 

achieve this objective, a preliminary baseline survey was carried out to describe the structure 

of the existing garden systems.  In cooperation with the author of another PhD thesis (Ms. 

Ishtiag Abdalla), alternative uses of cow dung in brick making kilns in urban Khartoum were 

assessed; and the socio-economic criteria of the brick kiln owners or agents, economical and 

plant nutritional value of animal dung and the gaseous emission related to brick making 

activities were assessed. 

A total of 40 household heads were interviewed using a semi-structured questionnaire to 

collect information on demographic, socio-economic and migratory characteristics of the 

household members, the gardening systems used and the problems encountered in urban 

gardening. Based on the results of this survey, gardens were divided into three groups: 

mixed vegetable-fodder gardens, mixed vegetable-subsistence livestock gardens and pure 

vegetable gardens. The results revealed that UA is the exclusive domain of men, 80% of 

them non-native to Khartoum. The harvested produce in all gardens was market oriented and 

represented the main source of income for 83% of the gardeners. Fast growing leafy 

vegetables such as Jew’s mallow (Corchorous olitorius L.), purslane (Portulaca oleracea L.) 

and rocket (Eruca sativa Mill.) were the dominant cultivated species. Most of the gardens 

(95%) were continuously cultivated throughout the year without any fallow period, unless 

they were flooded. Gardeners were not generally aware of the importance of crop diversity, 

which may help them overcome the strongly fluctuating market prices for their produce and 

thereby strengthen the contributions of UA to the overall productivity of the city. 

To measure nutrient fluxes, four gardens were selected and their nutrients inputs and 

outputs flows were monitored. In each garden, all plots were monitored for quantification of 

nutrient inputs and outputs. To determine soil chemical fertility parameters in each of the 

studied gardens, soil samples were taken from three selected plots at the beginning of the 

study in October 2007 (gardens L1, L2 and H1) and in April 2008 (garden H2) and at the end 

of the study period in March 2010. Additional soil sampling occurred in May 2009 to assess 
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changes in the soil nutrient status after the River Nile flood of 2008 had receded. Samples of 

rain and irrigation water (river and well-water) were analyzed for nitrogen (N), phosphorus 

(P), potassium (K) and carbon (C) content to determine their nutrient inputs. Catchment traps 

were installed to quantify the sediment yield from the River Nile flood. To quantify the nutrient 

inputs of sediments, samples were analyzed for N, P, K and organic carbon (Corg) content, 

cation exchange capacity (CEC) and the particle size distribution. The total nutrient inputs 

were calculated by multiplying the sediment nutrient content by total sediment deposits on 

individual gardens. Nutrient output in the form of harvested yield was quantified at harvest of 

each crop. Plant samples from each field were dried, and analyzed for their N, P, K and Corg 

content. Cumulative leaching losses of mineral N and P were estimated in a single plot in 

garden L1 from December 1st 2008 to July 1st 2009 using 12 ion exchange resins cartridges. 

Nutrients were extracted and analyzed for nitrate (NO3
--N), ammonium (NH4

+-N) and 

phosphate PO4
-3-P. Changes in soil nutrient balance were assessed as inputs minus 

outputs. 

The results showed that across gardens, soil N and P concentrations increased from 

2007 to 2009, while particle size distribution remained unchanged. Sediment loads and their 

respective contents of N, P and Corg decreased significantly (P < 0.05) from the gardens of 

the downstream lowlands (L1 and L2) to the gardens of the upstream highlands (H1 and H2). 

No significant difference was found in K deposits. None of the gardens received organic 

fertilizers and the only mineral fertilizer applied was urea (46-0-0). This equaled 29, 30, 54, 

and 67% of total N inputs to gardens L1, L2, H1, and H2, respectively. Sediment deposits of 

the River Nile floods contributed on average 67, 94, 6 and 42% to the total N, P, K and C 

inputs in lowland gardens and 33, 86, 4 and 37% of total N, P, K and C inputs in highland 

gardens. Irrigation water and rainfall contributed substantially to K inputs representing 96, 92, 

94 and 96% of total K influxes in garden L1, L2, H1 and H2, respectively. Following the same 

order, total annual DM yields in the gardens were 26, 18, 16 and 1.8 t ha-1. Annual leaching 

losses were estimated to be 0.02 kg NH4
+-N ha-1 (SE = 0.004), 0.03 kg NO3

--N ha-1 (SE = 

0.002) and 0.005 kg PO4
-3-P ha-1 (SE = 0.0007). 

Differences between nutrient inputs and outputs indicated negative nutrient balances for 

P and K and positive balances of N and C for all gardens. The negative balances in P and K 

call for adoptions of new agricultural techniques such as regular manure additions or 

mulching which may enhance the soil organic matter status. A quantification of fluxes not 

measured in our study such as N2-fixation, dry deposition and gaseous emissions of C and N 

would be necessary to comprehensively assess the sustainability of these intensive 

gardening systems. 
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The second part of the survey dealt with the brick making kilns. A total of 50 brick kiln 

owners/or agents were interviewed from July to August 2009, using a semi-structured 

questionnaire. The data collected included general information such as age, family size, 

education, land ownership, number of kilns managed and/or owned, number of months that 

kilns were in operation, quantity of inputs (cow dung and fuel wood) used, prices of inputs 

and products across the production season. Information related to the share value of the land 

on which the kilns were built and annual income for urban farmers and annual returns from 

dung for the animal raisers was also collected. Using descriptive statistics, budget calculation 

and Gini coefficient, the results indicated that renting the land to brick making kilns yields a 5-

fold higher return than the rent for agriculture. Gini coefficient showed that the kiln owners 

had a more equal income distribution compared to farmers. 

To estimate emission of greenhouse gases (GHGs) and losses of N, P, K, Corg and DM 

from cow dung when used in brick making, samples of cow dung (loose and compacted) 

were collected from different kilns and analyzed for their N, P, K and Corg content. The 

procedure modified by the Intergovernmental Panel on Climate Change (IPCC, 1994) was 

used to estimate the gaseous emissions of cow dung and fuel wood. The amount of 

deforested wood was estimated according to the default values for wood density given by 

Dixon et al. (1991) and the expansion ratio for branches and small trees given by Brown et 

al. (1989). The data showed the monetary value of added N and P from cow dung was lower 

than for mineral fertilizers. Annual consumption of compacted dung (381 t DM) as biomass 

fuel by far exceeded the consumption of fuel wood (36 t DM). Gaseous emissions from cow 

dung and fuel wood were dominated by CO2, CO and CH4. Considering that Gerif land in 

urban Khartoum supports a multifunctional land use system, efficient use of natural 

resources (forest, dung, land and water) will enhance the sustainability of the UA and brick 

making activities. Adoption of new kilns with higher energy efficiency will reduce the amount 

of biomass fuels (cow dung and wood) used the amount of GHGs emitted and the threat to 

the few remaining forests. 
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Zusammenfasung 

Der Bevölkerungsanstieg in Städten von Entwicklungsländern ist ein globales Phänomen 

und wird durch Trockenheit, kriegerische Auseinandersetzungen, Armut und Mangel an 

Ausbildungsmöglichkeiten beeinflusst. Mit dem Wachstum der Städte steigt gleichzeitig auch 

der Bedarf an Nahrungsmitteln, was zu einer Ausbreitung städtischer und stadtnaher 

Landwirtschaft (Englisch: UPA) führt. In diesem Zusammenhang trägt städtische 

Landwirtschaft (Englisch: UA) maßgeblich zur Versorgung der örtlichen Märkte mit Gemüse 

und tierischen Produkten bei. Die Erlöse aus UA dienen damit vor allem als 

Lebensgrundlage ärmerer, städtischer Bewohner. Um die Nährstoffbedingungen von 

städtischen Böden in Bezug zu deren Bewirtschaftung zu beurteilen, wurden 

Nährstoffflüsse (Ein- und Austräge) in Gärten der städtischen Gerif-Böden entlang 

des Nils in Khartoum, der Hauptstadt Sudans untersucht. Um diesem Ziel gerecht zu 

werden, wurde eine Voruntersuchung zur Struktur der vorhandenen Anbausysteme 

durchgeführt. In Zusammenarbeit mit einer anderen Doktorandin (Frau Ishtiag Abdalla), 

wurden alternative Nutzungen von Kuhdung in der Backsteinproduktion bewertet; ebenso 

wurden sozio-ökonomische Kriterien der Brennofenbesitzer und -betreiber, der ökonomische 

und  pflanzlich-nährstoffliche Wert von Tierdung und auch Gasemissionen aus der 

Backsteinproduktion beurteilt.  

Insgesamt wurden 40 Haushalte mit Hilfe eines halbstandardisierten Fragebogens 

befragt, um Informationen zur Demografie, Sozioökonomie, zu Migrationshintergründen der 

Familienmitglieder, den Gartenanbauformen und den Hürden und Problemen der städtischen 

Landwirtschaft zu sammeln. Aufgrund dieser Informationen konnten die Gärten in drei 

Gruppen eingeteilt werden: gemischte Gemüse-/Futterpflanzengärten, gemischte Gemüse-

/Eigenversorgungsgärten mit Viehbestand und die eigentlichen Gemüsegärten. Die 

Ergebnisse zeigten, dass UA vor allem durch Männer dominiert wird, wobei 80% von ihnen 

nicht aus Khartoum stammten. Dreiunddreißig Prozent aller Haushalte bauten Futterpflanzen 

an und fünf Prozent hielten Schafe und Ziegen. Die meisten Gärtner (80%) pachteten das 

Land, das sie bewirtschafteten. Die geernteten Produkte waren alle für den Markt bestimmt 

und waren für 83% der Gärtner die Haupteinkommensquelle. Schnellwachsende 

Gemüsearten wie Corchorus (Corchorous olitorius L.), Portulak (Portulaca oleracea L.) und 

Rettich (Eruca sativa Mill.) wurden am häufigsten angebaut. Das Bewässerungswasser 

stammte aus dem Nil und aus Grundwasserbrunnen. Die meisten der Gärten (95%) wurden 

ohne Brache das gesamte Jahr hindurch bewirtschaftet außer während der Überflutung 

durch den Nil. Den meisten UA-Gärtnern war die Wichtigkeit von Feldfruchtvielfalt nicht 

bewusst. Feldfruchtdiversität kann ihnen jedoch helfen, mit stark fluktuierenden Marktpreisen 

zurecht zu kommen und zur Stärkung der Gesamt-UA-Produktivität der Stadt beizutragen.  
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Um Stoffflüsse zu messen, wurden in vier ausgewählte Gärten sämtliche Ein- und 

Austräge erfasst. Die Menge der Nährstoffzugaben und -entnahmen, Informationen zum 

Saat- und Erntezeitpunkt wie auch die Bewässerungspraktiken aller Beete und Gärten 

wurden notiert. Zur Bestimmung der Bodenfruchtbarkeit wurden pro Garten in drei 

ausgewählten Beeten Bodenproben im Oktober 2007 (Gärten: L1, L2 und H1), im April 2008 

(Garten H2) und Ende März 2010 entnommen. Um die Änderung der 

Bodennährstoffsituation nach der Flut im August 2008 zu erfassen, erfolgte eine erneute 

Beprobung im Mai 2009. Proben von Regen- und Bewässerungswasser (Fluss und Brunnen) 

wurden auf Stickstoff (N), Phosphor (P), Kalium (K), Kohlenstoff (C) und Kationen-

Austausch-Kapazität (KAK) untersucht. Um die Einträge durch Flusssedimentationen zu 

ermitteln, wurden Sedimentfallen installiert und anschließend auf N, P, K, organischen 

Kohlenstoff (Corg), KAK und die Korngrößenverteilung untersucht. Die 

Gesamtnährstoffeinträge wurden berechnet, indem der Sedimentnährstoffgehalt mit den 

Gesamtsedimentablagerungen der jeweiligen Gärten multipliziert wurde. Der 

Nährstoffaustrag bei der Ernte wurde zu jedem Erntezeitpunkt bestimmt. Von jedem Feld 

wurde Pflanzenmaterial getrocknet und auf N-, P-, K- und Corg-Gehalt untersucht. Die 

kumulativen Auswaschungsverluste von mineralischem N und P wurden in einem einzelnen 

Beet des Gartens L1 vom ersten Dezember 2008 bis zum ersten Juli 2009 mit Hilfe von 

ionenaustauschenden Harzkartuschen bestimmt. Dazu wurden die Harze mehrmals 

gewaschen und das Eluviat auf Nitrat (NO3
--N), Ammoniak (NH4

+-N) und Phosphat (PO4
-3-P) 

analysiert. Änderungen der Bodennährstoffbilanzen wurden errechnet, indem der Austrag 

vom Eintrag subtrahiert wurde. 

Es zeigte sich, dass die N- und P-Konzentrationen von 2007 auf 2009 anstiegen, 

wohingegen die Korngrößenverteilung unverändert blieb. Die Sedimentfracht und der 

zugehörige Nährstoffgehalt von N, P, Corg nahmen signifikant (P < 0.05) von den 

flussabwärts und tiefer gelegenen Gärten (L1 und L2) hin zu den flussaufwärts und höher 

gelegenen Gärten (H1 und H2) ab. Die K-Einträge waren nicht signifikant unterschiedlich. 

Keiner der Gärten erhielt organischen Dünger und der einzig verwendete mineralische 

Dünger war Harnstoff (46-0-0). Dieser entsprach 29, 30, 54, und 67% des Gesamt-N-

Eintrags in die Gärten L1, L2, H1, bzw. H2. Der ermittelte Anteil von N, P, K und C aus der 

Sedimentfracht der Fluten betrug 67, 94, 6 und 42% in den niedrig gelegenen Gärten und 33, 

86, 4 und 37% in den höher gelegenen Gärten. Bewässerungs- und Regenwasser trugen 

wesentlich zum K-Eintrag mit 96, 92, 94 und 96% des Gesamt-K-Gehaltes von Garten L1, 

L2, H1 und H2 bei. In gleicher Reihenfolge betrug die Gesamtrockenbiomasse 26, 18, 16 

bzw. 1,8 t ha-1. Die jährlichen Nährstoffverluste wurden auf 0,02 kg NH4
+-N ha-1 (SE = 0,004), 

0,03 kg NO3
--N ha-1 (SE = 0,002) und 0,005 kg PO4

-3-P ha-1 (SE = 0,0007) geschätzt. 
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Die ermittelten Unterschiede zwischen Nährstoffzufuhr und -verlust weisen auf negative 

P- und K- und auf positive N- und C-Bilanzen in allen Gärten hin. Dies wiederum macht die 

Notwendigkeit geeigneter landwirtschaftlicher Maßnahmen wie z. B. regelmäßigere Düngung 

oder Mulchen deutlich. Nicht in dieser Studie angewendete Quantifizierungsmethoden von 

Nährstoffflüssen, wie N2-Fixierung, Trockendeposition und Gasemissionen von C und N sind 

notwendig, um die Nachhaltigkeit dieser intensiven Gartensysteme besser zu verstehen.  

Der zweite Teil der Studie beschäftigte sich mit Brennöfen zur Backsteinherstellung. 

Insgesamt wurden 50 Besitzer oder Betreiber von Backsteinbrennöfen zwischen Juli und 

August 2009 mit Hilfe eines halbstandardisierten Interviews befragt. Die ermittelten Daten 

beinhalten saisonale Informationen zu den im Jahresverlauf schwankenden Preisen, Alter, 

Familiengröße, Ausbildung, Landbesitz, Anzahl und Besitz der betriebenen Brennöfen, 

Dauer der Betriebsstunden, der Einsatzmenge von Kuhdung und Brennholz und Preisen der 

Ausgangsstoffe und Endprodukte. Hinzu kamen Daten zum Einkommen und zur 

Kostenregulation zwischen Bauern, Grundstückseigentümern und Tierzüchtern. Über 

deskriptive Statistik, Finanzkalkulationen und den Gini-Koeffizient wurde herausgefunden, 

dass gepachtetes Land, welches für die Backsteinproduktion benötigt wurde, einen fünffach 

höheren Erlös erbrachte, als landwirtschaftlich genutzte Flächen. Der Gini-Koeffizient wies 

außerdem darauf hin, dass Brennofenbesitzer im Vergleich zu Bauern eine bessere 

Einkommenssituation hatten.   

Um die Treibhausgas (Englisch: GHG) Emissionen und Verluste von N, P, K, Corg und 

die Trockenbiomasse des Kuhdungs zu erfassen, wurden Kuhdungproben (locker und 

kompakt) von verschiedenen Brennöfen gesammelt und auf ihren N-, P-, K- und Corg-Gehalt 

untersucht. Dazu wurde ein modifiziertes Verfahren des Intergovernmental Panel on Climate 

Change (IPCC, 1994) verwendet, welches zur Abschätzung der Gasemissionen von 

Kuhdung und Brennholz dient. Die Menge des geschlagenen Holzes wurde gemäß dem 

Standardwertes für die Holzdichten (Dixon et al., 1991) und dem Ausdehnungsverhältnis für 

Äste und kleine Bäume geschätzt (Brown et al., 1989). Es ergab sich, dass der monetäre 

Wert der Mengen an N- und P-Kuhdung etwas geringer ist als der für Mineraldünger. Der 

Jahresverbrauch von Trockendung (381 t) als Biomassebrennstoff übersteigt den Verbrauch 

von Brennholz bei weitem. Unter Zuhilfenahme von IPCC Standardwerten waren die GHG-

Emissionswerte des Kuhdungs viel höher, als die des Brennholzes. Die Hauptemissionsgase 

des Kuhdungs und Brennholzes waren CO2, CO und CH4. Da das Gerif-Land ein 

multifunktionales Landnutzungssytem beherbergt, kann eine effiziente Nutzung natürlicher 

Ressourcen (Wald, Dung, Land und Wasser) die Nachhaltigkeit der UA und 

Backsteinproduktion fördern. Das Einsetzen neuer Backsteinöfen mit verbesserter 

Energieeffizienz würde die Menge an Biomassebrennstoffen (Tierdung und Holz) als auch 
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GHG-Emissionen und die Gefahr der Abholzung der wenigen verbliebenen Wälder 

reduzieren. 
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Chapter 1  

General introduction 
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1.1. Urbanization  

Urbanization is a global phenomenon in both the developed and developing world and is 

probably due to population growth and rural migration (Cohen 2006; Drechsel and Dongus 

2010). Urbanization takes into account human, economic and social aspects (Alaci 2010). In 

2030, around 60% of the world population will be urbanized, while in 1950 only one-third was 

living in urban areas (Cohen 2006). In developing countries of Africa and Asia, urban 

population is expected to double between 2000 and 2030 (De and Soni 2009) due to land 

degradation, conflicts, food insecurity, poor education, unemployment, and lack of 

infrastructure in rural areas (Elagib 2010; Pantuliano et al. 2011). 

Urbanization also contributes to climatic change given the intensity of urban cultivation 

systems (De and Soni 2009). Nonetheless, urbanization can also be considered a driving 

force of development in and the economy of cities, creating new opportunities for investors, 

marketers and consumers, whereby large urbanized areas experience significant economic 

growth (Cohen 2006). As urbanization increases, so does the need for food, energy, shelter 

and water. Thus the biggest challenge for urban planners is to find a balance between urban 

resources and urban landscape towards a sustainable urban development. 

Khartoum, the political and economic capital of the Republic of Sudan, has grown rapidly 

in recent years. The city’s population rose from 250,000 in 1956 to an estimated 3.3 million in 

1990 (Bannaga 1996; Assal 2008). The population density thereby increased from 24.1 

persons km-2 in 1956 to 58.9 persons km-2 in 1983 and to 162.8 persons km-2 in 1993 

(Ministry of Culture and Information, 1994). Today the population of Khartoum is estimated to 

be 5.3 million people, with a population density of 248 persons km-2 (Central Bureau of 

Statistics 2009). Rapid, unorganized, sometimes unauthorized urban growth (urban sprawl) 

has become a prominent feature of Greater Khartoum (El Tayeb, 2003). Rural mass exodus 

to Sudanese urban centers is attributed mainly to geographically and socially uneven 

development and the concomitant depression of rural ecosystems and communities, the long 

civil war and armed conflicts, and natural disasters such as droughts and famines. The 

number of displaced people has been estimated by the Commission for Relief and 

Rehabilitation at 4 million, of whom 1.8 million live in Greater Khartoum and about 2 million 

others are in other urban centers (El Tayeb, 2003). 

1.2. Functions of urban agriculture (UA)  

Urban agriculture is not a new phenomenon. Since ancient times UA has made 

important contributions to feeding city dwellers. Recently collected qualitative and 

quantitative data show that increasing numbers of urban poor are engaged in urban and peri-

urban agriculture (UPA) as a poverty alleviation strategy. As many as 800 million people are 

employed in urban and peri-urban farming and related enterprises, and this number is likely 
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to increase in the future (Mougeot 2000). Urban agriculture potentially integrates food 

production, environment and socio-economics, thus offering a multifunctional strategy to 

planners (Aubry et al. 2010; Lovell 2010). Furthermore, UA is contributing to the livelihoods 

of urban dwellers by providing income, food and job opportunities (Pearson et al. 2010; 

Zezza and Tasciotti 2010). Moreover, UA facilitates direct access to food for the poor and a 

stable supply of diverse foods for the middle class (Lovell 2010; Zezza and Tasciotti 2010). 

According to Dessus et al. (2008) poor urban dwellers can also be market consumers, 

buying their food exclusively in cities and therefore particularly vulnerable to food price 

increments. Consequently, their nutritional status is often at risk. Thus, UA influences the 

nutritional status of urban households. According to Maxwell (1998) symptoms of malnutrition 

are significantly higher in non-farming families than farming ones. Taking advantage of the 

proximity of local markets, urban gardens are oriented to produce vegetables and animal 

products (Mougeot 2000; van Veenhuizen 2006; Zezza and Tasciotti 2010). For instance, in 

Kampala (Uganda), Kathmandu (Nepal) and in Zambia, most of the poultry and food stuff are 

produced within and around the cities (Bryld 2003). Urban agriculture also contributes to 

recycling of human waste by using waste water and composting solid waste for use in the 

cultivation of crops (Lovell 2010). 

1.3.  Urban agriculture in Khartoum  

A study of Thompson et al. (2009) identified four groups of gardens in urban and peri-

urban agriculture (UPA) of Khartoum: field crops, orchards, micro-orchards and mix gardens 

consisting of field crops, vegetables, fruits and spices. However, only 47 species (Thompson 

et al. 2009) were identified which is considered low compared to the total of 100 species 

identified in Niamey, Niger (Bernholt et al. 2009) and 81 species found in El-Obeid, Sudan 

(Gebauer 2005). The harvested products are strongly market oriented and not mainly for the 

households’ self-sufficiency (Thompson et al. 2009). In the fertile soil of the River Nile banks, 

gardens are utilized intensively year around and dominated by fast-growing leafy vegetables 

(Thompson et al. 2009). The total cultivated area in Khartoum State is estimated to be 

66,029 ha in the winter season and 53,327 ha in summer (Ministry of Agriculture, Animal 

Resources and Irrigation, 2007). Agricultural areas are fully irrigated from the Nile or 

groundwater wells, because the amount of rainfall (146 mm) is not sufficient for crop water 

requirements (Schumacher et al. 2009). UPA in Khartoum is characterized by intensive 

inputs such as inorganic fertilizers and pesticides (Thompson et al. 2009). This to a great 

extent resembles the UA gardens in other African countries (Graefe et al. 2008), but it 

deviates a little with regards to the use of organic fertilizers. Animal dung as organic fertilizer 

is used worldwide mostly as a soil organic amendment or non-woody biomass fuel. In order 

to reduce fertilizer costs in sub Saharan African countries, animal dung is used in intensive 
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cultivation systems by poor gardeners to compensate for the steady consumption of soil 

nutrients (Drechsel et al. 2006; Graefe et al. 2008). In contrast, in Khartoum animal dung is 

mostly used as biomass fuel in traditional brick making (Alam and Starr 2009; Pantuliano et 

al. 2011). However, the resilience of UA systems to the dynamic changes in the city is 

related to the efficient use of natural resources (Schumacher et al. 2009; Lovell 2010).  

1.4. Problems and challenges in UA 

Competition in land use is documented in different countries of the world where 

agricultural land shifts to built-up or recreational areas (Schumacher et al. 2009; Lovell 

2010). Due to the land use competition and the increased value of the land for construction 

needs (Lovell 2010), urban dwellers offer combine different activities. In Antananarivo 

(Madagascar) farmers practice fishing and brick making together with rice cultivation (Aubry 

et al. 2010). Alam and Starr (2009) reported that traditional brick making in Khartoum is 

practiced along the river banks at the expense of the cultivated area. Brick making and 

animal husbandry in the proximity of cultivated lands may lead to their exposure to heavy 

metals and pathogens (De Bon et al. 2009). Such overlapping of agriculture and brick 

making is creating an additional challenge to UA system in Khartoum (Aubry et al. 2010).  

Problems such as limited land area, insecure land tenure, high input costs and market 

price fluctuations have been documented for many UA systems (Drechsel and Dongus 2010; 

Thompson et al., 2010). Limitation of the land area and crop intensification drives farmers to 

use excess amount of minerals fertilizers which increase input costs (De Bon et al. 2009). 

Integration of multi-production system such as livestock, fruit trees, field crops, vegetables 

and aquaculture in the same space reduce input costs and often price fluctuation (De Bon et 

al. 2009).  

1.5. Nutrient flows and balances  

Nutrient cycling involves complex biological and chemical interactions, some of which 

are not yet fully understood and certainly poorly quantified in the context of UPA. A simplified 

version of this cycle, based on Smaling (1993) and Smaling et al. (1993a, b), consists of two 

parts: “inputs” that add plant nutrients to the soil and “outputs” that export them from the soil, 

largely in the form of agricultural products. Important input sources include inorganic 

fertilizers, organic fertilizers such as manure, plant residues, cover crops and N-fixation by 

leguminous plants and atmospheric N deposition. Nutrients are exported from the field 

through harvested crops and crop residues that are removed from the fields (i.e. for use as 

fodder elsewhere), as well as through leaching, atmospheric volatilization and water erosion. 

Given the large on-going intensification of UPA, quantitative estimates of plant nutrient 

depletion of soils may allow us to understand the current state of soil degradation and to 

apply corrective measures (Jager et al. 1998a). One method to monitor the fluxes and stores 
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of nutrients is to set up nutrient balances. The basic information provided by such nutrient 

balances helps to determine whether an ecosystem is losing or accumulating a given 

nutrient. In addition, nutrient budgets may serve as a basis for further biogeochemical, 

environmental, and ecological research (Jager et al. 1998b). Planning future research is 

difficult without a true understanding of the factors that influence the rates of nutrient import 

and export as well as the ecosystem pools responsible of nutrient storage. Nutrient budgets 

also play a vital role in the identification of key pools and processes that affect nutrient 

cycling in an ecosystem.  

1.6. Brick making activity 

For Khartoum, brick making has been identified as one of the most important activities in 

urban and peri-urban areas (Aubry et al. 2010; Ishaq et al. 2010). It is often considered an 

additional or alternative source of income for poor urban dwellers and farmers who also work 

in brick making (Jensen 2004). In Dakar, farmers grow rice for self-sufficiency and produce 

bricks for sale to support their agricultural activities (Aubry et al. 2010). In Vietnam, at least 

one of the households’ members is involved in brick making as a source of off-farm income 

(Jensen 2004). 

Khartoum State harbors a considerable number of livestock (Alam and Starr 2009), 

producing an estimated 104,000 t of manure annually (Omer and Fadalla 2003). Khartoum 

also comprises the largest number of brick making units compared to other parts of the 

country (Alam and Starr 2009). Rapid population growth leads to an increase in the size of 

constructed areas; thus raising the demand for bricks, which are the main building 

components (Jensen 2004). This, in turn, has led to the expansion of brick kilns along the 

banks of the Nile at the expense of agricultural lands. In Vietnam the brick making units are 

placed on the land adjacent to the river where clay is available (Jensen 2004). However, in 

addition to the competition between crop production and brick making for resource such as 

land, water and dung, brick making contributes to soil deterioration, erosion and 

environmental pollution as it constitutes a source for greenhouse gases emission (GHGs) 

(Ahmed et al. 2010; Aubry et al. 2010; Pantuliano et al. 2011). Soot and heat can be 

hazardous to plants, workers and nearby residents (Jensen et al. 2004; Le et al. 2010). The 

digging of holes in the river banks can cause soil erosion, soil degradation and trap 

sediments in the low areas of the fields (Ahmed et al. 2010). Furthermore, the indiscriminate 

removal of wood from forests due to wood demands exacerbates environmental damage 

resulting from GHGs emissions (Alam and Starr 2009; Tahir et al. 2010).  

1.7. Research Objectives and hypotheses 

The objectives of this study were to (1) provide information on the socio-economic 

characteristics and agricultural practices of UA in Khartoum and to identify areas where 
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further research is needed to enhance its sustainability; (2) provide a comprehensive 

overview of the soil fertility status and nutrient fluxes in one of the most intensively utilized 

UA areas in Khartoum city; (3) to analyze the socio-economic status of red brick kiln owners; 

(4) to ascertain the profitability of brick production compared to agricultural land use and the 

income distribution among farmers and kiln owners; (5) to assess the plant nutritional and the 

economic value of animal dung as organic fertilizer compared to inorganic fertilizers, and (6) 

to evaluate the environmental impact of using animal dung and fuel wood in brick making. 

The study is based on the following hypotheses:  

(1) Nutrient input through sedimentation of the River Nile flood leads to a positive nutrient 

balances in Gerif soils of UA lands of Khartoum, Sudan. 

(2) The UA systems in Khartoum is characterized by a large loss of nutrients through 

over-utilization of agricultural land and under-utilization of animal waste, which due to 

economic reasons goes to the brick making activity rather than being used as a soil 

amendment. 

(3) The assessment of the status quo of UA in Khartoum State through biophysical, 

socioeconomic and management-related data will help to determine avenues for 

inefficiencies and allow designing appropriate corrective measures. 

(4) The use of animal waste as organic fertilizer in Khartoum will increase nutrient stocks 

in soils and reduce the gardeners’ input cost and enhance soil fertility.   
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Chapter 2  

Characterization of urban agricultural activities in Khartoum city, Sudan 
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Abstract  

With the rapid urbanization occurring in Khartoum, there is an urgent need to produce 

more food to satisfy the increasing demand of the urban population. While food production in 

and around the city is not a new phenomenon, it has received only limited attention by 

scientists and policy makers. Little is known about the socio-economic conditions of the 

urban gardeners and their production practices. The objective of this study therefore was to 

analyze the structure of the existing gardening systems and to identify areas where further 

research is needed to enhance their sustainability of production. To this end, a baseline 

survey was conducted from March to June 2007. Forty garden households were randomly 

selected and heads of households interviewed using a semi-structured questionnaire. The 

results revealed that urban agriculture (UA) is the exclusive domain of men. All 40 

households surveyed were involved in commercial vegetable gardening, 33% were 

cultivating fodder crops and 5% were keeping goats and sheep. 78% of the gardeners were 

younger than 55 years and 80% were non-native to Khartoum. Only few of them were 

landowners whereas 90% were running their activities under the tenant-sharecropping 

system. Vegetable growing was the main source of income generating activity for 83% of the 

gardeners. Leafy vegetables with short growth cycles such as Jew’s mallow (Corchorous 

olitorius L.), purslane (Portulaca oleracea L.) and rocket (Eruca sativa Mill.) were the most 

dominant cultivated species. The main sources for irrigation water were the River Nile and 

wells. Almost all gardeners applied pesticides and mineral fertilizers. 95% of gardens were 

continuously cultivated all the year around without any fallow period. Three groups of 

gardens were distinguished by cluster analysis based on differences in garden activities, 

origin of the gardener and management practices. These are mixed vegetable-fodder 

gardens, mixed vegetable-subsistence livestock gardens and pure vegetable gardens.  

 

Key words:  garden diversity, management practices, socio-economics, UA, urban 

agriculture 
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2.1. Introduction  

Urban agriculture (UA) is defined as growing crops and keeping animals within urban 

environments (Bailkey and Nasr 2000; Mougeot 2000; Obuobie et al., 2006). It is a worldwide 

phenomenon that has lately gained increased attention in both developed and developing 

countries (McClintock 2010; Drechsel and Dongus 2010). In the rapidly growing cities of the 

world, mainly located in developing countries (Cohen 2006), UA makes a significant 

contribution to the livelihoods of urban dwellers, providing food security, employment and 

income (Howorth et al., 2001; Pearson et al., 2010; Zezza and Tasciotti 2010). Additionally, it 

plays an important environmental role by transforming urban wastes into crop amendments 

(FAO 2001; FAO 2010). 

Despite many constraints, this very often informal activity is still growing in importance in 

many sub-Saharan African cities, where it seems to be resilient to changing environments 

(Drechsel and Dongus 2010). This is particularly true for Khartoum, where Schumacher et al. 

(2009) observed between 1972 and 2006 a pronounced spatial dynamic and expansion of 

UA areas. The authors estimated an annual increase of the total urban cultivated area of 172 

ha year-1. 

Khartoum, the capital city of the Sudan, is situated in the east-central region of the 

country. It is endowed with rich water resources from the Blue Nile, the White Nile, seasonal 

streams and underground water. Since several decades’ people are migrating to Khartoum 

given better job opportunities, more settled livelihoods, better opportunities for education, 

and to escape form violent conflicts and drought (Jacobsen 2008). In 2003, 40% of the total 

population of Khartoum was composed of refugees and displaced people from different parts 

of the country (Breidlid 2005; Abusharaf 2009) and neighboring countries (Kibreab 1995; 

Elagib and Mansell 2000). To cope with the increase in settlement demand, there is an 

expansion of the built-up area at the expense of UA land (Babiker 1982; Adam 2007).  

Urbanization in Sudan and especially in Khartoum gained momentum with the outbreak 

of the north-south civil war in 1955 and was further accelerated in the 1980s as a result of 

droughts and the effect of desertification (Breidlid 2005; Elagib 2010). Between 1993 and 

2008 the country’s population grew by an annual rate of 2.8 and recently urban population 

reached 29.5% of the total population with 13.5% living in the capital (Central Bureau for 

Statistics, 2009).  

The challenge facing urban planners and decisions makers is to manage the increased 

pressure on natural resources such as fertile soils, water and biomass energy. To satisfy this 

high and increasing demand for food, available areas are being cultivated intensively. To 

enhance the sustainability of UA in Khartoum, collaborative efforts of all stakeholders are 

needed to address these challenges.  
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The objectives of this study are to provide information on socio-economic characteristics 

and agricultural practices of UA in Khartoum and to identify areas where further research is 

needed to enhance its productivity while minimizing negative environmental and socio-

economic impacts. 

2.2. Materials and methods  

2.2.1. Site description  

Greater Khartoum, which is located at the confluence of the White and Blue Niles, is one 

of Sudan's twenty-six states. Situated in the east-central region (15° 40´ N, 32° 30´ E, 382 m 

a.s.l), it covers a total land area of 22.142 km2 (World-Gazetteer, 2010). Its population was 

estimated to 5.3 million in 2008 (Central Bureau of Statistics 2009). Greater Khartoum 

comprises the three cities of Khartoum, Khartoum North and Omdurman.(Figure 1; Elagib 

2010). Khartoum has a semi-desert climate (Ahmad 2002) characterized by an average 

annual rainfall of 200 mm (Hamad and El-Battahani 2005). Peak rainfalls and peak flows of 

the Niles occur in the period from July to August (Sutcleffe et al. 1989; Anbah and Siccardi 

1991; Barakat 1995; Hamad and El-Battahani 2005). Daily average temperatures range from 

18 to 27°C between November and February and reach 45°C in May (Eltayeb 2003). Soils 

are generally from alluvial origin ranging from clay to lighter silt soil followed by sandy clay 

soils at the River Nile banks. They are characterized by low organic matter and high water-

holding capacity (El-Attar 1969). 
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Figure 1.  Satellite images (Google Earth Pro, Google, Mountain View, CA, USA) of 

Khartoum, Sudan, 2007. The white dotes indicate the location of the 40 gardens surveyed.  

2.2.2. Data collection  

A baseline survey using a semi-structured questionnaire was carried out between March 

and June in 2007 during which a total of 40 garden households (HH) distributed across the 

three parts of greater Khartoum (Khartoum North, n = 29; Khartoum, n = 4; and Omdurman, 

n = 7) were randomly selected and surveyed. The questionnaire included information on the 

demographic, socio-economic and migratory characteristics of the households (e.g. age, sex 

and education of household head (HHH), family size, ethnic background) and on their garden 

activities (e.g. objectives of production, gardening system, cultural practices such as the 

cropping patterns, methods of soil preparations, source of irrigation water and seeds, use of 

minerals and organic fertilizers and of other chemical inputs) and the problems encountered.  

A handheld GPS (Trimble Geoexplorer II, Sunnyvale, CA, USA) was used to determine 

the location and the size of the gardens 

Table 1.  Description of the household variables used to classify the surveyed gardens in 

urban Khartoum. 

Variable code Description  

Numerical  

GARSIZEHA Gardens area (in ha) 

FERKGHA Applied urea (in kg ha-1) 

AGE Age of the HHH (in years) 

FAMILYLABOUR Family labor, defined as total numbers of males ≥ 15 years old 

Nominal  

NNATIVE Origin of the households (non-native = 1, native = 2) 

OFF_GARDEN Off-garden income (no = 1, yes = 2 ) 

PROD_RELA Production relations (share tenant = 1, owner = 2) 

LIVESTOCK Livestock keeping (no = 1, yes = 2) 

FODDERGROW Fodder grower (yes = 1, no = 2) 

N_GARDEN Number of garden  (mono = 1, multi = 2) 

SOIL_PREP Soil preparation (tractor = 1 , oxen = 2, tractor + oxen = 3) 

SOURCE_WAT Irrigation water source (Nile = 1, well = 2 and Nile + well = 3) 

CROPP_SYS Cropping systems (vegetable = 1, fodder = 2, vegetable + fodder = 3)   

2.2.3. Data analysis 

First, descriptive statistics were used to describe the socio-economic characteristics of 

the household’s sample. Then, a two-step cluster analysis was performed on a total of 13 
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variables (Table 1) to classify the households into homogeneous groups. Subsequently, the 

different groups of gardens identified were characterized using descriptive analysis. All 

statistical analyses were performed with SPSS/PASW version 18.0 statistical package 

software (SPSS Inc. 2010).   

2.3. Results 

2.3.1. Household socio-economic characteristics  

The majority (77.5%) of household heads fall within the age-group of 26-55 years (Table 

2). Average household size was about 6.3 with half of the households surveyed having 6 to 

10 members. 58% of the household members were males. Gardening is exclusively 

undertaken by males and constitutes their main source of income. The production is 

essentially market oriented. Only 35% of the households’ heads had an extra off-garden 

income source. Off-garden income generating activities include leasing property, pension, 

brick making, working in neighboring fields and small-scale bakeries. Surveyed households 

belonged to 21 different ethnic groups dominated by Ja’alein (20%), Shaigiya and Tama with 

(7.5%) for each. Only 20% of them were native to Khartoum. The rest were migrant families 

mainly from Darfur and Kordofan (35%), Northern Sudan (35%) or Gezira, Singa and 

Algedarif (10%), where they were involved in gardening activities. Most of them (80%) had 

migrated to Khartoum during the last four decades. The majority of the households surveyed 

(75%) live in their garden, while the remaining reach the garden by public transport (20%) or 

on foot (5%). 

2.3.2. Agricultural practices 

All forty households surveyed were involved in commercial vegetable production, 32.5% 

in fodder crop cultivation and 5% keep a few goats and sheep (Figure 2).  

Most of the gardeners cultivated just one garden. The majority (90%) of the gardeners 

manage their gardens in a tenant-sharecropping system while only 10% were landowners. 

Fallow system was practiced by few gardeners during the period from March to May (Table 

3).  

With regards to vegetable production, there were three cropping seasons; winter season 

from October to March, hot dry summer season from April to June and rainy season from 

July to September. Cultivation during rainy season is very often affected by high flooding 

which covers all parts of the floodplain. Leafy vegetables with short growth cycles such as 

rocket (Eruca sativa Mill.), Jew’s mallow (Corchorous olitorius L.) and purslane (Portulaca 

oleracea L.) were the most common vegetables and grown throughout the three cropping 

seasons (Figure 3). They were followed in importance by onion (Allium cepa L.) and radish 

(Raphanus sativus L.) which were grown mainly in winter and summer, respectively. 



Characterization of urban agricultural activities in Khartoum city, Sudan 

16 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Distribution of agricultural activities among the gardener households interviewed in 

urban Khartoum, Sudan (n = 40).  

 Fruity vegetables like cucumber (Cucumis sativus L.), snake cucumber (Cucumis melo L.) 

and tomato (Lycopersicon esculentum Mill.) were exclusively grown in winter. Alfalfa 

(Medicago sativa L.), maize (Zea mays L.) and sorghum (Sorghum bicolor (L.) Moench) were 

the major cultivated fodder crops and mostly grown in the winter season. In addition to the 

vegetables and fodder crops, different species of fruit trees could be identified in 20% of the 

gardens. These trees included date palm (n = 12; Phoenix dactylifera L.), grapefruit (n = 1; 

Citrus x paradisi Macfad.), guava (n = 21; Psidium guajava L.), and lime (n = 161; Citrus 

aurantiifolia (L.) Swingle). The fruits were mostly used for home consumption, and to a lesser 

extent for sale. 

Gardening entirely depends on irrigation. All surveyed gardens used surface irrigation 

utilizing fuel or electric pumps to lift water from the Nile (60% of gardens) or from wells 

(37.5% of gardens). One gardener was using water from both sources (Table 3).  

Thirty nine gardeners used tractors either exclusively (14 gardeners), in combination with 

oxen (18 gardeners) or with manually operated local device (7 gardeners) to prepare the soil. 

One gardener used exclusively oxen-drawn ridge for land preparation.   

The large majority (92.5%) of gardeners applied only mineral fertilizers. The remaining 

7.5% used manure to supplement mineral fertilization application (Table 3). The most 

commonly used mineral fertilizers were urea, super phosphate and foliar sprays. One or 

combinations of these fertilizers were applied during the cropping cycle (Table 3).  

Aphids (Aphis gossypii), whiteflies (Bemisia tabaci), jassids (Empoasca lypica), and leaf 

beetles (Microtheca ochroloma Stål) were the most common pests reported by the gardeners 

(Figure 4). Most of the gardeners (90%) stated that they use pesticides as pest control 

strategies. The crops most exposed to pesticides application as reported by gardeners were 

rocket, Jew’s mallow and purslane (Figure 5).  
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Table 2.  Demographic and socio-economic characteristics of gardeners and their family 

members in urban gardens in Khartoum. 

Comparison element  Household head (HHH) age structure (n = 40)  

 15-25 26-35 36-45 46-55 > 55  

Age distribution 3 12 9 10 6  

       

 Research population age structure (n = 241)  

 0-5 6-15 16-25 26-55 > 55 Total 

Male 12 42 30 49 6 139 

Female 11 23 30 37 1 102 

Living in the HH 5 11 14 31 2 63 

Educated - 54 52 30 - 136 

EOM1 - - 6 7 - 13 

ERM2 - - 3 10 - 13 

       

 Years of resident for the non-native HHH (n = 40)  

 >1 1-10 11-20 21-30 31-40  

HHH (no) 2 11 6 9 4 32 

   

 Migration status (n = 40)  

 Central North West  

HHH (no) 4 14 14 32 

     

 Mobility to garden (n = 40)  

 Live on garden On foot Public transport  

HHH (no) 30 2 8 40 
1 earning occasional money, 2 earning regular money 

Input items were categorized according to their expenses into three categories (high 

expenses (I), medium expenses (II) and low expenses (III); Figure 6). 52.5% of the 

gardeners reported seeds and fertilizers as high expenses input, followed by 25% considered 

irrigation as the high expense input. 22.5% of the gardeners reported medium costs for 

seeds and fertilizers. The most frequently mentioned production constrains were marketing 

(43%) followed by input costs (26%), lack of capital (17%) and low labor availability (8%) 

(Table 3).  

2.3.3. Garden typology 

Three groups of urban gardens were distinguished by the cluster analysis: mixed 
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vegetable-fodder gardens, mixed vegetable-subsistence livestock gardens and pure 

vegetable gardens. The most discriminating variables were those related to the diversity of 

garden activities, the origin of the household and the garden management practices (Table 

4).  

Table 3.  Numerical distribution of households’ activities and problems encountered by 

gardeners engaged in urban gardening in Khartoum (n = 40). 

Variable Measurement level Frequency 

Production relations Share tenant 36 

 Land owner   4 

Fallow system No 38 

 Yes1   2 

Covered by flood No 29 

 Yes2 11 

Irrigation water source Nile 24 

 Well 15 

 Nile + Well   1 

Multi- gardens and crops Gardens   6 

 Crops 38 

Type of fertilizers Mineral 37 

 Mineral + Organic   3 

Problems Marketing 10 

 Irrigation cost   4 

 Funding   3 

 Labor   2 

 Inputs cost   2 

 Diseases   1 

 Land preparation   1 
1 fallow system from March to May, 2 flooding time from August to October  

The mixed vegetable-fodder gardens had significantly higher average garden size (2.2 

ha) than the two other types. In addition to growing vegetables, most of the gardeners (90%) 

grow fodder and raise a few animals mainly for household consumption. They mainly used 

tractor and animal power for land preparation and water from River Nile for irrigation. The 

majority of landowners fell in this group, which included native and non-native gardeners.  

In comparison, the mixed vegetable-subsistence livestock gardeners were less inclined 

to growing fodder. All gardeners in this group were non-native to Khartoum and were 

managing their gardens in a tenant-sharecropping system. In contrast to their peers in the 
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first group the majority of gardeners (71%) in this group utilized water from wells for irrigation. 

 

Figure 3.  Number of garden cultivated with the respective plants at the three agricultural 

seasons of Khartoum, Sudan.  

 

Figure 4.  Common insects identified by gardeners within urban gardens in Khartoum, 

Sudan. The values indicate the number of gardens. 

The pure vegetable gardeners did not keep livestock. Only a few number of them 

produced fodder for commercial purposes. Most of them were non-native to Khartoum. 
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Compared to the other two groups, they had significantly smaller average garden size (1 ha) 

and were all using tractor for land preparation. Most of them were using water from the River 

Nile for irrigation.  

 

Figure 5.  The crops most treated by pesticides within urban gardens in Khartoum, Sudan. 

2.4. Discussion 

Although the data presented in this study are preliminary in nature, some characteristics 

of UA in Khartoum could be identified. The first one is the simple observation that men 

gardeners predominates urban food cultivation in Khartoum. This is in contrast to the findings 

of studies in Uganda (Maxwell 1995; Binns and Lynch 1998), Ghana (Danso and Drechsel 

2003), Cameroon (Goekowski et al., 2003) and Senegal (Kessler et al., 2004), where women 

are the main actors in UA. The observed case in our study could be due to the fact that 

Sudanese communities generally consider gardening to be a male business, though females 

are involved in vegetable marketing as their primary means of generating income for 

household expenditure.  

UA in greater Khartoum State is practiced by different ethnic and age groups. The 

gardeners are from various tribes in Sudan (Appendix B). This finding corroborates the 

recent work of Thompson et al. (2010). The majority of the gardeners in our study are 

migrants from different parts of Sudan who might have migrated for several reasons, 

including local conflicts and environmental causes such as desertification and the effects of 

droughts (Eltayeb, 2003; UNEP, 2007). The study points to the fact that migration processes 
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are dominated by men, who constitute more than half of the household’s population. This is 

similar to the finding of Eltayeb (2003) who reported that 54% of the Khartoum populations 

were males aged from 15-64 years.  

 
Figure 6.  Expenses of urban gardeners in Khartoum, Sudan.  

The average family size reported in the present study was slightly above the average for 

urban Khartoum between the years 1973 and 1993 (5.9 and 6.2), as reported by Elbushra 

(1987) and Ahmad (2002), but was almost equal to the country average of 6.4 in 1999 as 

reported by the Central Bureau of Statistics (2009). Despite this, quite a large number of 

gardeners depend on hired labor in executing garden operations which could be due to the 

possibility that family members prefer non-garden activities with higher income. This was the 

case in a study by Ogungbile (1998) in Nigeria who reported that family labor contributed 

only 36% to the labor force leading to gardeners relaying heavily on hired labor. However, in 

the current study not all members of the household live together which could be responsible 

for the use of hired labor by Sudanese gardeners. The concept of households in Khartoum 

therefore deviates from the definition of Smeeding and Weinberg (2001), who assumed that 

all household members live within the same dwelling unit.  

UA is practiced intensively on narrow strips along the River Nile because of the fertile 

land and irrigation water. They are affected by high input costs for seeds, fertilizers (minerals 

and organic) and pesticides as well as the limited availability of farm land. The gardeners 

were found to cultivate only very small gardens which, to a large extent, resemble the open-

space production system practiced, for instance in the African cities of Kumasi, Dar es 
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Salaam and Harare with mixed leafy vegetables, often the only source of income for the 

households (Cofie et al., 2003; Drechsel et al., 2006). To overcome and reduce risks from 

fluctuating market prices, gardeners cultivate a mixture of crops and by doing so returns from 

crop sales tend to be higher than from sole cropping (Ogungbile et al., 1998).  

Limited areas were grown with fruit-bearing vegetables such as tomato, eggplant 

(Solanum melongena L.) and cucumber. Gardeners were reluctant to grow large areas 

with these crops due to risk of crop theft by passers-by. They, therefore, adopt a strategy 

where they cultivate crops that ripen faster or look like non-edible weeds.  

A high percentage of the gardens are managed on a tenant system by migrant 

gardeners resident in Khartoum. To cope with insecure land tenure, gardeners adopt 

techniques such as low investment, restricted tree planting and livestock raising (Drechsel 

and Dongus 2010; Thompson et al., 2010). Under the given circumstances growing leafy 

vegetables is easy, fast and their market potential is high due to the freshness of the product 

which can be easily transported to city center and marketplaces. Green leafy vegetables are 

consumed as fresh salad or processed into sauces, which are commonly cooked.  

The majority of the interviewed household heads applied pesticides irrationally without 

caring about the quantity which may cause contamination to the product. Information 

concerning the use of pesticides was received from merchants as well as from gardeners. 

Leafy vegetables like Jew’s mallow, purslane and rocket are the most susceptible crops to 

insects because they were the crops on which pesticides were mostly applied. Gardeners’ 

statements varied in time of insect infestation especially for aphids and whitefly but generally 

it was high during transition months from winter to summer (February and March), and for 

jassid and leaf beetle they emerge during the humid months between July and December. 

Urea is the most widely used fertilizer with high variation among gardeners in terms of 

quantity applied. The amount applied by each gardener is based on personal judgment 

rather than research recommendation. Very few gardeners use farm yard manure (FYM) 

irrespective of its benefits to crop growth as well as its known effects on improving the soil 

condition. Some argued that FYM is not readily available due to competition with the highly 

profitable brick making that uses animal manure as a raw material and biomass fuel (Omer 

and Fadalla 2003; Alam and Starr 2009). A few of them believed that FYM is conducive to 

the spread of soil borne diseases.  

The cropping seasons are organized according to the flood cycle. At its peak, the flood is 

covering the entire floodplain to a depth of 1.5 meters on average. When the water recedes 

by early October, it leaves behind well-watered fields, naturally fertilized by the rich silt 

carried down from Ethiopia’s highlands and deposited on the floodplain. Reliance on 

supplementary irrigation from the River Nile, utilizing energy, for low value subsistence crops 
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could result in raising production costs. Pumping the irrigation water from the River Nile or a 

well requires substantial cash expenditures, adding to costs for seeds and fertilizers 

(Thompson et al., 2010).  

Table 4.  Frequency distribution of the variables used to distinguish between the household 

gardens in urban Khartoum, Sudan. 

Variables 
Mixed vegetable-

fodder gardens 
(n = 10) 

Mixed vegetable-
subsistence livestock 

gardens (n = 17) 

Pure vegetable- 
gardens 
(n = 12) 

  Mean ± SD  

Garden area (ha) 2.2a ± 0.8 1.5b ± 1.4 1.5a ± 1.0 

Family labor 2.1a ± 1.9 1.5a ± 1.2 1.7a ± 0.7 

Gardens activities Percentage of households 

Livestock keeping 

Yes 

No 

 

30 

70 

 

53 

47 

 

 0 

            100 

Fodder grower 

Yes 

No 

 

90 

10 

 

65 

35 

 

25 

75 

Origin of the households  

Native 

Non-native 

 

50 

50 

 

  0 

             100 

 

17 

83 

Garden management practices    

Soil preparation 

Tractor 

Oxen + Tractor 

 

  0 

             100 

 

53 

47 

 

            100 

 0 

Cropping systems 

Vegetable 

Fodder 

Mixed 

 

  0 

  0 

             100 

 

53 

  6 

41 

 

83 

    8.3 

    8.3 

Irrigation water source 

Nile 

Well 

Mixed 

 

90 

10 

  0 

 

29 

71 

  0 

 

83 

    8.3 

    8.3 
a-b Means (± SD) on the same row with different superscript are significantly different (P < 0.05) 

Factors controlling gardeners’ selection of land preparation are, first of all, their financial 

situation whereby the cost for hiring a tractor is 40 to 50 SDG per hour (1 US$ = 2.09 SDG) 

irrespective of the area and the soil type. Of similar importance is the wetness of the land. 

Wet land will restrict seed germination given the compacted nature of the soil. The last factor 

of importance is the crop type, whereby gardeners prefer to use a tractor for deep rooting 
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crops. The marketing of vegetables is mainly channeled through retailers. The produce is 

transported by hired pick-ups or Lorries for sale at the nearby marketplaces. In most cases, a 

whole plot of cowpea or Jew’s mallow, for example, may be sold to such traders, who visit 

the garden to negotiate a price prior to arranging for the harvest and transport of the produce 

to the larger city markets. The quoted obstacles which gardeners face from year to year 

include marketing problems, low output price, high input cost, lack of labor, land shortage 

and pest attack. Most of the products are leafy vegetables which are highly perishable and 

cannot be kept for long time without processing or cold storage. Most gardeners complained 

about the lack of credit for purchasing inputs like seed, fertilizers and pesticides. 

2.5. Conclusions and recommendations 

In Khartoum UA is dominated by fast growing leafy vegetables yielding immediate cash 

income for the gardeners. Enhanced crop diversity may help gardeners overcome the 

strongly fluctuating market prices and thereby strengthen the contributions of UA to the 

overall food supply to the city. In this context a better understanding of the factors that 

influence nutrient balances is needed.  
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Chapter 3  

Horizontal nutrient flows and balances in irrigated urban gardens of Khartoum, 

Sudan  
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Abstract  

The role of urban agriculture (UA) for the supply of fresh vegetables, fruits and meat for 

local markets is well known. The periodically flooded Gerif soils on the River Nile banks in the 

core of Khartoum city harbour vegetable gardens that supply perishable leafy vegetables 

with a short life cycle. In an effort to assess their sustainability and possible negative 

environmental impact we used a horizontal balance approach to determine the nutrient use 

efficiency of four intensively cropped UA gardens. Two of the gardens were located in 

downstream lowlands (L1 and L2) and the other two belonged to the upstream highlands (H1 

and H2). The river sediments contributed on average 873 kg nitrogen (N), 6.5 kg phosphorus 

(P), 6.8 kg potassium (K) and 8,317 kg carbon (C) per hectare in lowland gardens, while only 

289, 1.6, 2.5 and 1,938 kg N, P, K and C ha-1 reached the highlands. The farmers’ 

management in all four gardens resulted in horizontal N and C surpluses of 75 – 342 kg N 

ha-1 yr-1 and 798 – 6,412 kg C ha-1 yr-1, in contrast to P and K for which negative balances up 

to -45 kg P ha-1 yr-1 and -583 kg K ha-1 yr-1 were recorded. While the River Nile floods as 

important N and C source contribute significantly to soil fertility maintenance, the negative P 

and K balances call for a better integration of UA gardening with livestock husbandry and the 

regular addition of animal manure in these cropping systems. 

Key words:  Gerif soils, nutrient fluxes, soil nutrient status, sediment deposits 
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3.1. Introduction  

Urban agriculture (UA) is defined as the practice of growing crops and keeping animals 

within urban environments (Obuobie et al. 2006; Zezza and Tasciotti 2010). Urban 

populations in sub-Saharan Africa are projected to be half of the entire population in 2030 

with an annual growth rate of 3.7% (UN 2008). According to Rogerson (1997), only 10-25% 

of Africa’s urban population was engaged in agricultural activities in the 1980s, but this 

proportion increased to 70% by the 1990s. The importance of UA in African cities and its role 

for nutritional and food security, livelihoods, and recycling of urban waste becomes more and 

more prominent with the growth of urban populations and the expansion of cities (Zezza and 

Tasciotti 2010). Furthermore, UA is an important source of fruits, vegetables, eggs, meat, fish 

and milk (Drechsel et al. 2007).  

The urban population in the Sudan accounts for about 30% of the total population of 

which almost a half lives in the capital city, Khartoum, located at the confluence of the White 

and Blue Niles (Central Bureau of Statistics 2009). In Sudan 85% of the country population 

depends on the River Nile for drinking water, crop irrigation, fishing and as a source of power 

(Hamad and El-Battahani 2005). Fertile land and availability of water attracts people from the 

drought-stricken areas and contributed to the rapid urbanization process in Khartoum during 

the last three decades. This process was driven by people’s search for better job 

opportunities, livelihoods, education and the escape from war-affected regions (Elagib 2011). 

Adam (2007) estimated that in greater Khartoum, the farm land area grew by more than 

150% from year 1972 to 2000, which corresponds to results by Schumacher et al. (2009), 

who determined form high resolution aerial and satellite images an annual expansion of the 

total urban cultivated area in Khartoum by 172 ha between 1972 and 2006.  

Mining of soil nutrients is considered one of the main constraints to agricultural 

sustainability and consequently food production (Van den Bosch et al. 1998). In view of this 

numerous studies on soil nutrient fluxes and balances were carried out in different 

agroecosystems during the last decades (Van den Bosch et al. 1998; Khai et al. 2007; Diogo 

et al. 2010). In previous studies in Sudan the average amount of total NPK fertilizers applied 

in vegetable production systems was estimated at 4 kg nutrient ha-1 which is considerably 

lower than the recommend rate of 190 kg ha-1 of N and P (FAO 2006). This is aggravated by 

estimated N losses as ammonia and nitrate ranging from 30 to 70% of total applied N 

(Dawelbeit et al. 2010).  

In Khartoum the Gerif soils along the River Nile are the most fertile areas with 

productivity strongly affected by annual flood-related sediment deposition and by brick 

making based on manure burning.   
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The current study was conducted to fill an information gap on nutrient flows and soil 

fertility status in UA of Khartoum. The specific objectives were to (i) measure key soil fertility 

parameters, (ii) determine horizontal fluxes and leaching losses of nutrients and (iii) calculate 

horizontal balances of nitrogen (N), phosphorus (P) potassium (K) and carbon (C) and their 

impact on soil fertility parameters. 

3.2. Materials and methods  

3.2.1. Study area 

The study was conducted from October 2007 to March 2010 in Khartoum (15° 40´ N, 32° 

30´ E, 382 m a.s.l; Figure 1), the capital city of Sudan. The climate in the city is semi-arid with 

mean monthly temperatures ranging from 22.1 to 33.7°C, a mean annual rainfall of 136-200 

mm and characterized by three seasons (Elagib and Mansell 2000). Maximum daily 

temperatures average 29-32°C in the hot dry summer season (March-May) and 31-34°C 

during the rainy season (June-October). During the dry winter (November-February) mean 

daily temperatures drop to 23-26°C (Elagib and Mans ell 2000). The soils at the River Nile 

bank are classified as Entisols of alluvial origin, ranging in texture from clay to lighter silt and 

sandy clay. They are characterized by low organic matter, high water-holding capacity (El-

Attar 1969) and are annually flooded from July to August by Nile waters (Hamad and El-

Battahani 2005; Alam and Staar 2009).  

Major activities along the banks of the River Nile in urban Khartoum comprise gardening, 

livestock husbandry and traditional brick making all directed to satisfy local market demands. 

The latter competes with agriculture in terms of land, labour and manure for brick production 

due to its high returns. However, urban gardening is an area wise much more widespread 

activity along the banks of the River Nile (Schumacher et al. 2009; Thompson et al. 2010).  

A baseline study using a semi-structured questionnaire was conducted in 40 households 

involved in urban gardening during March to June 2007. A two-step cluster analysis allowed 

grouping the households into three categories:  

1. The mixed vegetable-fodder gardens (MVF) located in both, highlands and lowlands 

at the riverside had significantly larger holdings (2.2 ha) than the two other types. In 

addition to vegetables, 90% of the intensively managed gardens in this group grew 

fodder crops and kept a few animals mainly for household consumption. They mainly 

used tractor and animal power for land preparation and water from River Nile for 

irrigation. The majority of landowners were in this group, including native and non-

native gardeners.  

2. The mixed vegetable-subsistence livestock gardeners (MVSL) mostly located in the 

highlands focused on the cultivation of vegetable crops, fodder for their animals was 

not grown. All of them were non-native to Khartoum and were managing their gardens 
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in a tenant-sharecropping system. In contrast to their counterparts in the first group, 

the majority of gardeners (71%) in this group utilized well water for irrigation. 

3. The pure vegetable gardeners did not keep livestock (PV) and only few grew fodder 

for commercial purposes. Most of them were non-native to Khartoum. Compared to 

the gardens from the first two groups, they had significantly smaller average gardens 

(1 ha) and employed tractors for land preparation. Most used Nile water for irrigation.  

 

Figure 1.  Satellite images (Google Earth Pro, Google, Mountain View, CA, USA) of 

Khartoum, Sudan, 2007. The white dotes indicate the location of the gardens under study. L1 

and L2 indicate gardens adjacent to the banks of the River Nile (lowlands), and H1 and H2 

gardens away from the banks of the River Nile (highlands). 

To assess differences in matter fluxes caused by the intensity of river floods, the location 

of the gardens is important. The two selected MVF gardens were directly adjacent to the 

River Nile banks in the downstream lowlands (L1 and L2) while the MVSL group gardens 

were ~ 1 km away from the River Nile in the upstream highlands (H1 and H2; Table 1 and 

Figure 1). The experimental gardens were chosen based on the gardeners’ willingness to 

collaborate and the accessibility of the gardens in order to allow reliable data collection. 

Initially, the matter fluxes were also quantified in two gardens of the PV class, but due to the 

farmers’ reservations the study had to be interrupted and these gardens excluded from the 

experiment.  All of them utilized Gerif soil along the eastern banks of the River Nile in 

Khartoum’s Northern Bahri quarter and were irrigated by surface basin irrigation which 

supplements residual moisture stored in the soil after the Nile floods recede. The exact 

location and size of the gardens were determined using a hand-held Geographical 

Positioning System (GPS; Trimble Pathfinder, Sunnyvale, CA, USA).  
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Ambient air temperature (°C) and moisture were reco rded at the upstream highland 

garden locations in 30 min intervals by HoboPro data loggers (Onset Corp., Pocasset, MA, 

USA). Rainfall data were obtained from Shambat Agro-Meteorological Station in Khartoum 

North (15°40´ N, 32°32´ E, 380 m a.s.l).  

Table 1.  General characteristic of the selected gardens in Khartoum, Sudan.  

Characteristics 
MVF MVSL 

L1 L2 H1 H2 

Garden area (ha)   0.87 1.00  1.22 0.66 

Number of plots 10 8 12 5 

Main vegetables a Cowpea Cowpea Cowpea  

  Jew’s mallow Jew’s mallow Jew’s mallow 

 Purslane Purslane Purslane Purslane 

 Radish Radish Radish Radish 

 Rocket Rocket Rocket Rocket 

Other crops b Chard  Maize  

 Dill  Roselle  

 Lettuce    

 Maize    

 Onion    
Source of  irrigation 
 

Nile water 
 

Nile water 
 

Nile water and 
groundwater 

Nile water and 
groundwater 

MVF = mixed vegetable fodders gardens, MVSL = mixed vegetable-subsistence livestock gardens, L1 
and L2 = gardens adjacent to the River Nile bank, H1 and H2 = gardens away from the River Nile 
bank, a = routinely cultivated vegetables, b = occasionally cultivated crops. 

3.2.2. Soil sampling and analysis  

To determine key soil chemical fertility parameters in each of the studied gardens, soils 

samples were taken in three selected plots at the beginning of the study in October 2007 

(gardens L1, L2 and H1) and in April 2008 (garden H2) and at the end of the study period in 

March 2010. In an effort to assess changes in the soil nutrient status after a major flood in 

August 2008, additional soil sampling occurred in May 2009. These samples were taken with 

a six month delay to assure that the deposited sediments were incorporated in the surface 

soil. At each sampling, five sub-samples were collected from the plot corners and center at 0-

0.2 and 0.2-0.4 m depth and pooled by depth and analyzed for bulk density, particle size 

distribution, cation exchange capacity (CEC), total and organic carbon (Corg), N, P and K. 

Sample analyses were carried out at the laboratory of the Land and Water Research Center 

(LWRC) of the Agriculture Research Corporation (ARC), Wad Medani, Sudan. Prior to 

nutrient analysis, samples were air dried and passed through a 2-mm mesh sieve. Oxidizable 

organic carbon (%) was determined according to Walkley (1947). Total Corg was calculated 

using the recovery factor of 1.334 and a conversion factor of 1.724 from total Corg to organic 
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matter (OM). The CEC was estimated at pH 7 using ammonium acetate as an extractant 

(Richards 1954). Particle size distribution was measured by the gravimetric pipette-method 

(Day 1965) using textural classes according to the USDA triangle system. Total N was 

determined by the Kjeldahl method (Bremner and Mulvaney 1982) and plant available P 

according to the sodium bicarbonate procedure of Olsen et al. (1954). Extractable K was 

measured by flame photometry. At each depth soil nutrient stocks were calculated from soil 

nutrient concentrations and bulk densities.  

3.2.3. Quantification of nutrient inputs and outputs   

In each garden all plots were monitored for quantification of nutrient inputs and outputs. 

Sowing and harvest dates, the amounts and types of fertilizer and irrigation practices were 

recorded for all crops. The amount irrigation water was quantified by multiplying the flow rate 

of water pumped from the River Nile or a groundwater well by the time elapsed to irrigate the 

plot. Flow rate and time of irrigation for a known plot area were measured twice for each 

irrigation water source. Samples of irrigation water were taken from both sources (river and 

well) at the beginning, in the middle and at the end of the study period. These were analyzed 

for N, P, K and C together with the samples of rain water collected during the rainy season 

2007. To avoid biochemical degradation one drop of concentrated 0.1 M HCl was added to 

each water sample before storage at < 4°C until analysis of total N, P, K, a nd C. Total 

dissolved organic carbon (DOC) and total N in water samples was analyzed using a Dimatec 

100 automatic analyzer (Dimatec GmbH, Essen, Germany), K was determined using flame 

photometry (Instrument Laboratory 543, Bedford, MA, USA) and P was measured 

colorimetrically (Hitachi U-2000 spectrophotometer, Tokyo, Japan). The nutrient 

concentrations were multiplied by the total amount of rainfall and the quantity of irrigation 

water applied during the crop cycle. To quantify nutrient inputs from river sedimentation ten 

sediment traps (0.4 x 0.4 m and 0.07 m thick) made of a 15 mm thick wooden board and 

covered by a soft mesh on each site to allow for natural water flow were used. In each 

garden three traps were fixed in one plot in such a way that the wooden floor was aligned to 

the soil surface. The traps were recovered during the first and third week of September 2008, 

after the flood of the River Nile had receded from gardens H1 and H2, and L1 and L2, 

respectively. Sediment samples were air dried, and analyzed for their N, P, K and Corg 

content, CEC and sediment texture. Sediment densities (g cm-3) were determined by dividing 

the traps’ dry sediment load by the trap area and the sediment thickness. Nutrient inputs 

from sedimentation were estimated by multiplying nutrient concentrations by sediment yields. 

To test the effects of garden locations (downstream lowlands and upstream highlands) on 

sediment yields, means were separated with a T-test at P < 0.05 using SPSS/PASW version 

18.0 (SPSS Inc. 2010). Additionally, total C input via plant photosynthesis was estimated by 
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multiplying the C in the harvested DM by 1.4 (Kuzyakov and Domanski 2000). This assumes 

that about 30% of total C is trapped by root and root exudates.  

Nutrient output in the form of harvested yield was quantified at each crop harvest. To this 

end plant material sampled from each field was dried, pooled according to crop type, sowing 

date, amount of applied fertilizers, and number of irrigation events, and analyzed for N, P, K 

and Corg concentration. Total N was determined with a N-Analyzer LECO FP-328 (Leco 

Corp., St. Joseph, MI, USA). For P and K, samples were dried at 105°C for their dry matter 

(DM), burned at 550°C and the ash dissolved in HCl.  Total P concentration was measured 

colorimetrically (Hitachi U-2000 spectrophotometer, Japan) and K by flame photometry 

(Instrument Laboratory 543, Bedford, MA, USA). 

Cumulative leaching losses of mineral N and P were estimated in garden L1 from 

December 1st 2008 to July 1st 2009 using 12 ion exchange resin filled cartridges buried at 0.8 

m depth in a single plot. Resins were extracted and analyzed for nitrate (NO3
--N), ammonium 

(NH4
+-N) and phosphate (PO4

-3-P) following the approach of Bischoff et al. (1999) and 

Predotova et al. (2010a).  

3.2.4. Calculation of nutrient balances  

Horizontal nutrient balances of N, P, K and C were calculated as the difference between 

inputs and outputs at the garden level. Changes in soil nutrient status were assessed using 

an element balance equation (Khai et al. 2007).  

∆PE = IE – OE                                     (1) 

where; ∆PE, IE and OE represent changes in the soil pool, the input and the output of element 

E. Inputs element (IE) included in our study were; irrigation water from River Nile and/or well 

(IWE), rainwater (RWE), sedimentation deposits from the River Nile (SDE), fertilizers (FE) and 

root exudates (REE). The main output (OE) source was considered to be the plant harvest 

(HE) and leaching (LE). As leaching (LE) was measured only in garden L1, it was only 

included for the nutrient balance equation in this garden. Inputs component such as 

pesticides (CE), biological N2-fixation (NE) and outputs via gaseous emission (RE) were not 

included in the nutrient balance equation. Thereby, the above mentioned Eq. 1 was simplified 

as follows (2):  

∆SoilE = (IWE + RWE + SDE + FE + REE) – (HE + LE)                                     (2)  

All nutrient inputs and outputs were calculated in kg ha-1 yr-1 and the results of the nutrient 

balances expressed in the same units.  
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Figure 2.  Daily maximal and minimal temperature and monthly rainfall in 2007, 2008 and 2009 in Khartoum, Sudan.  
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3.3. Results  

3.3.1. Climate and management 

Annual rainfall during the study period varied with 127, 91 and 147 mm in the years 

2007, 2008 and 2009, respectively. In all three years the rainy season peaked in August with 

a single rainfall event up to 94 mm in 2009. Minimum and maximum daily temperatures at 

the study sites in the hot summer season (March-May) reached 16°C and 45°C, respectively, 

followed by rainy season temperatures (June-October) of 21°C and 44°C. From November-

February temperatures dropped to 12-38°C (Figure 2) . Annual average temperatures were 

0.7°C higher in 2008 than in 2007 and again 0.2°C h igher in 2009. The minimum and 

maximum daily relative humidity (RH%) in the rainy season increased to 11-98% and 

dropped during the summer season to 5-63%. Once more, RH% rose up to 10-73°C during 

the cool dry winter season.   

 

Figure 3.  Cumulative cultivated land area of the selected urban gardens in 2008 and 2009 in 

Khartoum, Sudan. 

The size of the selected gardens ranged from 0.66-1.22 ha and the main cultivated 

vegetables were cowpea (Vigna unguiculata L.), Jew’s mallow (Corchorous olitorius L.), 

purslane (Portulaca oleracea L.), radish (Raphanus sativus L.) and rocket (Eruca sativa Mill.). 

Gardens were irrigated from the River Nile and groundwater wells (Table 1). While radish 

and purslane were cultivated only during the winter time, cowpea was cultivated during both 

the winter and the rainy season. Jew's mallow was grown in the summer and the rainy 

season and rocket was found in the gardens all year round. In general, the land area planted 

by rocket during the study period surpassed the land area of the other crops. In 2009 the 

average area cultivated by rocket, radish and cowpea were 40%, 24% and 8%, respectively, 
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lower than in 2008. On the other hand, the cumulative area planted with purslane and Jew’s 

mallow in 2008 declined by 62% and 14%, respectively, in 2009 (Figure 3). Mineral N 

fertilizer was applied at average amounts of 85 kg N ha-1 while average DM yields of cowpea, 

radish, purslane and Jew’s mallow ranged between 4,420 and 5,680 kg ha-1 and, rocket 

harvest yielded on average 2,010 kg DM ha-1 (Table 2).   

Table 2.  Cropping cycles in urban vegetable gardens, number of irrigation events per cycle, 

applied nitrogen (N) from urea fertilizer, dry matter yield and respective nutrient 

concentrations per cropping cycle during the study period, from October 2007 to March 2010 

in Khartoum, Sudan.     

Parameter 
Vegetable 

Cowpea  
(n = 16) 

Jew’s mallow 
(n = 9) 

Purslane  
(n = 25) 

Radish 
(n = 30) 

Rocket 
(n = 100) 

Crop cycles (days)     42 (1.6)     43 (3.9)     32 (1.3)     45 (1.0)     37 (0.7) 

Irrigation No.    2.7 (0.2)    3.0 (0.4)    2.5 (0.2)    3.4 (0.2)    3.3 (0.1) 

Urea-N (kg N ha-1)      89*     81 (13.9)     75 (7.3)     84 (9.3)     86 (8.4) 

Yield (kg ha-1) 5680 (1020) 4420 (1286) 4520 (1685) 5320 (600) 2010 (134) 

N (kg ha-1)    224 (49.5)   150 (44.0)   191 (81.3)   181 (21.5)     97 (6.4) 

P (kg ha-1)     22 (5.2)     15 (4.6)     15 (6.1)     16 (2.1)       7 (0.5) 

K (kg ha-1) 176 (44.9) 288 (196.3) 237 (85.1) 248 (30.6)   89 (6.3) 

C (kg ha-1)  2340 (393.0) 1798 (501.8) 1463 (582.0) 2034 (242.8)   724 (45.7) 

Numbers represent means ± one standard error (SE) of the mean. 
*Only one garden was recorded. 

3.3.2. Soil nutrient status 

At the beginning of the study period in October 2007 all gardens were slightly alkaline, 

non-saline and non-sodic. Their texture varied from silt clay to clay loam (Table 3). Soil N, P, 

K and Corg concentrations in gardens H1 and H2 were much lower than in gardens L1 and 

L2. Similarly, soil CEC in gardens H1 and H2 were lower than in gardens L1 and L2; the 

same trend was noticed for clay and silt (Table 3). Fine and coarse sand, in contrast, were 

higher in gardens H1 and H2 than in gardens L1 and L2. During the course of our study soil 

P concentrations increased from 2007 to 2009 while N, except in L1 garden, and the particle 

size distribution remained largely unchanged (Table 3). Concentrations of N, P, K, Corg and 

CEC were in the topsoil (0-0.2 m) higher than at 0.2-0.4 m. 

3.3.3. Annual nutrient inputs   

Annual amounts of irrigation water ranged between 189 and 573 m3 ha-1 from the River 

Nile while between 18 and 161 m3 ha-1 were coming from groundwater wells. Irrigation 

frequency was the highest for radish (3.4 ± 0.19 per growing period) and lowest for purslane 

(2.5 ± 0.15; Table 2).  
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Table 3.  Average values of selected soil properties over the 30 months experimental period 

in urban vegetable gardens of Khartoum, Sudan (n = 6).  

Parameter  
Garden 

L1 L2 H1 H2 

October 2007      

N (mg kg-1)  732 (85.0) 718 (49.9) 465 (88.9) 625 (64.5) 

P (mg kg-1)  4 (0.7) 4 (0.8) 2 (0.3) 5 (0.3) 

K (mg kg-1)  190 (39.1) 203 (33.8) 125 (17.0) 164 (12.8) 

Corg (g kg-1)  6.4 (0.70) 6.5 (0.64) 3.9 (0.71) 6.0 (0.60) 

CEC (cmol kg-1)  41 (3.1) 42 (3.0) 27 (2.8) 43 (3.0) 

Bulk density (g cm-3)  1.84 (0.048) 1.74 (0.056) 1.88 (0.062) 1.65 (0.061) 

Clay (%)  47 (3.0) 36 (3.0) 26 (0.9) 37 (2.3) 

Silt (%)  46 (2.4) 46 (2.8) 29 (6.3) 46 (3.1) 

Fine sand (%)  3 (0.7) 8 (2.1) 18 (1.7) 10 (1.6) 

Coarse sand (%)  5 (1.8) 10 (3.5) 28 (4.0) 8 (0.7) 

May 2009      

N (mg kg-1)  1005 (64.0) 785 (27.3) 572 (35.7) 622 (58.8) 

P (mg kg-1)  16 (1.8) 14 (2.0) 18 (1.9) 12 (1.4) 

K (mg kg-1)  228 (24.2) 212 (26.2) 220 (8.4) 136 (12.3) 

Corg (g kg-1)  9.0 (0.66) 8.5 (0.51) 6.7 (0.63) 6.7 (0.64) 

CEC (cmol kg-1)  42 (1.7) 34 (3.0) 26 (2.3) 30 (1.7) 

Bulk density (g cm-3)  1.74 (0.022) 1.64 (0.077) 1.80 (0.017) 1.73 (0.046) 

Clay (%)  53 (1.2) 42 (2.9) 33 (2.3) 37 (3.4) 

Silt (%)  41 (1.0) 37 (4.8) 27 (4.7) 23 (3.7) 

Fine sand (%)  3 (0.8) 10 (2.4) 18 (2.0) 15 (1.3) 

Coarse sand (%)  4 (1.0) 11 (4.2) 22 (5.4) 17 (3.1) 

March 2010      

N (mg kg-1)  * * * * 

P (mg kg-1)  13 (1.0) 11 (2.0) 9 (0.6) 8 (1.7) 

K (mg kg-1)  207 (18.0) 213 (8.9) 119 (9.3) 141 (9.0) 

Corg (g kg-1)  10.2 (0.26) 8.9 (1.00) 5.9 (1.06) 6.3 (1.10) 

CEC (cmol kg-1)  59 (3.0) 43 (3.9) 27 (3.4) 35 (1.5) 

Bulk density (g cm-3)  1.76 (0.027) 1.73 (0.041) 1.69 (0.019) 1.68 (0.027) 

Clay (%)  54 (1.2) 45 (4.4) 26 (5.1) 36 (2.0) 

Silt (%)  41 (0.6) 39 (2.3) 27 (3.4) 38 (3.9) 

Fine sand (%)  5 (2.0) 8 (2.2) 17 (1.4) 10 (1.8) 

Coarse sand (%)  3 (1.3) 8 (4.0) 30 (6.9) 16 (3.2) 
Numbers represent means ± one standard error (SE) of the mean. 
L1 and L2 = gardens adjacent to the River Nile bank, H1 and H2 = gardens away from the River Nile 
bank. 
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Figure 4.  Nutrient and carbon concentrations in different sources of irrigation water used for 

the four studied vegetable gardens in Khartoum, Sudan. Data presented are means plus one 

standard error of samples collected during the experimental period from October 2007 to 

March 2010. Water sources were the River Nile during the dry season (n = 7) and during the 

rainy season (n = 7), ground water during the dry season (n = 4) and during the rainy season 

(n = 4), and rain water only (n = 8).  

Nutrient concentrations in river and ground water were higher in the dry season than in 

the rainy season, reaching maxima of 1.1 mg N l-1, 14 mg K l-1 and 22 mg C l-1. Phosphorus 

concentration was with < 0.025 mg l-1 significantly lower than other nutrients irrespective of 

water source and season (Figure 4).  
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Table 4.  Descriptive statistics for chemical and physical properties of sediments, sediment 

densities and corresponding sediment yields of the River Nile deposited in the studied urban 

vegetable gardens in 2008 in Khartoum, Sudan. L1 and L2 indicate gardens adjacent to the 

banks of the River Nile (lowlands), and H1 and H2 gardens away from the banks of the River 

Nile (highlands). 

Parameter (n = 10) Mean Minimum Maximum SE 

N (g kg-1) 1.05 0.76 1.49 0.066 

P (g kg-1) 0.007 0.005 0.009 0.0004 

K (g kg-1) 0.009 0.004 0.01 0.0013 

Corg (g kg-1) 7.98 2.3 11 0.83 

C/N ratio 8 3 10 0.8 

CEC (cmol kg-1) 61 49 70 2.2 

Bulk density (g cm-3) 1.02 0.7 1.6 0.099 

Clay (%) 53 49 58 0.69 

Silt (%) 44 39 48 0.97 

Fine sand (%) 1.2 1 2 0.14 

Coarse sand (%) 1.8 1 6 0.53 
     

Sediment deposit  L1 (n = 2) L2 (n = 2) H1 (n = 3) H2 (n = 3) 

Density (g cm-3) 0.49 0.64 0.82 0.78 

Yield (kg m-2) 80 96 37 17 

SE ± one standard error of the mean. 

The deposited sediment among the four gardens contained more than 50% clay and 

about 3% sand, and had a CEC of 61 cmol kg-1. Average sediment density was inversely 

proportional to sediment yield and there were significant differences in sediment loads for the 

different gardens (Table 4 and Figure 5). Accordingly, nutrients deposited with flood 

sediments in downstream lowland gardens exceeded (P < 0.05) deposits in upstream 

highlands by 67%, 74% and 77%, for N, P and Corg, respectively (Figure 5), reaching maxima 

of 994 kg N ha-1, 8 kg P ha-1 and 6,943 kg Corg ha-1. No significant difference between 

gardens was found for K, although its deposition in the downstream lowlands was more than 

twice as high as in the upstream highlands (Figure 5). With its sediments, the River Nile 

contributed on average 67%, 94%, 6% and 42% to the total N, P, K and C inputs in lowland 

gardens and 33%, 86%, 4% and 37% of total N, P, K and C inputs in highland gardens 

(Figure 6). None of the gardens received organic fertilizers and the only mineral fertilizer 

applied was urea (46-0-0) at an average of 188, 268, 311 and 261 kg N ha-1 yr-1 for gardens 

L1, L2, H1, and H2, respectively which equaled 29%, 30%, 54% and 67% of total N inputs to 

these gardens (Figure 6).  
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Figure 5.  Mean annual amounts of nitrogen, phosphorus, potassium and carbon deposited 

as inputs in 2008 from the River Nile flood sediments into the selected gardens of Khartoum, 

Sudan. Data presented are means plus one standard error. Means with different superscripts 

are significantly different (P < 0.05). ‘Lowlands’ indicate the gardens adjacent to the banks of 

the River Nile (L1 and L2; n = 4) and ‘highlands’ indicate the gardens away from the banks of 

the River Nile (H1 and H2; n = 6).  

3.3.4. Crop yields and nutrient exports 

Average DM yields and exports of N, P, K and Corg in the yield of the three crops 

common for all four gardens (purslane, radish and rocket; Table 1) were substantially lower 

in garden H2 than in garden L1 (Table 5). The total annual yields, regardless of the crop, 

reached on average 26, 18, 16 and 1.8 t DM ha-1 for gardens L1, L2, H1 and H2, respectively 

and the average nutrient amounts exported by all harvested vegetables crops together 

reached 563, 474, 533 and 49 kg N ha-1, 48, 43, 43 and 4 kg P ha-1, 675, 624, 494 and 50 kg 

K ha-1, and 5,920, 4,407, 4,293 and 464 kg C ha-1 for gardens L1, L2, H1 and H2, 

respectively.   
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Two of the 12 resin cartridges showed contamination from below likely indicating the 

effects of stagnant water (Predotova et al. 2010a) and were therefore excluded from 

analysis. The remainder yielded only negligible annual leaching losses averaging of 0.02 kg 

NH4
+-N ha-1 (SE = 0.004), 0.03 kg NO3

--N ha-1 (SE = 0.002) and 0.005 kg PO4
-3-P ha-1 (SE = 

0.0007). 

 

Figure 6.  Mean annual inputs of nitrogen, phosphorus, potassium and carbon applied during 

the study period from October 2007 to March 2010 in urban vegetable gardens of Khartoum, 

Sudan. Data presented are means L1: n = 7, L2: n = 5, H1: n = 7 and H2: n = 5 plus one 

standard error. L1 and L2 indicate gardens adjacent to the banks of the River Nile (lowlands), 

and H1 and H2 gardens away from the banks of the River Nile (highlands). 

3.3.5. Horizontal nutrient balances  

Annual horizontal balances of N and C ranged from 75-342 kg N ha-1 and from 798-

6,412 kg C ha-1. Horizontal P and K balances, however, were -45 kg P ha-1, -39 kg P ha-1 and 

-42 kg P ha-1 and -583 kg K ha-1, -574 kg K ha-1 and -450 kg K ha-1 in gardens L1, L2 and H1, 

respectively, while -3.4 kg P ha-1 and -4 kg K ha-1 were recorded in garden H2 (Figure 7).  
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Table 5.  Average yields and nutrient output in harvested total dry matter of purslane, radish 

and rocket during the study period from October 2007 to March 2010 in urban vegetable 

gardens of Khartoum, Sudan (n = 3). L1 and L2 indicate gardens adjacent to the banks of the 

River Nile (lowlands), and H1 and H2 gardens away from the banks of the River Nile 

(highlands). 

Parameter 
(kg ha-1) 

Garden 

L1 L2 H1 H2 

Yield   5250 (1400)   3660 (1140)  3790 (500) 360 (60) 

N  207 (59.6) 142 (33.6) 157 (12.4) 13 (1.4) 

P  16  (4.5) 14 (3.5) 12  (0.7)  1 (0.2) 

K  254 (73.9) 201 (52.8) 174 (32.8) 18 (3.5) 

Corg  1895 (536) 1297 (470) 1294 (214) 126 (21) 

Numbers represent means ± one standard error (SE) of the mean. 

3.4. Discussion  

While elsewhere in Sudan ammonium sulfate and urea are used as mineral N fertilizers, in 

urban gardens of Khartoum only urea was applied. The amount added to the crops differed 

substantially and seemed to depend more on the gardener’s judgment and financial situation 

than on crop needs. It reached only 44% of the fertilizer rates (~ 190 kg N ha-1) 

recommended for vegetable crops in Sudan (FAO 2006). The use of urea on the moderately 

alkaline, well drained Gerif soils with their high surface temperatures likely leads to high N 

losses by volatilization (Diogo et al. 2010), but to substantiate this claim intensive 

measurements would need to be taken throughout the year which was not possible in this 

study. Predotova et al. (2010b) estimated N (NH3-N and N2O-N) and C (CO2-C and CH4-C) 

losses at 48-53 kg N ha-1 yr-1 and 20-25 t C ha-1 yr-1 in irrigated river gardens of Niamey, 

Niger. They determined that 28% of total annual C gaseous losses and 30-40% of total 

annual N emissions occurred during the hot dry season (March-May) followed by 20-25% of 

C and 10-20% N at the beginning of the rainfall season (June-July). In the urban gardens of 

Niamey, the highest emission rates of NH3, N2O and CO2 were observed during the hot 

afternoon hours, this may be similar in Khartoum given the similarities in climatic and soil 

conditions. The regular tillage practiced on the Gerif soils regularly expose the soil 

aggregates to temperature fluctuations and soil humidity changes. Such repeated rewetting 

may enhance the decomposition of OM enhancing gaseous N and C losses (Razafimbelo et 

al. 2008).  
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Figure 7.  Mean annual horizontal balances of nitrogen, phosphorus, potassium and carbon 

in the selected urban vegetable gardens during the study period from October 2007 to March 

2010 in Khartoum, Sudan. Data presented are means for L1 (n = 7), L2 (n = 5), H1 (n = 7) 

and H2 (n = 5) plus one standard error. L1 and L2 indicate gardens adjacent to the banks of 

the River Nile (lowlands), and H1 and H2 gardens away from the banks of the River Nile 

(highlands).  

In this study, the leaching losses of NO3
--N, NH4

+-N and PO4
-3-P were negligible 

compared to the annual average losses of 2.2-6.6 kg N ha-1 and 0.7 kg P ha-1 reported by 

Predotova et al. (2010a). The high clay content (44-50%) and the relatively high CEC (37-48 

cmol kg-1) of our soils may partially be responsible for the low leaching rates of mineral N and 

P. The low total rainfall in Khartoum reaching only 147 mm in 2009 with a very 

inhomogeneous distribution (Schumacher et al. 2009) may also add to the low leaching 

values measured. The hot dry climate and farmer’s efforts to minimize irrigation frequencies 
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with a potential evapotranspiration of up to 3,000 mm (Hamad and El-Battahani 2005) likely 

cause largely upward water flow throughout the year except during periods of Nile flooding.  

River Nile floods play a major role in the formation and fertility maintenance of the Gerif 

soils, particularly those in the lowlands that obtain most flood sediments. Ahmed and Ismail 

(2008) reported that the sediments typically had a density of 1.1-1.5 g cm-3 with 30% clay, 

40% silt, and 30% fine sand. The average density of the sediments measured in our study 

was on the lower side (1.02 ± 0.09 g cm-3) of this range which may be partly due to sand 

trapping in brick making holes adjacent to the banks of the River Nile (Alam and Starr 2009). 

The high amounts of clay and silt accumulated with the sediments enhanced the soils’ CEC 

(> 60 cmol kg-1) and consequently their nutrient storage capacity. According to the guidelines 

of FAO (1980), K levels were adequate (K ≥ 120 mg kg-1) in all soils, but Olsen-P levels were 

with ≤ 8 mg kg-1 and Corg with 4.99-7.48 g kg-1 low. Spatial variation in soil nutrient 

concentration and soil texture between the gardens may be caused by an inhomogeneous 

distribution of flood sediments, differences in specific small-scale landuse histories, and the 

effects of fertilizer application and crop type (Schmitter et al. 2010). Additional nutrient inputs, 

which were not accounted for in this study, may have come from dust deposition, which 

under similar climatic conditions of Southwest Niger contributed on average 11 kg K ha-1 yr-1 

and 1.5 kg P ha-1 yr-1 to total nutrient balances (Herrmann et al. 1994). 

 Positive N balances were reported from many intensive gardening systems of the 

tropics and subtropics, such as UA gardens in Niger (Diogo et al. 2010), oasis agriculture in 

Oman (Buerkert et al. 2005) or vegetable production in Hanoi, Vietnam (Khai et al. 2007) and 

China (Wang et al. 2008). The calculated annual horizontal surpluses of N (75-342 kg N ha-1) 

in the intensive vegetable gardens of Khartoum were, however, substantially lower than the 

above mentioned values due to lower organic and chemical fertilizer applications than in 

these studies. Similarly, the calculated average annual C surpluses in our study were with 

6,412 kg C ha-1 lower than the annual surplus of 9,580 kg C ha-1 reported by Diogo et al. 

(2010) from Niamey, Niger, reflecting the over application of animal manure. The calculated 

negative P and K balances were likely the consequence of lacking application of both 

elements in mineral or organic fertilizers. In this context the widespread use of animal 

manure as a highly paid additive to clay in brick making rather than as a soil amendment is a 

noteworthy particularity of the UA systems in Khartoum. This manure use presents an 

important source of income but makes animal manure a scarce resource for soil application. 

Considerable amounts of K were added through irrigation water from the River Nile, wells, 

and through rainfall, whereas only little P was added through this pathway given its low 

solubility and high fixation to clay minerals (Rajmohan and Elango 2005). Our study revealed 

substantially higher nutrient concentrations in irrigation water during the dry season than the 

rainy season. This finding contrasts those of Diogo et al. (2010) who reported similar nutrient 
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concentration across seasons and those of Schmitter et al. (2010) who found higher N and C 

concentration during the rainy season in irrigation water. Overall it is evident that flood 

sediments play a vital role in soil nutrient replenishment of Gerif soils.  

3.5. Conclusions 

Gerif soils adjacent to the banks of the River Nile in Khartoum are used for the 

production of leafy vegetables with short growth cycle’s year around unless the garden area 

is flooded. As a consequence of high dry matter production and harvest removal gardens 

adjacent to the River Nile showed high surpluses of C and N and deficits in P and K. The soil 

status reflected the effects of sediment deposits from the periodic floods of the River Nile. 

These contributed by 25-67% to the total inputs of N, 82-97% of P, 1-8% of K and 24-50% of 

total C given that no manure and mineral fertilizer except for urea was used. While the 

adoption of new agricultural practices such as lay cropping or manure additions and fallow 

period may enhance the soil organic matter status, their use is hampered by the high returns 

for vegetables sold on the burgeoning local markets. The sustainable cultivation of leafy 

vegetables in the urban agricultural systems may require additional application of P and K in 

order to prevent soil nutrient mining and maintain the long-term soil productivity. A thorough 

quantification of nutrient fluxes through irrigation runoff, leaching and flood deposits such as 

attempted in this study may help to improve resource use efficiency and to derive effective 

site- and crop-specific fertilizer recommendations.  
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Use of urban agricultural land for red brick production in Khartoum, Sudan 
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Abstract  

In many cities of developing countries urbanization and population growth encourage the 

rapid linkage of different land use patterns such as residential areas, factories, agricultural 

fields, vegetable gardens and empty open spaces. In Khartoum (Sudan) a particular factor 

shaping urban land use is the rapid expansion of red brick making (BM) for the construction 

of houses. This activity takes place on the most fertile agricultural Gerif soils along the Nile 

banks. The objectives of this study were to assess the profitability of BM, to explore the 

income effects among farmers and kiln owners, to measure the dry matter (DM) and nutrient 

content of nitrogen (N), phosphorus (P), potassium (K) and organic carbon (Corg) in cow dung 

used for BM activities, and to estimate the greenhouse gas (GHG) emission from burned 

biomass fuel (cow dung and fuel wood). To this end 49 kiln owners were interviewed in 2009 

using a semi-structure questionnaire that allowed collecting socio-economic and variable 

cost data for a descriptive analysis, budget calculations, and the determination of Gini 

coefficients. Samples of cow dung were collected directly from the kilns and analyzed for N, 

P, K and Corg. To estimate GHGs emissions the modified approach of the Intergovernmental 

Panel on Climate Change (IPCC) was used. The land rental value from red brick kilns was 

estimated at 5-fold the rental value from agriculture; the land rent to total cost ratio was 29% 

for urban farms compared to 6% for BM. The Gini coefficients indicated that income 

distribution among kiln owners was more equal than among urban farmers. Our data indicate 

that annually 856 t DM-1 of both type of cow dung and 36 t DM-1 of fuel wood are used for BM 

activities the latter being equivalent to a total of 106 m3 cut wood. Using IPCC default values 

GHG emissions from fuel wood and cow dung amounted to 60 and 1,236 t year-1, 

respectively. The results also show the potential of more efficient brick kilns allow to reduce 

the amount of fuel consumptions and GHG emissions. 

Key words:  Brick kilns, biomass fuel, Gini coefficient, GHG emissions, Return to land 
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4.1. Introduction 

Population growth and urbanization enhance the needs of urban residents for food, 

energy and shelter. These enhance the pressure on land which is reflected in strong 

increases of agricultural land prices in urban areas (Bryld 2003; Sazak 2004; Muto 2006, 

Prain 2006; Lankoski and Ollikainen 2008; Lovell 2010). Rise in agriculture land prices often 

leads to the transfer of agricultural land use from inner city areas to more peripheral locations 

(Singh and Sarfaraz Asgher 2005; Simatele and Binns 2008). 

A recent remote sensing study provided solid evidence of the large spatial expansion of 

Khartoum, the capital city of Sudan, over the past 50 years (Schumacher et al. 2009). In this 

process the ratio of built-up area to urban agricultural area has increased from 2.0 in 1972 to 

4.7 in 2009 (Schumacher et al. 2009). From 1958 to 2009 this has led to a decrease of 

agricultural area in the core zone of the city by 60% (Schumacher et al. 2009) and also to an 

increased demand for construction materials such as bricks whereby, their making provides 

an employment opportunity for the urban poor (Aubry et al. 2010). In Khartoum brick making 

(BM) is mainly practiced on the Blue and River Niles banks, the most fertile lands locally 

referred to as Gerif, where it competes with urban agricultural activities that are traditionally 

practiced there (El-Karouri 1979; Jensen and Peppard 2004; Aubry et al. 2010 ). To integrate 

BM into the diverse land use pattern of urban areas remains a challenge to the city 

municipality and to urban planners (Lovell, 2010). 

Red bricks are the major building material in Sudan’s urban areas (MEPD/HCENR, 

2003) and most of them are produced using traditional techniques whereby biomass such as 

cow dung and wood is used as an energy source. Less than 2% of total red brick is produced 

using fossil fuel (Alam and Starr 2009). Red brick making is known as an important source of 

urban greenhouse gas (GHGs) emissions given the low combustion efficiency of the fuels 

used (Streets and Waldhoff 1999). The main components in the BM process are loose and 

compacted cow dung, clay, water and fuel wood (Alam and Starr 2009) whereby clay slurry 

made from Nile flood sediments is mixed with loose cow dung, pressed into moulds and left 

to dry in the sun. Subsequently, the raw bricks are burned using compacted cow dung and 

wood as a source of energy (Alam 2006). 

During the last decades the overall production of red bricks in Sudan has strongly 

increased from an estimated 134 Million in 1975 to 1,804 Million in 2004 and to 2,800 million 

in 2006 (Hamid 2002; Alam 2006). In Sudan total Kiln number increased from 1,750 in 1995 

to 3,450 in 2005, of which 2000 are located in Khartoum (Alam and Starr 2009). Typically BM 

is a small-scale, labor intensive industry (Jensen and Peppard 2004) and countrywide the 

number of workers employed in this sector amounts to about 35,000 of which 50% are 

employed in Khartoum and 38% in the Central States (Alam 2006). Most of the laborers are 
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working on a temporary basis because their payment is based on the quantity produced and 

not on working hours (Jensen and Peppard 2004). The health risks related to this activity, 

particularly exposure to dust, combustion gases and to heat, makes it difficult to work 

continuously in a kiln (Alam 2006). Also, the annual floods of the River Nile, force most of the 

kilns to stop operation from July to September. 

Practicing of BM on the River Nile banks in the midst of agricultural lands has multiple 

effects on vegetable and fruit tree production (Alam 2006). Due to the heat, soot and smoke 

particles deposited on the leaves, plant respiration and photosynthesis may be affected 

(Alam 2006). This has also been reported from Vietnam where kilns are located near rice 

fields (Jensen and Peppard 2004; Le and Oanh 2010). Additionally, the soil pit excavation for 

BM on the River banks make agricultural areas more vulnerable to the erosive floods of the 

River Nile (Ahmed et al. 2010) and it may prevent cultivated land to be enriched by sediment 

deposits (Alam 2006). Also, the soil surface will be transformed irreversibly (Singh and 

Sarfaraz Asgher 2005). Last, the use of substantial amounts of fuel wood accelerates 

deforestation (MEPD/HCENR 2003) and leads to the emission of GHGs such as carbon 

dioxide (CO2), carbon monoxide (CO), methane (CH4), nitrous oxide (N2O), nitric oxide (NO), 

and nitrogen oxide (NOx; Alam and Starr 2009). 

Following von Thünen’s theory of land rent gradient (von Thünen 1930) the competing 

use for urban land should lead to a move of agricultural lands from inner city areas to the 

peri-urban space which has, however, never been verified in Sudan even if the model has 

been used elsewhere to study the effect of different factors on spatial shifts in land usages, 

value and price (Sazak 2004; Muto 2006; Lankoski and Ollikainen 2008). 

Valuation of land usage maximizes income for land owners at the expense of land users 

for whom land is an input factor rather than a resource (Sazak 2004). In a recent study Xu 

(2003) used the Lorenz curve and Gini coefficient as indicators of income equality among 

households, an approach which was also chosen in this study. We wanted to examine the 

socio-economic characteristics of red brick kiln owners, the benefit cost ratios (B/C) for 

agricultural activities and red brick production, the dry matter (DM), nitrogen (N), phosphorus 

(P), potassium (K) and organic carbon (Corg) consumption in cow dung-based BM, the 

reasons why cow dung is used for BM rather than as an organic fertilizer in urban vegetable 

production, the cash value of cow dung and mineral fertilizers, and the contribution of brick 

kilns to GHGs emission. 

4.2. Research methodology 

4.2.1. Site description 

The study area comprised the banks of the River Nile and the Blue Nile starting from the 

confluence of the Blue and White Nile in central Khartoum (15° 40´ N, 32° 30´ E, 382 m 
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a.s.l), located within the semi-desert climate zone of Sudan (Hamad and El-Battahani 2005; 

Mubarak et al. 2010). There are three climatic seasons (Elagib and Mansell 2000), the hot 

dry summer (April to June), the cool dry winter (October to March) and the autumn (July to 

September) with mean monthly temperatures ranging from 22.1 to 33.7°C. Average annual 

rainfall ranges from 100-300 mm (Hamad and El-Battahani 2005; Mubarak et al. 2010). High 

waters of the Nile typically coincide with heavy rainfalls from July to August leading to the 

occurrence of floods (Barakat 1995; Hamad and El-Battahani 2005). During these events the 

width of the River Nile increases from an average of 400 m to up to 1000 m (Davies and 

Walsh 1997; Ahmed et al. 2010). Flooding of the river banks for almost three months heavily 

influences the land use system in the affected areas (Thompson et al. 2010). 

 

Figure 1.  Google Earth Pro image (Google, Mountain View, CA, USA) of Khartoum, Sudan, 

2009. The white dotes indicates the location of the 49 traditional kilns surveyed on the banks 

of the Blue Nile and the River Nile. 

4.2.2. Data collection 

For this study a total of 49 red brick kilns were randomly selected and Kiln owners or 

their agents were interviewed using a semi-structured questionnaire from July-August 2009. 

Kiln locations were recorded using a hand-held Geographical Positioning System (GPS; 

Trimble Pathfinder, Sunnyvale, CA, USA; Figure 1). The data collected from the respondents 

included general information such as age, education, land ownership, number of kilns 
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managed or owned and length of time during which the kilns are operated (months per year). 

Detailed information about the inputs used in BM and prices of inputs and product were 

recorded for the different seasons. 

On the other hand 15 intra-urban farmers and 31 peri-urban animal raisers were 

interviewed from July-August 2009 and information related to their land’s share rental value 

and annual income for intra-urban farmers and annual returns from dung for the animal 

raisers was collected. 

4.2.3. Data analysis 

Descriptive analysis was used to identify the socio-economic aspects related to the kiln 

owners. The change ratio (((Price at the end of season – Price at the beginning of season) / 

Price at the beginning of season) * 100) was calculated for all inputs and outputs. The cost 

value of inputs (mainly for land rent, loose dung, compacted dung, fuel wood, and labor), and 

other costs such as taxes and fees was calculated. Subsequently, the cost of production per 

1000 bricks, the profitability of the activity (Total return – Total cost), and the Benefit cost 

ratio ((B/C) = (Total revenue / Total cost)) was computed. The Average Product (AP), which 

indicates the average productivity of each unit of variable input being used (Casavant 1999), 

for inputs and the average cost of inputs as loose dung, labor, biomass fuel, and other costs 

were also calculated. 

To determine the financial impact of red brick and agricultural production for both intra-

urban farmers and kilns owners, the Gini coefficient (G), a measure of income inequality, was 

used. The Gini coefficient ranges between 0 and 1, whereby 0 indicates perfect equality 

(everyone has the same income) and 1 corresponds to perfect inequality (one person has all 

available income, and everyone else has no income). This coefficient is derived from the 

Lorenz curve which describes the relationship between the cumulative percentage of the 

population and the income (Shideed and El Mourid 2005). For the sake of this study the 

more practical Brown formula of the Gini coefficient was applied (Brown 1994; Xu 2003) 

whereby the net cash return (total cash receipt minus total cash payment) was used as data 

input: 

 

Where: 

G= Gini coefficient 

Xk= cumulated proportion of the population variable, for k = 0, …, n, with X0 =0, Xn =1 

Yk= cumulated proportion of the income variable, for k = 0, …, n, with Y0 =0, Yn =1 

k = case number  

n = number of cases  
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The Benefit cost ratio was calculated as: total revenue / total cost (Phillips and Phillips, 2005) 

to obtain the return per monetary unit spent on each activity. 

4.2.4. Nutrient losses from cow dung and GHGs emissions 

To estimate losses of N, P, K and Corg in DM basis and GHGs emission (CO2, CO, CH4, 

N2O, NO, and NOx) from cow dung, loose and compacted dung samples were collected from 

different kilns and analyzed for their N, P, K and Corg using standard laboratory procedures. In 

order to estimate the quantity of dung used annually and to produce 1000 bricks, loose and 

compacted dung density were measured (weight per volume). As respondents were 

questioned about the number of lorries used for brick production, the capacity of one lorry 

(DM weight contained in one dung-filled lorry) was estimated and used to calculate the 

consumption of N, P, K, Corg in BM. 

Prior to analysis loose and compacted cow dung samples were dried to constant weight 

at 65°C and total N and C org measured using a Vario MAX CN/CHN/CNS analyzer 

(Elementar Analysensysteme GmbH, Hanau, Germany). To estimate P and K concentrations 

samples were oven dried at 105°C for DM determinati on, burned at 550°C and the resulting 

ash dissolved in HCl. The P concentration was measured colorimetrically (Hitachi U-2000 

spectrophotometer, Hitachi Ltd., Tokyo, Japan) according to the vanado-molybdate method 

(Gericke and Kurmies 1952) and K was determined by flame photometry (Auto Cal 743, 

Diamond Diagnostics, Holliston, MA, USA). 

Nitrogen and C gaseous losses from loose and compacted dung and from fuel wood 

were estimated using modified procedures from the Intergovernmental Panel on Climate 

Change (IPCC 1996) as follows:  

TCr = TBb x FBox x Bc 

Where TCr = total carbon released (t C), TBb = total biomass burnt (t DM), FBox = fraction of 

biomass oxidized, and Bc = biomass carbon content (t C t DM-1). A default value of 0.9 was 

used for the fraction of biomass oxidized for both types of biomass material (dung and 

wood). Under the assumption of complete combustion, a C concentration of 45% was used 

for dung biomass C that is 0.45 t C t DM-1. 

Non-(CO2) gaseous emissions (CO-C, CH4-C, N2O-N, NO-N, and NOx-N) were 

calculated from the TCr as follow: 

CO-C   = TCr x ER  

CH4-C   = TCr x ER  

N2O-N  = TCr x ER x N/C  

NO-N   = TCr x ER x N/C  

NOx-N = TCr x ER x N/C  
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Where the specific emission ratios (ER) for the Non-CO2 gaseous were CO = 0.060, CH4 = 

0.012, N2O = 0.007, NO = 0.121 and NOX = 0.121 and N/C ratio in biomass = 0.01. CO2-C 

emission was derived from CO-C, CH4-C gaseous emission and TCr by: 

CO2-C = TCr - (CO-C + CH4-C)  

Emissions were calculated separately for loose and compacted dung; once using the 

IPCC default values for FBox, Bc and N/C ratio and once using our own data obtained from 

the laboratory analysis for the FBox ((Oven dry weight - Ash weight) / Oven dry weight)),  Bc (t 

C t DM-1) and the N/C ratio for loose and compacted dung. Emissions from the fuel wood 

burning were similarly calculated using only the IPCC default values (FBox = 0.9; Bc = 0.5 t C 

t DM-1). 

To estimate the removal from biomass wood used as fuel, a default density value of 0.65 

t DM m-3 (Dixon et al. 1991) was used to convert wood biomass of deciduous trees (t DM) 

into cubic meter (m3); for branches and small trees an expansion ratio of 1.90 was added 

(Brown et al. 1989): 

Total deforested wood (m3) = Deciduous trees (m3) * 1.90. 

4.3. Results 

In 2009 about 76% of the urban agricultural land was under share cropping whereby the 

land rent ranged from 25-33% of cropping returns after deducting the variable costs such as 

seeds, fertilizer, and pesticides. Animal raisers preferred selling their dung to red brick 

producers rather than to farmers, on fixed periods, weekly or monthly, depending on herd 

size. The annual average return from manure was about 4,528.2 SDG (one Sudanese Pound 

= 0.4 US$) for average herd size of about 27.4 Tropical Livestock Unit (TLU; ILCA 1990). 

4.3.1. Socio-economic characteristics 

Red brick kiln owners were on average 45 years old having from 2 to 15 family 

members, 77% were educated (at least primary schooling), the majority had no other income 

than BM, and more than tenth of the respondents had more than one kiln. Most of them 

depended on rented land whereas farmers preferred share cropping because of the high rent 

value. Red brick production in the traditional kilns lasts 6-12 months annually with an 

average of 10 months. Only 16% of the respondents were land owners, while most of them 

were renting their land (Table 1). The average rent value paid by kiln owners by far exceeded 

the average value received from farmers as return from agricultural land use. 

4.3.2. Production inputs, cost and benefits  

Clay, cow dung, wood, and labor are the main inputs used in the BM process. Input and 

output prices changed across seasons whereby the rainy season, from late July to end 

September, is called “off-season” and the dry season, from October to July, is the 

“production-season”.  
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Table 1.  Socio-economic characteristics of the 

interviewed brick kilns owners (n = 49) in Khartoum, 

Sudan, 2009. Data show means followed by their 

standard deviation. 

Parameter Mean 

Age (years) 44.7 (9.3) 

Family size (members) 7.3 (2.4) 

No of working months 9.8 (1.2) 

Education (%) 77 

Main activity (%)  

Brick making 86 

Other 14 

Land ownership (%)  

Own land 16.0 

Rented land 79.5 

Both (own & rented) 4.5 

Kiln Number (%)  

One brick kiln 86 

More than one kiln 14 

The loose dung average price ranged from 43-66 SDG t-1 DM-1 with an average of 55 

SDG t-1 DM-1 while the compacted dung average price ranged from 12-29 SDG t-1 DM-1 with 

an average of 22 SDG t-1 DM-1 (Table 2). Most of the interviewed kiln owners indicated that 

during the off-season, the price of loose dung was lowest and started to increase only at the 

beginning of the production season, due to the higher competition for this resource. The 

wood price in comparison was relatively stable during the season. 73% of the respondents 

use only wood as an energy source in BM while the remainder uses both wood and 

compacted dung. 

The change ratio of the inputs prices was higher than that of the output prices. At the 

onset of the season the prices of loose and compacted dung were low and the brick price 

was high. Thereafter dung prices increased and brick prices declined as a consequence of 

raising production (Table 2). 

The Average Product (AP) of red bricks varied with input quality whereby the AP of loose 

dung ranged from 2.950-4.660 thousand bricks t-1 DM-1 and compacted dung burning yielded 

range between 2.490-4.980 thousand bricks t-1 DM-1. For wood AP ranged from 25.710-

180.000 thousand bricks t-1 (Table 3). Cost benefit calculations showed that 57% of total 

expenses were labor costs while loose dung costs were 22%, fuel wood costs 13% and land 

rent 6%. The B/C ratio for red BM was 1.25 SDG for every SDG invested (Table 4). 
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Table 2.  Prices (in SDG* t-1 dry matter (DM)) of loose dung, compacted dung and wood 

among sampled from kiln owners (n = 49) in Khartoum, Sudan, 2009. Data show means 

followed by their standard deviation. 

Parameter % of kiln Mean Change ratio (%)** 

Loose dung    

Beginning of season 96 42.6 (5.7)  

Middle of season 92 55.1 (7.3)  

End of season 100 70.3 (7.2) 65.0 

Average prices 100 55.1 (4.6)  

Compacted dung    

Beginning of season 85 15.8 (2.6)  

Middle of season 92 23.7 (4.1)  

End of season 92 25.5 (5.9) 61.4 

Average prices 100 22.1 (4.1)  

Wood 100 343.8 (21.3)  

Red bricks    

Beginning of season 100 93.7 (6.4)  

Middle of season 100 84.0 (4.8)  

End of season 100 75.2 (9.8) -25.0 

Average prices  84.1 (4.5)  

*SDG (New Sudanese Pound) ≈ 0.4 US$ 
**Change ratio (%) = (((price at the end of season – price at the beginning of season) / price at the 
beginning of season) * 100) 

4.3.3. Income distribution among farmers and red brick kiln owners 

Household incomes differed greatly, reflecting differences in family activities. Farmers 

and kiln owners generated different incomes from Gerif land leading to per capita incomes 

that averaged 2.4 SDG day-1 for farmers and 13 SDG day-1 for kiln owners. With a Gini 

coefficient of about 0.38 the income of red brick kiln owners was more equally distributed 

than of the farmers (Table 5). However, despite the higher return the B/C ratio of BM was 

lower than that of urban farming activities. 

The share of land rent in total costs varied greatly among farm and BM households, 

nearly up to five folds. 

4.3.4. Biomass consumptions and GHGs emission 

At the time of the study the price of one bag (50 kg) of urea (46% N) and TSP 

(triplesuperphosphate, 20% P) was 65 SDG, while prices of the equivalent amounts of N 

were 70 and 27 SDG from loose and compacted dung and were 107 and 29 SDG of P from 

loose and compacted dung, respectively. Alternatively, the price for 1 bag (50 kg) of NPK 

(18:18:5) was 150 SDG while the equivalent amounts of nutrients from dung was 31 SDG for 

loose dung and 8 SDG for compacted dung. 
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Table 3.  Average Product (AP) in 1000 bricks t-1 of loose and 

compacted dung and 1000 bricks t-1 of wood among sampled 

kiln owners (n = 49) in Khartoum, Sudan, 2009. Data show 

means followed by their standard deviation. 

Parameter % of kiln owners Mean 

Loose dung AP 86 3.706 (0.4235) 

Compacted dung AP  27 4.056 (0.7728) 

Wood AP 100 45.345 (99.5687) 

Average amount of Corg varied from 354 ± 4.2 to 276 ± 29.1 g kg -1 DM, in loose and 

compacted dung, respectively while the K concentration in compacted dung (33 ± 2.0 g kg-1 

DM) was 153% higher than in loose dung (13 ± 2.0 g kg-1 DM). For N and P concentrations 

slight difference were found between loose and compacted dung (Figure 2).  

Table 4.  Average cost, average return, and benefit 

cost ratio (B/C) in SDG* 1000 bricks-1 for sampled 

farmers (n = 44) in Khartoum, Sudan, 2009. 

Parameter  Mean 

Rent cost  4.0 

Total labor cost 39.0 

Cost of loose dung 15.0 

Cost for biomass fuel 9.0 

Other Cost  1.5 

  

Average revenue 85.2 

Average cost 68.0 

Net revenue  17.2 

  

B/C 1.25 

*SDG (New Sudanese Pound) ≈ 0.4 US$ 

The capacity of one dung-filled lorry used in BM production is estimated to be about 6.5 t 

DM and 24 t DM of loose and compacted dung, respectively, with a density of 0.31 g cm-3 

and 1.14 g cm-3. The annual DM consumption of loose dung exceeded that of compacted 

dung by almost 20% yielding on average 1,677,000 bricks (Table 6). Overall wood 

consumption for BM was much lower than dung consumption, but still the consumption of 

fuel wood from the annual wood harvested was equivalent to 53% of the round wood and the 

rest was branch wood (Table 6). 
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The comparison of our estimates of GHGs emission in kiln-based BM from loose and 

compacted dung based on the IPPC approach versus actual values obtained from the 

laboratory analysis for the dung samples yielded surprisingly different results (Table 7). 

Table 5.  Average net return, total return and total cost for farms and 

kilns (in SDG*), Gini-coefficient, benefit cost ratio (B/C), and land share 

of total cost for farms and kilns in urban Khartoum, Sudan, 2009. 

Items 
Red brick kiln owners  

(n = 45) 
Urban farmers  

(n = 15) 

Average total return 147,229.60 8,267.00 

Average total cost 116,355.30 3,718.20 

Average net return 30,874.3 4,626.00 

Gini coefficient 0.38 0.49 

B/C 1.27 2.22 

Land share of total cost (%) 6.00 29.00 

*SDG (New Sudanese Pound) ≈ 0.4 US$ 

According to the analysis, average C concentration of the dung was about 35 ± 0.4% for 

loose dung and 28 ± 2.9% for compacted dung. Average N/C ratio was about 0.05 ± 0.002 

and 0.07 ± 0.003 for loose and compacted dung, respectively, and the fraction of biomass 

oxidized was 0.68 ± 0.016 and 0.55 ± 0.057, respectively. Consequently, the TCr, CO2-C, 

CO-C and CH4-C emission of cow dung (loose and compacted) estimated from the IPCC 

default values exceeded the values derived from measured data by about 50%. The opposite 

was true for NOx-N, NO-N and N2O-N where the calculated values were 3-fold the IPCC 

values. Apparently, GHGs emission from biomass dung was dominated by CO2-C and CO-C 

followed by CH4-C. As a consequence of the low consumption of wood in BM, emissions 

from fuel wood were much lower than emissions from dung (Table 7).  

4.4. Discussion 

Given the scarcity of Gerif soils and alternative land use options, land owners in 

Khartoum have the choice of renting their land out either for share cropping or BM. Such 

competition and interaction between agriculture and brick kilns has been reported previously 

from Vietnam (Jensen and Peppard 2004), Pakistan (Ishaq et al. 2008) and Sudan (Alam 

and Starr 2009). It leads to a frequent modification of the spatial land use pattern following 

changes in opportunity costs for land and labour (Sazak 2004; Singh and Sarfaraz Asgher 

2005; Muto 2006; Lankoski and Ollikaine 2008; Schumacher et al. 2009). The seasonality of 

rainfall and of the height of the River Nile waters leads to additional temporal variation of land 

use (Jensen and Peppard 2004; Thompson et al. 2010). Our survey indicated that red BM is 

more profitable at the beginning of the season rather than at mid-season when most kilns are 

fully operating. During the former period input prices, mainly dung, are low because of low 
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demand while brick prices are high due to the proximity of the inactive kiln season. Limited 

opportunity costs for cow dung in agriculture that benefits from the fertilizing floods of the 

River Nile make the BM activity of great interest to animal producers through the provision of 

extra income (Omer and Fadalla 2003). The B/C ratio is higher in crop production than in red 

BM, but limited land area and higher cost of inputs used are constraints to agricultural 

production. 

 

Figure 2.  Average concentrations of organic carbon (Corg, n = 5), nitrogen (N, n = 5), 

phosphorus (P, n = 10) and potassium (K, n = 10) in loose and compacted dung used in red 

brick kilns of Khartoum, Sudan, 2009.  

Red BM provides employment opportunities and, as indicated by the low Gini coefficient, 

secures a more even distribution of income among kiln owners (Singh and Sarfaraz Asgher 

2005). This leads to the continuous expansion of this industry at the expense of agricultural 

activities along the Blue Nile and the River Nile regardless of the associated environmental 

problems for the surrounding populated and crop growing areas (Jensen and Peppard 2004; 

Sazak 2004; Muto 2006). 

Currently cow dung in Khartoum state is only used as a fuel for BM activity rather than 

for agriculture where mineral fertilizers are applied if farmers consider it necessary (Omer 

and Fadalla 2003; Alam and Starr 2009). Our data indicated that per unit N and P applied 

cow dung is slightly cheaper than mineral fertilizers. Even though, farmers prefer to apply 

urea or compound mineral fertilizers because of the faster availability of N compared to 
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manure that at a C/N ratio of 15-20 may lead to temporary N immobilization (Wichern et al. 

2004). 

Table 6.  Average amounts of dry matter (DM), organic carbon (Corg, n = 5), nitrogen (N, n = 

5), phosphorus (P, n = 10), potassium (K, n = 10) contained in cow dung and amount of fuel 

wood used in red brick kilns (n = 49) in Khartoum, Sudan, 2009. 

Variables 
Consumption of loose dung Consumption of compacted dung 

kg 1000 brick-1  
t year-1 of brick 

production  
kg 1000 brick-1  

t year-1 of brick 
production  

DM  270 475 247 381 

Corg   95.6 (1.14) 168.1 (2.01)     68.1 (7.18)   105.3 (11.10) 

N     4.9 (0.25)     8.6 (0.45)       4.6 (0.47)     7.1 (0.72) 

P     1.4 (0.08)     2.4 (0.14)       1.9 (0.23)     2.9 (0.35) 

K     3.5 (0.55)     6.2 (0.97)       8.2 (0.41)   12.6 (0.64) 

Production 
of bricks  

Consumption of fuel wood 

Wood consumption 
(t DM) 

Round wood 
(m3) 

Total harvested wood 
(m3) 

1000 brick      0.02 (0.001)     0.03 (0.002)     0.06 (0.004) 

Bricks year-1    36 (3.5)     56 (5.4)  106 (10.2) 

Average brick production year-1 = 1,677 x (103) 

Sudan’s national GHGs inventory of 1995 (MEPD/HCENR 2003) reports total emissions 

of about 25,752,000 t consisting of CO2 (20,077,000 t), CO (3,280,000 t), CH4 (1,985,000 t) 

and other gases such as NMVOC, NOx, N2O, HFCs and SO2 in 1995 of which 78% was 

emitted as CO2. In our present study gaseous emissions estimated using the IPCC (1996) 

approach were equivalent to 1,179 t CO2 year-1, 49 t CO year-1, 5.5 t CH4 year-1, 1.4 t NOx 

year-1, 0.9 t NO year-1 and 0.04 t N2O year-1 from cow dung and 58 t CO2 year-1, 2 t CO year-

1, 0.26 t CH4 year-1, 0.06 t NOx year-1, 0.04 t NO year-1 and 0.002 t N2O year-1 from woody 

biomass. Our data indicate that to this total emissions from kiln-based dung burning 

contribute 10% and from wood burning kilns 0.5%. This reflects the rapid urbanization rate 

and the related demand for constructions materials (Tahir et al. 2010).  

According to the IPCC (1996) the aboveground biomass of tropical forests in African 

compacted zones (rainfall < 1000 mm year-1) ranges from 20 to 55 t DM ha-1. As the average 

rainfall in dry zone of Sudan ranges from 100 to 300 mm year-1 (Hamad and El-Battahani 

2005; Mubarak et al. 2010) we assume the aboveground biomass of local forests are at the 

lower range (20 t DM ha-1). Based on this a wood consumption of 36 t DM year-1 would 

translate to about 2 ha year-1 deforested area. 

4.5. Conclusion and recommendations 

Table 7.  Total carbon released (TCr) and greenhouse gases (GHGs) emission from loose 

and compacted dung and fuel wood consumed in red brick kilns in Khartoum, Sudan, 2009. 
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Biomass consumption 
GHG emission 

TCr CO2-C CO-C CH4-C NOx-N NO-N N2O-N 

Loose dung Using IPCC default value  

kg 1000 brick-1 109 101 6.6 1.3 0.1 0.1 0.01 

t year-1 192 178 11.5 2.3 0.2 0.2 0.01 

 Using own data value  

kg 1000 brick-1 65 60 3.9 0.8 0.4 0.4 0.02 

t year-1 115 106 6.9 1.4 0.7 0.7 0.04 

        

Compacted dung Using IPCC default value  

kg 1000 brick-1 100 93 6.0 1.2 0.1 0.1 0.01 

t year-1 154 143 9.3 1.9 0.2 0.2 0.01 

 Using own data value  

kg 1000 brick-1 37 34 2.2 0.4 0.3 0.3 0.02 

t year-1 58 54 3.5 0.7 0.5 0.5 0.03 

        

Fuel wood Using IPCC default value  

kg 1000 brick-1 10 9 0.6 0.12 0.012 0.012 0.001 

t year-1 16 15 1.0 0.20 0.020 0.020 0.001 

Kiln-based BM on the fertile flood land along the Nile and its tributaries has profound 

effects on the spatial and temporal land use pattern in Khartoum and offers significant 

income opportunities for a significant number of kiln owners and their employees. Although 

the manure and wood-based production of red bricks contributes substantially to the income 

of kiln owners, improvements in energy efficiency may allow kilns to reduce GHGs emission 

per unit brick and negative health effects to kiln employees while increasing the overall 

profitability of this land use system. There also may be a need to raise farmers’ awareness 

about the benefits of cow dung to maintain Corg levels in intensively cultivated Gerif soils in 

Khartoum. 
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5.1. General overview of the study approach   

In order to address the non-thoughtful and intensive use of agricultural lands in urban 

areas, a comprehensive overview of agricultural management related activities is needed. A 

preliminary baseline survey was conducted in urban Khartoum to gather information about 

the socio-economic characteristics and agricultural practices (animal husbandry, crop type, 

crop cycle, fertilizer, irrigation, yield, cropping pattern, marketing, etc.) (Chapter 2). Such 

information is needed to develop nutrient budgeting techniques and manage nutrients that 

are highly dependent on the gardener or the household head decisions (De Jager et al. 

1998; Graefe et al. 2008). According to the survey, three gardening systems were identified 

(Chapter 2) and four gardens from two of these systems were monitored for their nutrient 

inputs and outputs flows using the nutrient budgeting approach (Chapter 3) (De Jager et al. 

1998; Surendran et al. 2005; Khai et al. 2007; Diogo et al. 2010; Oelofse et al. 2010). This 

approach is an effective tool used to quantify imported and exported nutrients within different 

gardening systems and to evaluate the efficiency of the nutrient management (Watson et al. 

2002b). The aim from the nutrient budgeting approach is to help conserve and build up soil 

nutrients storage in order to sustain the gardening systems (Watson et al. 2002a; Surendran 

et al. 2005). Gardeners were asked about their sowing and harvesting dates, the amounts 

and types of fertilizers used and irrigation practices. Output via leaching losses and 

harvested produce and input from sediments deposited by River Nile floods, irrigation water, 

rainfall and applied mineral fertilizer were measured (Chapter 3). Nutrient budgets focused 

on nitrogen (N), phosphorous (P) and potassium (K); which are the nutrients most vital to 

plant growth and were mostly applied in the form of mineral fertilizers by the gardeners 

(Oelofse et al. 2010). Soil samples were collected at the beginning of the study, 6 month 

after the 2008 flood had receded, and at the end of the study period. Nutrient availability and 

flows from plants to soil and vice versa is influenced by physical and chemical soil properties 

(De Jager et al. 1998).  

Agriculture is a native activity in the Gerif soils of the river banks in urban Khartoum 

(Schumacher et al. 2009). In parallel to agriculture; activities like animal husbandry and brick 

making are practiced. The circulation of the natural resources between the three activities is 

missing. The animal dung goes to the brick making units as biomass fuel rather than being 

used as organic manure on agriculture land. In other words, integration of the resources 

between herders and gardeners are not clear and concrete. Information concerning 

utilization of animal dung in brick making and the environmental impacts associated is 

limited. The only related study encountered was one by Alam and Starr (2009), which 

discussed greenhouse gas emissions (GHGs) from brick making and the impact of 

unsustainably harvesting fuel wood in native forests. In the current study, a structured 
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questionnaire was used to collect information about the socio-economic characteristics of the 

brick kiln owners or agents; the quantity and price of loose dung used in the brick mixture, of 

compacted dung used as biomass fuel, and of fuel wood; and the number of bricks produced 

per year. In addition loose and compacted cow dung samples were analyzed for N, P, K and 

organic carbon (Corg) contents in order to evaluate nutrient losses. The GHGs emitted from 

the dung used in the brick mixture and from the dung used as biomass fuel plus those 

emitted by the fuel wood and the harvested wood were estimated (Chapter 4).  

5.2. Nutrient balances and related agricultural activities   

The conventional tenant system is used to operate the gardens in urban Khartoum; 

where 80% of the household heads are non-natives to Khartoum (i.e. migrants) (Chapter 2). 

Cultivation of fast growing leafy vegetable is a common feature in the land adjacent to the 

river banks (Gerif soils) in urban Khartoum (Thompson et al. 2010). Due to insecure land 

tenure, these migrant gardeners avoid more long-term agricultural activities, such as growing 

fruit trees, fruit-bearing vegetables and raising livestock (Drechsel and Dongus 2010; 

Thompson et al. 2010). For example gardeners can grow rocket, purslane and cowpea in 

different plots in the same garden and this pattern would change for the second cycle after 

the harvest. This strategy of multi production units cultivated continuously with different crops 

makes it difficult for us to measure the nutrient balances for each crop separately because 

inputs and outputs are not replicated for all the plots even for the same crop (Bekunda and 

Manzi 2005). Nutrient balances are associated with the gardener’s socio-economic 

conditions, which in turn affect the garden management and consequently the soil nutrient 

status. Migrant gardeners prefer to plant their gardens with fast-growing vegetables to cover 

the cost of the garden’s lease, while indigenous gardeners prefer to grow fruit-bearing 

vegetables with longer growth periods but high returns (Wang et al. 2008). In a comparative 

study between five organic and five non-organic farms in China, Brazil and Egypt, nutrient 

balances revealed similar surpluses for N, P and K on both organic and non-organic farms in 

four of the five sites studied (Oelofse et al. 2010). Soil nutrient reserves were not being 

depleted on these farms, but many organic farms depended greatly on external inputs in the 

form of manures, and only those organic farms with sufficient livestock displayed adequate 

levels of internal nutrient recycling. Similar results were obtained by Wang et al. (2008), who 

compared vegetable gardens in two peri-urban areas in China with contrasting fertilizer use: 

Nanjing was primarily fertilized with organic fertilizers while inorganic fertilizers were primarily 

used in Wuxi. Mean surpluses of N and P were observed at both sites, but a great deficit in K 

was observed in Wuxi. The high N and P surpluses for Wuxi were deemed potential 

environmental hazards, and assumed to be caused by the negative K balance or other soil-

quality problems not recognized by gardeners, who got low vegetable yields, and mistakenly 
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applied more inorganic N and P to fields. Intensive cultivation systems without fallow period 

in some tropical and subtropical areas are found to comprise positive balance in C and N 

(Buerkert et al. 2005; Khai et al. 2007; Diogo et al. 2010). Surendran et al. (2005) quantified 

the nutrient balance within six crop types in tropical India. In their study they found that N 

balance was positive for intercropped onions and chilies and in sorghum, while it was 

negative for banana, maize, turmeric and black gram. Negative or positive balances are not 

always an indicator for the soil nutrient status where some soil process such as nutrient 

mobilization/immobilization, volatilization, denitrification, N-fixation, mineralization and 

leaching can cause surplus or deficit in soil nutrient stock (Oelofse et al. 2010). Therefore, for 

a concrete data in nutrient budget; overall measurements for the possible sources of the 

inputs and outputs in the targeted cultivation systems are needed. For instance, Van den 

Bosch et al. (1998) estimated the N inputs from the atmospheric deposition and the nitrogen 

fixation in coffee and tea gardens in Kenya at 8%. Predotova et al. (2010b) estimated 48 and 

53 kg N ha-1 yr-1 emission of NH3-N and N2O-N, respectively and 20-25 t C ha-1 yr-1 is lost as 

CO2-C in semiarid urban gardens in Niamey, Niger. Moreover, in a two-year study conducted 

by Siegfried et al. (2011) in an arid subtropical climatic region in Oman, gaseous losses of 45 

kg N ha-1 and 6.2 t C ha-1 were obtained. Thus losses through gaseous emission are 

expected to be significant due to the typical semiarid climatic conditions in Khartoum, Sudan. 

Further losses through volatilization and nitrification of the mineral fertilizer urea applied to 

the Gerif soils are possible (Chapter 2, 3). According to our study gardeners were applying 

on average 44% of the recommended crop demands of urea-N, with a concomitant decrease 

the fertilizer use efficiency.  

Leaching of nutrients is documented in Niamey, Niger by an annual average of 6.6 kg N 

ha-1 with 80% sand fraction; this value decreased to 2.2 kg N ha-1 as the clay fraction 

increased to 40%, P leaching was 0.7 kg ha-1 yr-1 (Predotova et al. 2010a). Siegfried et al. 

(2011) estimated cumulative leachates nutrients of N and P over two years by 30 and 9 kg 

ha-1, respectively in coarse loamy soils of Hajar Mountains, Oman. Leaching values that we 

have acquired from our study (0.02 kg NH4
+-N ha-1 yr-1, 0.03 kg NO3

--N ha-1 yr-1 and 0.005 kg 

PO4
-3-P ha-1) are substantially lower compared to values obtained from previous studies. A 

likely low value obtained in nutrients leaching losses is due to the clay nature of the soil, high 

CEC content, high temperature, low rainfall and gardener’s irrigation management (Chapter 

3). 

Although it is difficult to assess all the factors controlling the nutrient balances (Wang et 

al. 2008), solid recommendations need detailed research studies in vertical and horizontal 

nutrient balances (leaching, gases emissions and N-fixation) and the factors controlling them 

such as the temperature, rainfall rate, soil texture, fertilizer management, irrigation practices, 

crop type, etc. 
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Despite the continuous monitored for the gardens under study; inaccuracy in nutrient 

balance approach based on nutrient inputs and outputs are expected. In some cases, the 

gardener may sell the crops before the harvesting stage, and the new owner of the crop may 

add fertilizer to the crops without the gardener’s knowledge. Also the amount of applied 

fertilizers is mostly estimated according to the gardener’s statement and this can be a reason 

for the over or under estimation in nutrient budget balances. Overestimation in the negative 

balances of P and K is expected, due to the inconsistency of the pumped water rates and the 

amount of applied irrigation water. Nitrogen fixation via cowpea is not included in the balance 

which could be another source of under estimation for total nitrogen inputs. 

Accumulation of nutrients in the soil was observed from samples taken in gardens under 

study after flood water receded. The higher accumulation of nutrients in the topsoil (0-0.2 m) 

resembles the finding of Wang et al. (2008) in their 2-year study in vegetable gardens of UPA 

systems in China. In our study, greater clay content was found in the gardens adjacent to the 

River Nile though no changes in soil texture were noted during the years of the study for any 

of the gardens. However, sediment deposited was significantly high in the gardens adjacent 

to the River Nile bank and thus the nutrient inputs into the soil were high. Correspondingly 

those gardens produced the highest plant dry matter and thus exporting more nutrients from 

the soil. This finding corroborates the study of Diogo et al. (2010) in high inputs vegetable 

gardens in Niamey, Niger. The nutrient balances were highly positive for N and C and highly 

negative for P and K for the gardens with high sediment deposits. In the gardens adjacent to 

the River Nile bank, mineral fertilizers only represent 29 and 30% of the total nitrogen inputs, 

while N from the sediments deposited was equal to 66 and 67% of inputs. Positive balances 

in P and K are indicated by Diogo et al. (2010) and Khai et al. (2007) in vegetable gardens 

irrigated from wastewater with intensive application of manure and mineral fertilizers as 

source for N and P. Input through mineral fertilizer averaged to 38-278 kg ha-1 of urea in the 

low inputs vegetable gardens of Niamey, Niger (Diogo et al. 2010) compared to 163-193 kg 

ha- 1 urea per cropping cycle in UA vegetable gardens of Khartoum, Sudan (Chapter 3). 

However, in the UA system of Khartoum there is no application of organic manure and 

phosphorous and potassium fertilizers were found (Chapter 3). 

Information on types and rates of application of pesticides and fertilizers is exchanged 

between individuals or comes from input traders. Applying pesticides and fertilizers 

irrationally without caring about the recommended doses or types may cause contamination 

of the product and the environment. 

Gardeners in urban Khartoum are biased against the use of animal dung, claiming that it 

contains soil-borne pathogens and weed seeds; additionally, animal raisers prefer to sell 

animal dung to the brick making investor at a high price (Chapter 2, 4). Therefore, gardeners 

are intentionally utilizing the mineral fertilizers as source of nutrients (Oelofse et al. 2010).  
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5.3. Utilization of animal dung  

Utilizations of animal dung to build-up soil nutrient stock and improve soil chemical and 

physical properties are acknowledged. Numerous studies in soil nutrient balance in UPA 

systems have confirmed the role of animal dung as organic fertilizer in minimizing the gap in 

soil nutrient balance (Wang et al. 2008; Diogo et al. 2010; Angers et al. 2010; Oelofse et al. 

2010). The present study demonstrated what is stated by Alam and Starr (2009) and Omer 

and Fadalla (2003) that animal dung is utilized in brick making in Khartoum state (Chapter 4). 

From the agricultural point of view; animal dung used in brick making could be considered as 

a source of nutrients loss unless the production associated with animal husbandry (dung), 

brick making (GHGs) and the vegetation cover (crops, forest, pastures, etc) is harmonized. 

As in most developing countries, the kilns used in Khartoum have low combustion efficiency 

which increases the chance of the incomplete combustion (Streets and Waldhoff 1999). 

Products of incomplete combustion accelerate the global warming rate more than CO2 gas 

does (Streets and Waldhoff 1999). In our study the CO2 emission from the brick making was 

estimated around 10.5% of the national gas emission compared to only 2% as found by Alam 

and Starr (2009). This increment reflects an increasing demand for construction materials 

which indicate the rapid urbanization rate in the city.  

5.4. General conclusions   

(1) Gerif soils adjacent to the banks of the River Nile in Khartoum are dominantly planted 

with leafy vegetables that have a short growth cycles. Gardens are planted year 

around unless flooded. 

(2) Enhancing crop diversity of urban Khartoum gardens will help gardeners to cope with 

the fluctuating market price. 

(3) The balance patterns observed for N, P and K requires more sustainable practices to 

avoid environmental degradation and enhancing nutrient use efficiency. The study 

may also help researchers derive site and crop-specific fertilizer recommendations 

which will improve resource use efficiency. 

(4) There is a need to raise farmers’ awareness of the benefits of cow dung as fertilizer 

and introduce new agricultural practices to them. Such as dung composting technique 

to motivate them to use it as organic manure free of soil-borne diseases. An alternate 

way is to encourage gardeners to buy animal dung during the off seasons of the brick 

making units when the price of dung drops. 

(5) The broken nutrient cycle in urban agricultural system of Khartoum is evident. Where 

intelligent cooperation between the brick making units, the agricultural production 

units and the animal raisers in utilization of animal dung will enhance the 

sustainability of these systems and improve resource use efficiency. 
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(6) Improvements in energy efficient brick kilns may decrease the amount of biomass fuel 

used and consequently the GHGs emission and increase the profitability of the land. 

(7) The inputs and the outputs that were not included in the balance such as N2-fixation, 

dry deposition and gaseous emissions of C and N are needed in order to sustain the 

potential of the gardening system in UA of Khartoum. 

(8) To limit environmental damage and economic competition between brick kilns and 

agriculture lands, a strict policy must be made involving the landowner, gardeners, 

kilns owners and laborers.  

(9) In the current study, emission from clay consists in the brick mixture is not 

considered; therefore, comprehensive studies are needed to precisely evaluate the 

contribution of the kilns in the national GHGs emissions. 
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Appendixes  

 

Appendix A.  Botanical names of vegetables, fruits and fodders mentioned in the study 

No. Scientific name Plant family Local Arabic name Common English name 

Fruits     

1 Citrus aurantiifolia (L.) Swingle Rutaceae Lemon Lime 

2 Citrus x paradisi Macfad. Rutaceae Grapefruit Grapefruit 

3 Phoenix dactylifera L. Arecaceae Nakheel Date palm 

4 Psidium guajava L. Myrtaceae Juava Guava 

Vegetables    

5 Allium cepa L. Liliaceae Bassal Onion: red 

6 Allium cepa L. var. aggregatum G. Don Liliaceae Bassal Onion: green bunching 

7 Capsicum annuum L. Solanaceae Filfilia Red pepper, Capsicum 

8 Capsicum frutescens L. Solanaceae Shatta Chilli 

9 Lycopersicon esculentum Mill. Solanaceae Tamatem Tomato 

10 Solanum melongena L. Solanaceae Bazinjan,  Alaswed Eggplant 

11 Corchorous olitorius L. Tiliaceae Khudra, Molukhia Jew’s mallow, Jute 

12 Cucumis melo L. subsp. melo var. flexuosus (L.) Naud. Cucurbitaceae Ajur Snake cucumber 

13 Cucumis sativus L. Cucurbitaceae Kheyar Cucumber 

14 Cucurbita moschata (Lam.) Duch. Ex Poir. Cucurbitaceae Garaa asaly Pumpkin 
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Appendix A. continued 

No. Scientific name Plant family Local Arabic name Common English name 

15 Apium graveolens L. var. dulce Pers. Apiaceae Karafs Celery 

16 Eruca sativa Mill. Brassicaceae Jirjir Rocket, Arrugula 

17 Hibiscus sabdariffa L. Malvaceae Karkadah Rosella 

18 Lactuca sativa var. longifolia Lam. Asteraceae Khass Cos lettuce 

19 Portulaca oleracea L. ssp. sativa (Haw.) Schübl. et Mart. Portulacaceae Rigla Purslane 

20 Raphanus sativus L. var. longipinnatus L. H. Bailey Brassicaceae Fegel (abyad) White radish 

21 Beta vulgaris Chenopodiaceae Banger Beet 

22 Vigna unguiculata (L.) Walp. ssp. unguiculata Leguminosae Warag Cowpea, Black-eyed bean 

23 Anethum graveolens (L.) Benth. et Hook. f. Apiaceae Shamar Dill 

24 Daucus carota L. ssp. sativa (Hoffim.) Arcang Apiaceae Jazar Carroat 

Fodder    

25 Medicago sativa L. Leguminosae Barseem Alfalfa 

26 Sorghum bicolor (L.) Moench Poaceae Zura, Abu sabeen Sorghum, Milo 

27 Zea mays L. Poaceae Zura shamy Maize 
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Appendix B.  Tribes of households heads (HHH) interviewed in urban Khartoum. 

No Tribe HHH (no) No Tribe HHH (no) 

1 Ja'alin 8 12 Adnguh 1 

2 Shaigiya 3 13 Arakee 1 

3 Tama 3 14 Dar hamed 1 

4 Bargu 2 15 Gmraoe 1 

5 Elsaida 2 16 Halfaweyen 1 

6 Gamuia 2 17 Hamar 1 

7 Gauamaa 2 18 Kranka 1 

8 Husania 2 19 Mahas 1 

9 Rcabia 2 20 Masalit 1 

10 Torgum 2 21 Nyima 1 

11 Tunjur 2    
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Appendix C.   Flow chart illustrating the traditional process of production of red bricks in 

Khartoum, Sudan (modified after Alam, 2006). Photo gallery is given in the appendix D.  

Costs related to activities         Activities               Output 

 

 

 

                                             
 

Fragmentation process for about 12 hours 

 

 

 

 

 

 

 

 

 

 

 

Biomass fuel (fuel wood and compacted dung) added between the raw bricks rows and layers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� Land rent 
� Labor cost 
� Loose dung 

Preparation of brick mixture by digging of mud 
and mixing of brick substrate (clay + loose dung 

(Photo 1) + water) (Photo 3 & 4) 

Forming the brick units by wooden or steel 
mould (Photo 5) 

Air drying of raw bricks 1-3 days  
(Photo 6) 

Loading of raw bricks in kiln for burning  
(Photo 7) 

Burning of raw bricks in brick kiln up to 
850°C temperature for 24 hours (Photo 8) 

Cooling of burned red bricks for about 1 week 

Unloading of burned red bricks from the brick 
kiln for marketing (Photo 9) 

 

GHGs emissions 

GHGs emissions 

� Labor cost 

� Labor cost 

� Sale deals 

Red bricks 

Raw bricks 

� Labor cost 
� Biomass fuel 
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Appendix D.  Photos 1 to 9 are illustrating the process of the brick making (BM) and photos 10 to 12 
are illustrating the environmental hazard caused by the BM activity. Photo 7 is adapted from Alam 
(2006). 

  

1. Loose dung used in bricks mixture 2. Compacted dung used for bricks burning 

  

3. Excavation in soil pit for mixing clay and 
loose dung 

4. Preparation of bricks mixture (clay + loose 
dung) with water 

  

5. Forming of the mixture to bricks units using 
steel or wooden mould 

6. Air drying of raw bricks units 
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Appendix D.  continued 

  

7. Loading of dried raw bricks in layers for 
burning 

8. Burning of raw bricks in kiln using biomass 
fuel (fuel wood and compacted dung) 

  

9. Red brick ready for marketing after it has 
been cooled for about one week 

10.  Soil degradation due to removal of clay from 
the River Nile banks  

  

11.  Water erosion of soil along the River Nile 
banks 

12.  Adjacent locations of brick making kilns, 
crop cultivation farms and living area. 

 


