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Abstract 
 

Wastewater Reuse in Irrigated Agriculture: 

Global Perspectives on Water Quantity, Quality, and Exposure to Health Risks 

by 

 

Anne Louise Thebo 

 

Doctor of Philosophy in Engineering – Civil and Environmental Engineering 

 

University of California, Berkeley 

 

Professor Kara L. Nelson, Chair 

  

Safe, equitable water reuse is a fundamental component of resilient water systems both in the 

western United States and around the world. As the dominant water user, agricultural water use 

is central to this discussion. Urban water infrastructure sits at the interface between health risk 

mitigation and the quantity and quality of water received by downstream agricultural water users. 

For the vast majority of the world, wastewater receives little to no treatment before being 

discharged to surface waters, often resulting in irrigation water quality that is far lower than the 

standards set for direct reuse schemes. Even when wastewater is treated, urban wastewater return 

flows can constitute a significant portion of the water available in a given region. In both 

instances, there is a great need for improved knowledge on both the extent of these practices and 

the efficacy of different risk mitigation strategies. 

The first portion of this dissertation addresses this knowledge gap through the development of a 

spatially explicit, global assessment of the extent and characteristics of wastewater use in 

irrigated agriculture. GIS-based models incorporating global data on irrigated croplands, 

hydrography, urban extents and populations, water and sanitation coverage, water availability, 

and terrain were used to develop these estimates. The first component of this analysis quantified 

the global extent of urban and peri-urban croplands, finding that 130 Mha or 60 percent of all 

irrigated croplands are located within 20 km of urban extents. Thirty-five percent of these 

croplands are irrigated compared to 17.7 percent of non-urban croplands. Cropping intensity in 

these urban croplands was also 32 percent higher than non-urban croplands, alluding to the 

potential economic significance of these croplands. The degree of health risks posed via the 

indirect or de facto reuse of wastewater depends on concentrations of pathogens in the irrigation 

water. However, global water quality monitoring data is scant and current water quality models 

are both coarse and uncertain. Given these considerations, this analysis instead opted to use 

wastewater return flows and levels of wastewater treatment as proxies for wastewater 

dependence and irrigation water quality. This analysis found that nearly 26 percent (35.9 Mha) of 

irrigated croplands are located in a catchment where wastewater return flows constitute more 

than twenty percent of available water. Of these wastewater dependent irrigated croplands, 29.3 

Mha are located in countries where less than 75 percent of wastewater receives some form of 

treatment. These same catchments are home to some 1.37 billion urban residents. These figures 

provide some of the first global-scale estimates of the magnitude of the role wastewater reuse 
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plays in meeting the water and food needs of people around the world and will hopefully 

contribute to the on-going discussion on resource recovery and reuse and the scale-up of 

wastewater treatment in rapidly urbanizing cities.  

While understanding the scale of agricultural water reuse is important in the guidance of 

planning decisions, the health risks associated with this practice are realized on farms and in 

markets and households. The second component of this dissertation focuses on a case study in 

Dharwad, India to better understand the relationship between irrigation water quality, food and 

farmer safety. This study interviewed 29 vegetable growers and collected 330 water, soil, and 

produce samples from their farms and local markets. These samples were analyzed for both 

culturable E. coli and five diarrheagenic E. coli pathotype gene targets. Selected farms were 

divided roughly evenly amongst those using wastewater versus those using borewell water. 

Culturable E. coli were detected in all sample types except borewell water. This suggests the 

presence of additional sources of contamination beyond irrigation water source on farms. At least 

one pathotype gene target was detected in all sample types from farms irrigating with 

wastewater, but only on produce samples from farms using borewell water for irrigation. Greens 

were the most contaminated class of crops on both types of farms. Enterotoxigenic and 

enteropathogenic E. coli were the two most common strains of diarrheagenic E. coli detected. 

Concentrations of culturable E. coli showed a strong positive association with the detection of 

ETEC and the count of pathotype gene targets detected in water, soil, and greens samples, 

suggesting that, in this context, E. coli was a good indicator of the presence of at least some 

pathotypes of diarrheagenic E. coli. These findings provide new insights into how exposure to 

diarrheagenic E. coli varies on farms and forms the basis of future risk assessment modeling 

work. These findings also allude to a need for further characterization of concentrations of actual 

pathogens, particularly on different types of produce, and the role of non-irrigation related 

sources of contamination on farms such as inadequate sanitation facilities, livestock, and 

wildlife. 

Access to wastewater for irrigation makes important contributions to global crop production, but 

can introduce exposure to health risks when levels of treatment are low. This dissertation 

provides initial insights into the scale of agricultural water reuse and explores the heterogeneity 

of exposure that occurs on farms and in markets. As the Sustainable Development Goals 

emphasize, safe disposal, treatment, and reuse are all important components of complete access 

to sanitation. This dissertation examines the scale and diversity of ways in which agricultural 

water reuse is practiced. Planning practices incorporating the vast existing indirect reuse of 

wastewater are an important component of safe, equitable management of scarce water resources 

and complete sanitation. 
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Chapter 1 Introduction 
 

 

1.1 MOTIVATION 

In 2007, readers of the British Medical Journal voted the “sanitary revolution” as the most 

important medical milestone since 1840 and indeed, the dramatic growth of cities such as 

London and New York was made possible, in part, by advances in sanitation (Ferriman, 2007; 

Peterson, 1979). However, advances in sanitation have historically been synonymous with 

systems that remove wastes from households only to be discharged downstream, untreated. Even 

in recent years, the Millennium Development Goals defined improved sanitation on the basis of 

containment or transport of fecal material away from households, not treatment (United Nations 

Statistics Division, 2011). In the United States, it was not until the passage of a series of Water 

Pollution Control Acts in the 1950-60s and the Clean Water Act in 1972 that treatment of 

wastewater was mandated (Burian et al., 2000). The 2015 Sustainable Development Goals now 

include language emphasizing safe collection, treatment, and reuse of wastewater and fecal 

sludge (Malik et al., 2015). While there is growing momentum towards more holistic 

management of wastewater and fecal sludge in low and middle income countries, the current 

reality is that less than ten percent of collected wastewater globally receives any form of 

treatment (Carpenter et al., 2005). Table 1.1 shows current global estimates of wastewater 

treatment and growth in treatment capacity. 

Table 1.1. Estimates of global domestic wastewater generated and treated (as of 2009). 

Parameter 
Volume 

10
6
 m

3
/day 

Total volume of domestic wastewater generated 

and treated (2009) 
 

680-960 

Current global capacity to treat wastewater to 

advanced levels. 
 

32 

Total volume of domestic wastewater that is not 

treated to advanced levels. 
 

648-925 

Growth in global capacity to treat wastewater to 

advanced levels (per year since 2000) 
2 

Source: United States Environmental Protection Agency (2012) with data from 

GWI (2010) and FAO (2010) 
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Compounding this problem is the fact that over 50 percent of the world’s population now lives in 

an urban center (Cohen, 2003),(United Nations Human Settlements Programme, 2008). 

Intrinsically linked to these unprecedented rates of urbanization are the massive geographic 

concentration of wastewater and fecal sludge production. Without drastic changes, the 

production and disposal of wastewater will continue to far exceed wastewater management 

capabilities, pollute water sources, and pose substantial health risks. 

The direct product of the inadequate management of untreated wastewater is widespread 

diarrheal disease. More specifically, diarrheal diseases continue to kill 1.5 million people per 

year and account for 58.7 million disability adjusted life years (DALYs) lost each year in low 

and middle income countries (Lopez et al., 2006; Prüss-Ustün et al., 2014). Many of these 

illnesses are likely to be caused by exposure to water and food supplies contaminated by 

inadequately treated wastewater (Marino, 2007; Newell et al., 2010). Because of the complexity 

of exposure routes and multitude of pathogens, this is an inherently complex system. This 

dissertation focuses on understanding the relationships and pathways linking urban wastewater 

management with downstream food safety outlined in Figure 1.1. The main points to take away 

from this figure are: 

 Routes of exposure are diverse and create explicit links between peri-urban food 

producers and urban residents. 

 Groups with exposure risk are diverse and range from downstream farmers through urban 

consumers.  

 

Figure 1.1. Pathways of exposure to pathogens through agricultural reuse. 
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Paradoxically, these same wastewater flows provide valuable inputs – water and nutrients - to 

agricultural production in and around cities (Akponikpè et al., 2011; Saldías et al., 2016). In an 

era of increasingly unpredictable climate and water scarcity, wastewater provides the sole 

consistent source of water for farmers in many regions of the world (Ensink et al., 2004; Santos 

et al., 2002). Anecdotal evidence and case studies suggest that irrigation with untreated 

wastewater is a long-standing and widespread practice. However, the true extent of wastewater 

irrigation, and therefore, the magnitude of its risks, costs, and benefits remain largely unknown 

(Raschid-Sally & Jayakody 2008; Ensink et al. 2004). Answering these fundamental questions 

about the practice of irrigation with untreated wastewater is essential for garnering the attention 

of policy makers and sanitation practitioners such that infrastructure is selected in a manner 

sensitive to downstream water quality, quantity, and the livelihoods of farmers reliant on 

wastewater for irrigation. 

1.2 DISSERTATION OVERVIEW AND RESEARCH OBJECTIVES 

The diversity of examples of agricultural water reuse throughout the literature illustrate that the 

practice is anything but, small or homogenous. However, while these practices are widespread 

and increasing in prevalence, they are far from well understood. The scale of knowledge gaps 

ranges from expansive questions such as ‘What is the global extent of agricultural water reuse?’ 

through more pointed questions surrounding risk quantification and mitigation. Making 

appropriate assumptions and trade-offs in macro-scale analyses requires detailed understanding 

of agricultural water reuse at the farm scale and vice versa. Given these considerations, this 

dissertation is divided into two sections.  

The first section of this dissertation (Chapters 2 and 3) analyzes global trends in urban 

agriculture and agricultural water reuse. The first portion of these analyses used global spatial 

data on monthly irrigated and rainfed croplands areas, crop types, and urban extents to estimate 

the global extent of urban and peri-urban irrigated and rainfed croplands. The primary research 

objectives of Chapter 2 included:  

 Quantifying the global extent of urban and peri-urban agriculture including: 

o The extent of urban irrigated croplands 

o The extent of urban rainfed croplands 

 Comparing and contrasting cropping patterns and intensities between irrigated and 

rainfed urban croplands; 

 Evaluating how cropping patterns and extents change with increasing distances from 

urban areas; 

 Characterizing the ways in which urban and peri-urban croplands are different from rural 

croplands.  
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Chapter 3 builds on the analysis of Chapter 2 to develop estimates of the global extent of 

irrigated croplands dependent on wastewater return flows. This chapter develops a spatially 

based decision tree analysis to quantify the proximity of irrigated croplands to urban areas and 

hydrologic features. Irrigated croplands within 40 km downstream of urban areas are then further 

classified on the basis of catchment return flow ratios and levels of wastewater treatment. 

Specific research objectives of Chapter 3 included: 

 Quantifying the global extent of irrigated croplands downstream of urban areas; 

 Identifying downstream irrigated croplands likely to have a high dependence on urban 

wastewater return flows; 

 Classifying wastewater dependent irrigated croplands by level of wastewater treatment 

 Estimating urban populations living in catchments with high levels of wastewater 

dependent irrigated agriculture. 

Chapter 4 shifts scales to a case study of agricultural water reuse in Dharwad, India. The 

methods used in this chapter measure culturable E. coli and the presence/absence of 

diarrheagenic E. coli pathotype gene targets to compare contamination on farms when 

wastewater or borewell water were used for irrigation. Levels of culturable E. coli were also 

measured on market produce. These data were then further analyzed to test for significant 

associations and make suggestions for improvements to quantitative microbial risk assessment 

(QMRA) methods. The primary research objectives of Chapter 4 included: 

 Evaluating how levels of E. coli contamination vary on farms irrigated with wastewater 

as compared to borewell water; 

 Testing whether concentrations of culturable E. coli are associated with various 

operational and environmental variables; 

 Quantifying concentrations of culturable E. coli on market produce; 

 Assessing E. coli as an indicator of diarrheagenic E. coli (DEC) on farms irrigating with 

wastewater; 

 Comparing the relationships between culturable E. coli, DEC detection rates, and 

estimated concentrations of DEC using assumptions commonly used in quantitative 

microbial risk assessment (QMRA). 

1.3 TYPOLOGIES OF AGRICULTURAL WATER REUSE 

Agricultural water reuse can take many different forms, each of which inherently carries 

different levels of health risks. For the purposes of this research, I characterize agricultural water 

reuse across two main continuums (Figure 1.2).  
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Figure 1.2. Classification of agricultural water reuse area by irrigation water source 

classification. Box size is roughly proportional to the estimated irrigated cropland area in each 

class. 

1.3.1 LEVEL OF WASTEWATER TREATMENT 

The majority of wastewater produced in the world is not treated before being discharged to 

surface waters. However, even when wastewater treatment is present, this does not mean that all 

wastewater is being treated adequately. The y-axis in Figure 1.2 represents a continuum from 

treated to untreated wastewater. We often simplify treatment to a binary of present or absence. 

However, the reality is actually far more complex than this in most cities. Work by Murray and 

Drechsel (2011) in Ghana showed that of the 71 wastewater or fecal sludge treatment facilities 

identified, nine were operational, 21 were operating with at least one component failing, 25 were 

non-functioning, decommissioned, or abandoned, and 6 were of unknown status. Data from the 

government of India on 143 constructed WWTP in 15 states reported that 30 were non-

operational, and 28 were not operating satisfactorily (Central Pollution Control Board, 2013). 

BOD and COD regulations were commonly exceeded at many of these facilities.  

While levels of wastewater treatment in the United States are much higher, WWTP regularly 

discharge undisinfected secondary treated effluent to surface waters (Naidoo and Olaniran, 2013; 

Okoh et al., 2010). Particularly in older cities, it was common practice to combine stormwater 

and wastewater collection systems (Burian et al., 2000). When conditions are dry, this can be a 

positive as all water is treated prior to discharge. However, many systems are under capacity 

relative to current populations and water use resulting in the discharge of untreated wastewater 

and pathogens to surface water bodies during even minimal precipitation events (Fong et al., 

2010; Madoux-Humery et al., 2016; Tibbetts, 2005). As these examples illustrate, even 

Treated

Indirect Direct

Untreated

Treated WWTP 
Effluent 

(Recycled Water)

Effluent 
Dominated 

Surface Waters

Undiluted, 
Untreated WW

Diluted, 
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wastewater that is considered to be treated can cover a broad range of levels of treatment and 

operational statuses. 

1.3.2 DIRECT AND INDIRECT REUSE 

The x-axis in Figure 1.2 represents the continuum from direct to indirect water reuse. When 

cataloging agricultural water reuse schemes, direct reuse is most commonly thought of and 

accounted for in formal statistics. An example of direct reuse of treated wastewater is the Salinas 

Valley water reclamation facility. In this instance, wastewater from Monterey County is 

collected, treated to tertiary standards in accordance with the California Title 22 guidelines then 

directly piped to growers where it is used to produce high value crops such as lettuce and 

strawberries (Committee on the Assessment of Water Reuse as an Approach for Meeting Future 

Water Supply Needs, 2012). Such uses are generally formally permitted and often accounted for 

in state inventories of water reuse (where such inventories exist). 

However, where wastewater treatment is not present or is inadequate, the direct reuse of 

untreated wastewater is also common. The Mezquital Valley in Mexico was, until recently, one 

of the largest and longest standing examples of the direct reuse of untreated wastewater (Navarro 

et al., 2015). Mexico City lies in a closed basin. Four tunnels transport wastewater out of the 

basin to the Mezquital Valley, where it is used to irrigate more than more than 80,000 ha of 

vegetable and field crops (Navarro et al., 2015). Examples of direct reuse of untreated 

wastewater include both planned schemes with formal infrastructure, as is the case in Mexico, or 

more informal, unplanned, or unsanctioned examples such as the direct pumping of wastewater 

from sewers, as seen in examples from Nepal, Pakistan, and Ghana (Rutkowski et al., 2007; 

Silverman et al., 2013). 

Jimenez and Asano define indirect reuse for agriculture as the, “reuse of treated or untreated 

wastewater for irrigation after its discharge in a water body from which it is taken to be used 

once again” (2008). This concept is more ambiguous and, as such, generally poorly accounted 

for both in statistics and through its representation in research more broadly. However, 

particularly in arid regions, wastewater return flows can often constitute a substantial portion of 

available surface water. The croplands along the South Platte River, downstream of Denver, 

Colorado, are one example of this practice. In this instance, the wastewater discharged from the 

Denver metro area was estimated to constitute roughly five percent of available stream flow 

under average flow conditions and 100 percent under low-flow conditions (Rice et al., 2013). In 

most cases in the United States, water rights associated with the effluent from wastewater 

treatment plants are assigned to the treatment plant. However, when downstream farmers rely on 

those flows, the redirection of flows to other reuse schemes can significantly impact water 

access. 

There is currently a case in the California courts surrounding the redirection of Modesto and 

Turlock’s WWTP effluent from its historical discharge point in the San Joaquin River to the 

Delta Mendota Canal, 10 km away (Sommer, 2015). The redirected flows will be used for 

agricultural irrigation in the Del Puerto Water District. Growers who historically relied on the 

flows in the San Joaquin River downstream of Modesto are protesting. In these instances of 

indirect reuse, the water is generally treated and of acceptable quality. However, in instances 

where WWTP effluent is not adequately disinfected or treatment systems fail, such as during 
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storm events, the quality of water being used for irrigation can be degraded. Historically, there 

has been little regulation of the quality of surface water used for irrigation in the United States 

(Uyttendaele et al., 2015). However, in light of the multitude of food-borne disease outbreaks 

occurring in the United States each year, the USDA is in the process of implementing the US’s 

first set of irrigation water quality regulations via the Food Safety Modernization Act 

(Department of Health and Human Services: Food and Drug Administration, 2014). 

The type of agricultural water reuse that is both the most prevalent and least well understood is 

the indirect reuse of untreated wastewater. In this instance, untreated or poorly treated 

wastewater is discharged to surface water sources then used for irrigation downstream. 

Depending on watershed hydrology, these flows may be diluted by the time they are used for 

irrigation. Globally, less than ten percent of collected wastewater receives any form of treatment 

(Carpenter et al., 2005). The direct outcome of this is that vast distances of river miles are 

heavily polluted with wastewater and associated waterborne pathogens. Kiulia et al. (2015) 

estimate the rotavirus emissions to surface water sources to be on the order of 2 x 10
18

 viral 

particles per year. One well studied example of indirect reuse of untreated wastewater is that of 

the Musi River in India (Ensink et al., 2010). Wastewater from the 6.8 million person city of 

Hyderabad is discharged to the Musi River where it is used to grow rice, fodder grass, and other 

crops downstream. Ensink et al. found mean concentrations of helminth eggs (Ascaris, 

hookworm, and Trichuris) of 133 eggs/L 0 km from Hyderabad, which decreased to 0.1 eggs/L 

by 27.7 km downstream. Mean E. coli concentrations decreased from 1.4 x 10
7
 to 7.9 x 10

2
 

CFU/100 ml along this same transect. As the wastewater flowed downstream, it passed through a 

series of low head reservoirs, which likely helped improve water quality. 

As these examples illustrate, the agricultural reuse of wastewater is a diverse practice covering 

the gamut from highly treated and planned reuse in the Salinas Valley through the de facto 

indirect reuse of poor quality water downstream of Hyderabad. This dissertation explores the use 

of wastewater in irrigated agriculture with an emphasis on the indirect reuse of untreated or 

otherwise poor quality water.
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Chapter 2 Global assessment of urban and peri-urban agriculture: 

irrigated and rainfed croplands 
 

The following chapter is adapted from Thebo et al. (2014) Global assessment of urban and peri-urban agriculture: 

irrigated and rainfed croplands. Environmental Research Letters 9 114002 (9 pp), with permission from Pay 

Drechsel and Eric Lambin. Copyright 2014 IOP Publishing. Creative Commons Attribution 3.0 license. 

 

 

2.1 INTRODUCTION 

Food production is far more than a rural phenomenon, commonly occurring within the confines 

of cities and at their immediate periphery. Consideration of the role of urban agriculture in global 

food security has grown, and yet it remains poorly quantified. The topic of urban and peri-urban 

agriculture is one fraught with definitional challenges. The terms urban and peri-urban 

agriculture can refer to a diverse range of agricultural activities including crop, livestock, 

poultry, and aquaculture production, and this at any scale from a roof-top gardens to larger 

cultivated open spaces. The boundary between urban and peri-urban is along a land-use 

continuum and exhibits considerable heterogeneity across world regions (Schneider and 

Woodcock, 2008). Recent reviews of urban agriculture document the characteristics and 

challenges of urban crop production in numerous cities in developing and developed countries 

(Bryld, 2003; Hamilton et al., 2013; Mok et al., 2013; Orsini et al., 2013). However, the global 

and regional extent of urban agriculture remains a major knowledge gap. While there are many 

case studies on urban agriculture (Altieri et al., 1999; Ashebir et al., 2007; Matthys et al., 2006; 

Vagneron, 2007), comparison across and extrapolation from such studies is difficult due to 

differences in metrics and methods. Zezza et al.’s (2010) analysis of the Rural Income 

Generating Activities (RIGA) database provides some initial insight into the scale of this practice 

developed using a consistent methodology. This study found that, in fifteen developing 

countries, ten to seventy percent of urban households participated in agricultural activities, with 

households in the poorest quintile disproportionately represented amongst those participants. 

Extrapolation of this analysis suggests a median of 266 million urban households (207, 349 

CI90) engaged in crop production in developing countries (Hamilton et al., 2013). Another 

approach estimates the land area that would be required to meet urban vegetable demand through 

urban agriculture (Martellozzo et al., 2014). Meeting this demand would require about one third 

of the global urban area, albeit with substantial differences between regions, depending on 

population density. 

The objective of this study is to produce the first global-scale, spatially explicit assessment of the 

current extent of urban and peri-urban croplands using a consistent methodology. More accurate 
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data will lead to a better understanding of the scale of this particular farming system relative to 

overall crop production and lend insight into its overall relevance for global food security. It is 

also a first step in the quantification of, for example, urban and peri-urban agricultural water use. 

Finer scale case studies and surveys remain a more appropriate tool for local decision making 

(Altieri et al., 1999; Ashebir et al., 2007; Matthys et al., 2006; Vagneron, 2007). Better 

understanding the extent and characteristics of urban crop production at the global and regional 

scales should support better decisions on urban policy and planning. 

The scale of available global-scale data necessitates limiting our analysis to a resolution of five 

minutes (about 9.2 km at the equator). Below, we present a global-scale spatial model to quantify 

the extent and characteristics of croplands occurring within growing urban landscapes around the 

year 2000, which is the year with the most recent available data. We then quantify the extent of 

urban and peri-urban irrigated and rainfed croplands globally, the fraction of urban lands being 

used for crop production, and cropping intensity in urban croplands. We also highlight how 

cropping patterns differ in urban irrigated and rainfed croplands. 

2.2 METHODS 

2.2.1 APPROACH 

In contrast to previous work utilizing case studies or survey data, this study uses a spatial overlay 

analysis of global scale datasets to define urban and peri-urban agriculture based on the spatial 

coincidence of urban extents (with populations exceeding 50,000) and areas of crop cultivation. 

Urban aquaculture, livestock, and poultry production are relevant components of urban 

agriculture, but are beyond the scope of this study. Given changing boundaries of urban extent, 

our results likely include a mixture of urban and near peri-urban croplands. Limitations in data 

resolution generally exclude backyard gardens and other small-scale urban agriculture from this 

analysis.  For the sake of brevity and consistency with terminology used in input data sources, 

the term ‘urban croplands’ is used throughout. 

2.2.2 DATA INPUTS AND EVALUATION 

Recently, high-quality land use and socioeconomic datasets have been produced at the global 

scale. Table 2.1 summarizes the data sources used in this analysis (Balk et al., 2004, 2006; 

Center for International Earth Science Information Network (CIESIN) - Columbia University 

and Centro Internacional de Agricultura Tropical (CIAT), 2005; Center for International Earth 

Science Information Network (CIESIN) - Columbia University et al., 2011; Deichmann et al., 

2001; Portmann et al., 2010; United Nations Statistics Division, 2011) and previous studies 

evaluating their quality (Linard and Tatem, 2012; Portmann, 2011; Potere and Schneider, 2007; 

Ramankutty et al., 2008; Siebert et al., 2005; Taylor et al., 2009). 
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Table 2.1. Summary of key data inputs. 

Name Description Data Quality 

Evaluation 

Source Data 

Reference 

Monthly Irrigated and 

Rainfed Croplands in 

the Year 2000   

(MIRCA 2000) 

From MIRCA 2000 

Maximum monthly irrigated 

cropped area grid 

Maximum monthly rainfed 

cropped area grid 

Annual irrigated harvested area 

grids for 26 crops 

Annual rainfed harvested area 

grids for 26 crops 

Portmann 

2011; 

Ramankutty et 

al. 2008;             

Siebert et al. 

2005 

University 

of Frankfurt  

Portmann 

et al. 2010 

Global Rural Urban 

Mapping Project v1 

(GRUMP)  

From GRUMP 

Global urban extents grid 

Population density grid 

Linard et al. 

2012;     

Potere & 

Schneider 

2007;              

Taylor et al. 

2009 

NASA 

SEDAC 

CIESIN 

2011; 

Balk et al. 

2004; 

Balk et al. 

2006; 

Deichmann 

et al. 2001  

National Administrative 

Boundaries 

National boundaries from 

CIESIN GPWv3 

 NASA 

SEDAC 

CIESIN 

2005 

World Regions Regional groupings defined per 

the Millennium Development 

Indicators 

 MDG UN Office 

of Statistics 

2011 

2.2.2.1 Selection of Irrigated and Rainfed Croplands Data 

There are currently three global datasets representing irrigated and rainfed croplands: 1) Monthly 

Irrigated and Rainfed Croplands in the Year 2000 (MIRCA2000) from the University of 

Frankfurt; 2) Global Irrigated Area Map (GIAM) from the International Water Management 

Institute; 3) FAO Global Map of Irrigated Areas (GMIA). The FAO GMIA Areas was used as an 

input into MIRCA2000 and was not considered independently. Both MIRCA2000 and GIAM 

have an effective resolution of five minutes. The primary decision criteria when evaluating these 

two datasets was how well they captured irrigated and rainfed cropland areas along the urban to 

peri-urban continuum. 

The MIRCA2000 data use a hybrid spatial modeling approach incorporating a variety of remote 

sensing and agricultural census data to estimate the fraction of grid cell area in a given class 

(e.g., irrigated cropland, rainfed cropland). Extensive documentation of the methods used to 

develop MIRCA 2000 including validation and accuracy assessments of MIRCA2000 and input 

data are included in Portmann, Ramankutty et al., and Siebert et al. (Portmann et al., 2010; 

Ramankutty et al., 2008; Siebert et al., 2005). IWMI GIAM uses a more traditional remote 

sensing analysis with an emphasis on agricultural and ‘natural’ land cover classes (e.g., forests, 

grasslands) (Biradar et al., 2009; Thenkabail et al., 2009a). The practical implication of these 

differing classification strategies is that the entire grid cell area in GIAM is classified as a single 

land cover class, even though the actual land cover composition of the cell may be quite 

heterogeneous. Where land cover is heterogeneous, as it commonly is in urban and peri-urban 

landscapes, this can lead to an unpredictable over estimation or complete exclusion when the 

cropland areas are small or interspersed with urban lands.  
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The effective resolution of the final MIRCA2000 and GIAM data products (as reported by 

Portmann et al. and Thenkabail et al.) (2010;2009b) are five minutes and 10 km, respectively. 

With the exception of cropping calendars and census data, input data used to develop the 

MIRCA2000 data products had a resolution of 5 minutes. The GIAM data was developed using a 

data fusion method relying heavily on AVHRR data plus a range of other sources with 

resolutions ranging from one to fifty kilometers (Portmann, 2011; Thenkabail et al., 2009a). At 

this resolution these data products are useful for characterizing trends in aggregate across large 

geographic areas, but are not appropriate for assessing the area of urban or peri-urban cropland in 

a specific city, for example. Portmann provides detailed background on the effective resolution 

of the MIRCA2000 input data by country and should be consulted if considering sub-regional 

analyses (Portmann et al., 2010). A key limitation of both GIAM and MIRCA2000 is their 

inability to capture very small, informal plots such as backyard gardens which are central to 

many discussions of urban agriculture.  

2.2.2.2 Selection of urban extent data 

Definitions of ‘urban’ vary widely amongst countries and generally incorporate some 

combination of population size, density, administrative boundaries, and/or economic activities. 

Further complexities arise when representing urban populations spatially. Given the highly 

variable nature of urban character across contexts, we selected a simple population threshold of 

50,000 people as our common metric for including urban extents in this study.  

There are currently eight datasets representing urban extents and five representing population 

distribution with two datasets containing both attributes. Taylor et al. (2009) conducted a 

systematic comparison of the urban extent datasets and found the MODIS500 data (derived via 

remote sensing) provided the most accurate representation. However, these data show only urban 

extent and not urban populations. Linard et al. (2012) compared available population datasets, 

with a focus on Africa. At the time of this analysis, the only freely available urban extent dataset 

with global coverage that included population was the Global Rural-Urban Mapping Project v1 

(GRUMP) data. Details on the methods used to develop the GRUMP data are available in Balk 

et al. and Deichmann et al. (2006;2001). Since this analysis was completed, the WorldPop data 

for Africa and Asia were released and should also be considered in future studies in those regions 

(Gaughan et al., 2013; Linard et al., 2012) 

2.2.3 DATA PROCESSING 

At the most basic level, we mapped irrigated and rainfed croplands occurring within an urban 

extent of more than 50,000 people through successive map overlays to identify intersections 

between urban extents and croplands. All analyses were conducted using ArcGIS and Python. 

Further details are included in the SI. Four major products for both irrigated and rainfed 

croplands were derived, including: 1) Maximum monthly urban  cropped area (all crops); 2) 

Maximum monthly cropped area within 10 km of urban extents (all crops); 3) Maximum 

monthly  cropped area within 20 km of urban extents (all crops); and 4) Annual urban harvested 

area (26 crop classes).  
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2.2.3.1 Data pre-processing, assumptions, and limitations 

The native format of the MIRCA2000 cropland data was an ASCII file with a resolution of five 

minutes or approximately 9.2 km at the equator. The native formats of the GRUMP population 

density and urban extent data were also ASCII files with a resolution of 30 arc seconds or 

approximately 1 km at the equator. To avoid data loss from resampling upon projection, all input 

data were first imported from their native format into ArcGIS as shapefiles then reprojected to 

the equal area projection of Goode Homosline (land). Reprojection of the data was necessary to 

ensure the accuracy (at all latitudes) of subsequent distance and area based calculations 

conducted as part of this analysis. 

In cases where a cropland grid cell was only partly contained within an urban extent, the 

cropland area within the grid cell was assumed to be evenly distributed across the grid cell and 

the proportional cropland area within a given urban extent was calculated. In regions where 

cropland or urban extent grid cells extended beyond national boundaries into coastal waters, 

cropland and urban extent grid cells were clipped to the national extent boundaries. This resulted 

in a slight reduction in overall cropland extent compared to MIRCA2000. 

2.2.3.2 Identifying urban extents with populations exceeding 50,000 people 

The urban extents in the GRUMP data are often agglomerations of urban settlements of varying 

sizes rather than distinct (administrative) city boundaries. The population of each urban extent 

was calculated from the GRUMP data by multiplying the grid cell population density by the 

urban extent area within the same grid cell, then summing the population of all grid cells located 

within a given urban extent. All GRUMP urban extents with populations less than 50,000 people 

were excluded from subsequent analyses. A population threshold of 50,000 was selected to reach 

a balance between overestimating croplands occurring around small towns and omitting larger 

towns with urban croplands. The resolution of the GRUMP data is 30 seconds.  

2.2.3.3 Identifying urban irrigated and rainfed croplands 

The stratified urban extents described above were intersected with the MIRCA2000 maximum 

monthly cropped area grids (MMCAG) for irrigated croplands and rainfed croplands to identify 

the total area of urban irrigated and rainfed croplands, respectively. The resolution of the 

MIRCA2000 data is five minutes with cropland area assumed to be evenly distributed across the 

grid cell area. Non-urban croplands are simply total (irrigated or rainfed) cropland area minus 

urban cropland area. For analyses looking at cropping patterns, the total annual harvested area of 

each of the 26 crop classes
1
 was intersected with these same urban extent boundaries. The total 

area of each of these classes was then obtained by summing the area of each class within each 

urban extent boundary. The total cropland area is slightly less than the MIRCA2000 cropland 

area because: 1) the MIRCA2000 totals represent annual harvested area including all crop 

rotations; and 2) the vector format regional and country boundaries used to clip the 5 min 

gridded MIRCA2000 data were developed at a finer resolution than the MIRCA2000 data. This 

resulted in portions of some cropland pixels in coastal regions extending beyond national 

boundaries being excluded from cropland totals. 

                                                 

1
 The 26 crop classes included in the MIRCA2000 data are wheat, maize, rice, barley, rye, millet, sorghum, 

soybeans, sunflower, potatoes, cassava, sugarcane, sugar beet, oil palm, rapeseed (canola), groundnuts, pulses, 

citrus, date palm, grapes, cotton, cocoa, coffee, other perennial, fodder grasses, and other annual. 
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2.2.3.4 Identifying peri-urban irrigated and rainfed croplands 

What, exactly, defines urban agriculture remains a fundamental question. Urban boundaries are 

far from static (Lerner and Eakin, 2011; Taylor et al., 2009). While other studies document some 

farmers living in the city, but cultivating lands located on the periphery or outside of cities 

(Brook and Dávila, 2000; Zezza and Tasciotti, 2010). In household surveys, these instances may 

be classified as urban agriculture, but are excluded when using spatial methods defining urban 

agriculture based on urban extent boundaries. Given these considerations, this study also 

quantifies irrigated and rainfed croplands within 10 and 20 km of urban extents to provide a 

fuller picture of the extent of peri-urban croplands. To complete this analysis, 10 and 20 km 

buffers were created around the urban extent boundaries discussed previously. Where buffers 

overlapped, the urban buffer areas were merged to create a single polygon. The area of irrigated 

and rainfed cropland within 10 and 20 km of urban extents was then tabulated using methods 

similar to those described above. 

2.2.3.5 Additional metrics 

From the four data products derived from this analysis, two additional metrics were calculated: 

1) Fraction of urban land used for irrigated and rainfed cropland; 2) Cropping intensity in urban 

irrigated and rainfed croplands. Urban land allocation fraction was calculated at the national 

scale by dividing the maximum monthly urban cropped area (i.e., irrigated or rainfed urban 

cropland) (Section 2.2.3.3) by the urban extent land area (Section 2.2.3.2) for each country. 

Cropping intensity provides an approximation of the number of crop rotations within a given 

year. The cropping intensity of urban cropland was calculated by dividing the annual urban 

harvested area (26 crop classes) by the maximum monthly urban cropped area (all crops) for 

irrigated and rainfed croplands, respectively. 

2.2.3.6 Validation 

As a validation measure, 216 randomly selected urban cropland pixels and 201 randomly 

selected urban non-cropland pixels were compared to Google Earth imagery to develop a 

confusion matrix. The qualitative criteria used to evaluate the selected pixels included 

observation of the presence or absence of croplands in the Google Earth imagery and whether the 

MIRCA2000 percent cropland area appeared consistent with a visual interpretation of the Google 

Earth imagery. While this is a somewhat coarse metric, it provides an initial estimate of the 

accuracy of the MIRCA2000 data in urban and non-urban areas.  

2.3 RESULTS 

2.3.1 DISTRIBUTION OF GLOBAL CROPLANDS 

Urban croplands constitute a small, but not negligible portion of the sum of the maximum 

monthly irrigated and rainfed cropland area at 67.4 Mha (5.9%). However, it is important to note 

that this sum does not necessarily represent the total maximum monthly cropped area in 

instances when the maximum monthly extent of irrigated and rainfed croplands occurs in 

different months (i.e., irrigated and rainfed cropland areas may not be mutually exclusive month-

to-month). A greater proportion of urban croplands are irrigated (35.0%) than their non-urban 

counterparts (17.7% irrigated) (Table 2.2). Urban croplands also proved to be extremely 

prevalent globally, with 87 percent of all urban extents with populations greater than 50,000 

people containing at least some area of irrigated urban cropland and 98 percent containing at 
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least some area of rainfed urban cropland (Tables 2.2-2.4). While the practice of urban crop 

cultivation appears to be highly prevalent, we also found substantial spatial heterogeneity in the 

characteristics of these croplands. 

Table 2.2. Distribution of global croplands. 

 

Irrigated 

Croplands 

Rainfed 

Croplands 

Maximum Croplands                        

(Urban and Non-Urban) 

Urban Croplands 23.6 Mha 43.8 Mha 67.4 Mha 

Non-Urban Croplands 190.6 Mha 888.1 Mha 1078.7 Mha 

Total Croplands 

(Irrigated and Rainfed) 
214.2 Mha 931.9 Mha  
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Figure 2.1. Global map of irrigated urban croplands with examples from three world regions. 
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Figure 2.2. Global map of rainfed urban croplands with examples from three world regions.
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2.3.2 COMPARISON OF URBAN IRRIGATED AND RAINFED CROPLANDS BY REGION 

The distribution of urban and non-urban irrigated and rainfed croplands varies greatly across 

regions (Figure 2.3). South and East Asia comprise 49 percent of urban irrigated croplands and 

56 percent of the non-urban irrigated area globally. These same two regions account for 26 

percent of urban rainfed croplands and 22 percent of non-urban rainfed croplands. Developed 

countries account for 20 percent of irrigated urban croplands, but 44 percent of urban rainfed 

croplands. Sub-Saharan Africa comprises less than one percent of urban irrigated and three 

percent of urban rainfed croplands, but fourteen percent of non-urban rainfed croplands. Such 

patterns are in contrast to those of much of Asia where more croplands are located within urban 

extents.  

Figure 2.3. Urban and non-urban irrigated and rainfed croplands by region. 

2.3.3 ALLOCATION OF URBAN LAND FOR IRRIGATED AND RAINFED CROP PRODUCTION 

Regions with the most irrigated or rainfed cropland also dominate figures on urban croplands 

(Figure 2.3). However, the actual extent of urban area in each region varies widely, making 

direct comparison between regions difficult. Normalizing urban cropland area by urban extent 

land area allows for the identification of countries where croplands constitute a larger proportion 

of urban land use.
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Figure 2.4. Percent of urban land area classified as irrigated croplands by country. 
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Figure 2.5. Percent of urban land area classified as rainfed croplands by country. 
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The thematic maps of urban land allocation for irrigated and rainfed croplands (Figures 2.4 and 

2.5) present distinct patterns. Regions with larger areas of irrigated cropland tend to have a 

higher proportion of urban extent area used for irrigated croplands.  Whereas, the proportion of 

urban extent area used for rainfed croplands more closely parallels regional climate patterns, 

with more arid countries such as Namibia and Saudi Arabia having little or no rainfed urban 

croplands. Countries with wetter or monsoonal climates such as Rwanda and Cambodia have a 

greater proportion of urban land area allocated to rainfed croplands.  

2.3.4 IRRIGATED AND RAINFED AREA PER CAPITA BY REGION AND POPULATION 

SIZE CLASS. 

While the total areas of irrigated and rainfed croplands are useful for understanding overall 

extent, the urban population in each region varies dramatically. Normalizing the area of urban 

irrigated and rainfed croplands by urban population allows for comparison of urban croplands by 

region irrespective of population via the metric of per capita urban cropland (Table 2.3 and 2.4).  

Table 2.3. Comparison of urban irrigated cropland by urban extent (UE) population size class. 

Urban Extent 

(UE) Population 

Size Class 

Total # of 

Urban Extents 

in Size Class 

Fraction of UE 

With Irrigated 

Cropland 

Mean Fraction of UE 

Area that is Irrigated 

Cropland 

Per Capita 

Area 

(m2/capita) 

≥50,000 7,183 0.87 0.21 179 

≥100,000 3,701 0.89 0.18 145 

≥250,000 1,637 0.92 0.16 120 

≥500,000 844 0.93 0.15 104 

≥1,000,000 448 0.94 0.14 83 

≥5,000,000 70 0.91 0.14 54 

 

Table 2.4. Comparison of urban rainfed cropland by urban extent (UE) population size class. 

Urban Extent 

(UE) Population 

Size Class 

Total # of 

Urban Extents 

in Size Class 

Fraction of UE 

With Rainfed 

Cropland 

Mean Fraction of UE 

Area that is Rainfed 

Cropland 

Per Capita 

Area 

(m2/capita) 

≥50,000 7,183 0.98 0.24 327 

≥100,000 3,701 0.98 0.22 262 

≥250,000 1,637 0.99 0.20 193 

≥500,000 844 1.00 0.19 159 

≥1,000,000 448 1.00 0.18 119 

≥5,000,000 70 1.00 0.18 71 

 

In some regions (Caribbean, Commonwealth of Independent States (CIS), developed countries, 

Sub-Saharan Africa), rainfed cropland constitutes the majority of the per capita area of urban 

cropland. However, in other regions such as North Africa and East, West, and South Asia, 

irrigated urban cropland constitutes 61, 56, 51, and 48 percent, respectively, of per capita urban 

croplands (Figure 2.6). 
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Figure 2.6. Per-capita irrigated and rainfed urban cropland area by region.
2
 

 

2.3.5 CROPPING INTENSITY AND AREAS BY CROP TYPES 

The maximum monthly irrigated urban cropland area is 23.6 Mha while the sum of the annual 

harvested area of all crop classes is 35.0 Mha, which equates to a cropping intensity of 1.48 

(Table 2.5). In contrast, for rainfed urban croplands, the maximum monthly cropland area is 43.8 

Mha (Table 2.2 and 2.5) while the sum of the area of all crop classes is 45.1 Mha, suggesting 

fewer fields with multiple rotations.  

In urban areas rice, wheat, and maize constitute the three major crops grown with irrigation and 

account for 62 percent of the total area of irrigated urban croplands (Table 2.5). In rainfed urban 

croplands, wheat, maize, and fodder grasses constitute the top three rainfed crops and account for 

forty percent of the total urban rainfed area. At the regional level crop composition shows greater 

variability (Table 2.7). 

 

 

                                                 

2 The regional divisions used in this study are those used by the UN Statistics Division in the MDGs and include Caribbean (CB), Commonwealth 

of Independent States (CIS), Developed Countries (DC), East Asia (EA), Latin America (LA), North Africa (NA), Oceania (OC), Southeast Asia 
(SEA), South Asia (SA), Sub-Saharan Africa (SSA), and West Asia (WA) 
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Table 2.5. Irrigated and Rainfed Urban Croplands for 26 Crop Classes. 

Crop 

Irrigated 

Urban  

Cropland 

(Mha) 

Fraction of 

Total Irrigated 

Urban Cropland 

Rainfed 

Urban 

Cropland 

(Mha) 

Fraction of Total 

Rainfed Urban 

Cropland 

Wheat 6.74 0.19 6.33 0.14 

Maize 3.54 0.10 5.82 0.13 

Rice 11.36 0.32 2.33 0.05 

Barley 0.53 0.02 2.62 0.06 

Rye 0.04 0.00 0.49 0.01 

Millet 0.14 0.00 0.66 0.01 

Sorghum 0.46 0.01 0.90 0.02 

Soybean 0.48 0.01 3.15 0.07 

Sunflower 0.14 0.00 0.64 0.01 

Potatoes 0.46 0.01 0.88 0.02 

Cassava 0.00 0.00 0.40 0.01 

Sugar Cane 0.99 0.03 0.86 0.02 

Sugar Beet 0.26 0.01 0.32 0.01 

Oil Palm 0.00 0.00 0.37 0.01 

Canola 0.20 0.01 1.21 0.03 

Groundnut 0.37 0.01 0.66 0.01 

Pulses 0.50 0.01 2.00 0.04 

Citrus 0.56 0.02 0.21 0.00 

Date Palm 0.16 0.00 0.02 0.00 

Grapes 0.50 0.01 0.57 0.01 

Cotton 1.71 0.05 0.79 0.02 

Cocoa 0.00 0.00 0.16 0.00 

Coffee 0.01 0.00 0.36 0.01 

Other Perennial 1.70 0.05 3.13 0.07 

Fodder Grasses 1.13 0.03 5.92 0.13 

Other Annual 2.99 0.09 4.33 0.10 

TOTAL 34.97 
 

45.13  

Top 3 Crops 21.64 0.62 18.07 0.40 

Top 5 Crops 26.35 0.75 25.56 0.57 

 

2.3.6 IRRIGATED AND RAINFED URBAN CROPLANDS BY CROP TYPE 

Within urban extents, rice, wheat, and maize constitute the three major crops grown in irrigated 

croplands and account for 62 percent of the annual harvested area of irrigated urban croplands. In 

rainfed urban croplands, wheat, maize, and fodder grasses constitute the top three rainfed crops 

and account for 40 percent of the annual harvested area of rainfed urban croplands.  
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At the regional level, a more heterogeneous picture emerges. Rice, wheat, and maize still 

dominate the total urban irrigated cropland area, but these areas consist largely of croplands 

occurring in a few specific regions with extensive irrigated agriculture. Similar trends are present 

in the top three urban rainfed crops of wheat, fodder grass, and maize. The frequency analysis 

presented quantifies the number of times each crop class occurs in the top three crops produced 

by each of eleven regions (Table 2.6). This approach allows for identification of the crop classes 

that are consistently playing a substantive role in urban crop production across regions. A 

complete table of the top three urban irrigated and rainfed crop classes for each region is 

included in Table 2.7. The class ‘other annuals’ was identified as a ‘Top 3’ urban irrigated crop 

class in 73 percent of regions. For rainfed urban croplands, ‘other perennial’ and ‘wheat’ were 

the two most common ‘Top 3’ crop classes. In general, rainfed urban croplands tended to exhibit 

greater diversity of crop classes and include more crops of regional significance compared to 

irrigated urban croplands. 

Table 2.6. Frequency with which each crop class occurs in the top 3 irrigated crops for irrigated 

and rainfed urban croplands. 

Crop Class 
# Regions

a
       

Top 3 Irrigated 

% Regions In  Top 

3 Irrigated 

# Regions
a
         

Top 3 Rainfed 

% Regions In     

Top 3 Rainfed 

Other Annual 8 0.73 4 0.36 

Wheat 6 0.55 5 0.45 

Rice 5 0.45 2 0.18 

Fodder Grasses 4 0.36 3 0.27 

Maize 3 0.27 4 0.36 

Sugar Cane 3 0.27 3 0.27 

Other Perennial 2 0.18 5 0.45 

Cotton 2 0.18 0 0.00 

Barley 0 0.00 3 0.27 

Coffee 0 0.00 1 0.09 

Cassava 0 0.00 1 0.09 

Soybeans 0 0.00 1 0.09 

Pulses 0 0.00 1 0.09 

a. Out of 11 regions 
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Table 2.7. Major crops in irrigated and rainfed urban croplands by region. 

Region 
Irrigated or 

Rainfed 

Crop 1  

(% of All 

Crops) 

Crop 2                    

(% of All Crops) 

Crop 3                (% 

of All Crops) 

Total 

Urban 

Cropland 

Area 

(Mha) 

Top 3 

as % of 

Total 

Area 

Caribbean Irrigated 
Sugar Cane 

(0.42) 
Rice           (0.18) Other Annual (0.11) 0.10  0.70 

 
Rainfed 

Other Perennial 

(0.25) 
Sugar Cane (0.23) Coffee        (0.17) 0.30  0.64 

CIS Irrigated 
Cotton       

(0.28) 

Fodder Grasses 

(0.22) 
Wheat        (0.15) 1.45  0.66 

 
Rainfed 

Fodder Grasses 

(0.28) 
Wheat        (0.24) Barley        (0.12) 3.94  0.64 

Developed 

Countries 
Irrigated 

Rice           

(0.22) 
Other Annual (0.13) Fodder Grasses (0.13) 5.07  0.48 

 
Rainfed 

Fodder Grasses 

(0.20) 
Wheat        (0.18) Maize        (0.17) 19.39  0.54 

East Asia Irrigated 
Rice            

(0.45) 
Wheat        (0.25) Maize        (0.15) 10.99  0.84 

 
Rainfed 

Other Annual 

(0.19) 

Other Perennial 

(0.14) 
Wheat        (0.13) 6.30  0.45 

Latin 

America 
Irrigated 

Maize        

(0.22) 

Other Perennial 

(0.11) 
Other Annual (0.11) 2.01  0.44 

 
Rainfed 

Maize        

(0.27) 
Sugar Cane (0.16) Soybeans    (0.12) 3.00  0.54 

North Africa Irrigated 
Other Annual 

(0.27) 
Wheat        (0.19) Maize         (0.16) 2.59  0.62 

 
Rainfed 

Fodder Grasses 

(0.35) 
Wheat        (0.27) Barley        (0.15) 0.99  0.77 

Oceania Irrigated 
Other Annual 

(0.71) 

Other Perennial 

(0.21) 
Fodder Grasses (0.07) 0.00          1.00 

 
Rainfed 

Other Perennial 

(0.60) 
Sugar Cane (0.28) Other Annual (0.04) 0.03    0.93 

Southeast 
Irrigated 

Rice           

(0.84) 
Sugar Cane (0.05) Other Annual (0.04) 2.68  0.93 

Asia 
Rainfed 

Other Perennial 

(0.23) 
Rice           (0.22) Maize         (0.15) 2.15  0.61 

South Asia Irrigated 
Rice           

(0.31) 
Wheat         (0.30) Other Annual (0.07) 8.42  0.67 

 
Rainfed 

Rice           

(0.21) 
Pulses         (0.15) Other Annual (0.10) 6.41  0.46 

Sub-Saharan  Irrigated 
Wheat        

(0.16) 

Fodder Grasses 

(0.14) 
Sugar Cane (0.12) 0.29  0.42 

Africa 
Rainfed 

Maize         

(0.20) 
Other Annual (0.10) Cassava       (0.09) 1.53  0.39 

West Asia Irrigated 
Wheat        

(0.26) 
Other Annual (0.17) Cotton        (0.10) 1.36  0.52 

 
Rainfed 

Wheat        

(0.37) 
Barley       (0.24) 

Other Perennial 

(0.09) 
1.08  0.69 

All Regions Irrigated Rice          (0.32) Wheat       (0.19) Maize         (0.10) 34.97  0.62 

  Rainfed Wheat       (0.14) 
Fodder Grasses 

(0.13) 
Maize         (0.13) 45.13  0.40 
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2.3.7 PERI-URBAN IRRIGATED AND RAINFED CROPLANDS WITHIN 10 AND 20 KM 

OF URBAN EXTENTS 

The total area of irrigated croplands within ten and 20 km buffers of urban extents is 87 and 130 

Mha, respectively (or 40 and 60 percent of the total irrigated cropland area of 214.5 Mha). On 

average, the area of irrigated cropland within ten kilometers was 3.4 times the area of urban 

irrigated croplands, but ranged from 2.3 times in North Africa to 5.0 times in South Asia (Figure 

2.7(a)). The area of irrigated croplands within 20 kilometers of urban extents was, on average, 

5.0 times the area of urban croplands, but ranged from 2.8 times in North Africa to 8.4 times in 

South Asia. 

The total area of rainfed croplands within 10 and 20 km buffers of urban extents is 185 and 327 

Mha, respectively (or 20 and 35 percent of the total rainfed cropland area of 931.9 Mha). On 

average, the area of rainfed croplands within ten kilometers was 4.3 times greater than the area of 

urban rainfed croplands, but ranged from 2.2 times greater in Oceania to 6.2 times greater in 

Sub-Saharan Africa (Figure 2.7 (b)). The area of rainfed croplands within 20 km of urban extents 

was, on average, 7.8 times greater than the area of urban rainfed croplands, but ranged from 3.2 

times in Oceania to 13.2 times in Sub-Saharan Africa. 
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(a) 

 

(b) 

 

Figure 2.7. Fraction of total irrigated (a) and rainfed (b) cropland within 0, 10, and 20 km of 

urban extent boundaries. 
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2.3.8 VALIDATION 

This analysis found an overall accuracy of 0.79 with a Kappa coefficient of 0.57 (Table 2.82.8). 

Table 2.8. Confusion matrix comparing urban croplands derived from MIRCA2000 data to 

Google Earth imagery. 

  Google Earth Imagery  

 Observed 

Cropland 

No Observed 

Cropland 

Total 

Derived from 

MIRCA2000 

and GRUMP 

Urban Extent With 

Cropland 

199 17 216 

Urban Extent 

Without Cropland 

72 129 201 

 Total 271 146 417 

2.4 DISCUSSION 

2.4.1  IMPLICATIONS OF FINDINGS 

These findings provide the first estimate of the global extent of urban and peri-urban irrigated 

and rainfed croplands developed using a globally consistent, spatially explicit methodology. 

Urban croplands constitute up to 5.9 percent of all croplands globally. Thirty-five percent of 

these croplands are irrigated compared to 17.7 percent of non-urban croplands. Similarly, in peri-

urban areas 60 percent of irrigated croplands were located within a 20 km buffer of urban 

extents, but only thirty-five percent of rainfed croplands were located within this same 20 km 

buffer.  

This analysis also found a higher cropping intensity for both irrigated and rainfed urban 

croplands as compared to the total areas of irrigated and rainfed croplands. For irrigated urban 

croplands, the cropping intensity of 1.48 is higher than the cropping intensity of 1.12 found by 

Portmann et al. (2010) across all irrigated croplands, suggesting that farmers of irrigated 

croplands within urban extents are producing more rotations per year as compared to irrigated 

croplands overall. For rainfed croplands, the urban cropping intensity is also higher at 1.03 

compared to 0.84 found by Portmann et al. (2010) across all rainfed croplands. The resolution of 

these data do not allow for disambiguation of areas producing one crop as rainfed and a second 

crop with irrigation. In such cases, the overall cropping intensity could be higher still. 

When examined together, these findings allude to the potential significance of the topic of urban 

and peri-urban agriculture at the intersection of urban water management and land use planning. 

The new data on urban croplands could also allow further testing globally, at a fine spatial 

resolution, of the much discussed relationship between population density and the intensity with 

which croplands are farmed (Ellis et al., 2013; Ruddiman and Ellis, 2009). Further work 

combining the urban croplands data developed through this analysis with previous work on 

anthromes may provide further granularity and insights into the diversity of urban croplands 

around the globe (Ellis et al., 2010). 
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When food production requires irrigation, this can increase strain on water resources and create 

competition between domestic and agricultural water users (Molle and Berkoff, 2009). 

Additional work is needed to identify the magnitude and locations where urban and agricultural 

water users jointly face the greatest scarcity, but, nonetheless, these findings lend preliminary 

insight into patterns of urban irrigated croplands across the globe and demonstrate the greater 

prevalence of irrigated croplands in or near urban areas. 

Many of the regional trends observed with irrigated urban croplands do not hold true with 

rainfed urban croplands. Rainfed urban croplands are more common in developed and 

Commonwealth of Independent States (CIS) countries, many of which tend to have more 

temperate climates than the regions where irrigated urban croplands are more prevalent. 

Likewise, patterns in rainfed croplands generally tend to parallel climate zones more closely than 

irrigated croplands (Brauman et al., 2013). Many questions remain as to how the extent and 

contribution of urban rainfed croplands will adapt to the dual stressors of urban growth and 

climate change. 

Regional trends in crop production (particularly rainfed urban croplands) appear to be closely 

connected to regional markets, but disambiguation of specific drivers is beyond the scope of this 

analysis. More generally, while staple crops constitute a large portion of urban croplands, other 

annuals are a dominant urban crop in 73 percent of regions; a finding consistent with past 

reviews of urban agriculture (De Bon et al., 2010; Hamilton et al., 2013; Mok et al., 2013). 

Whether these crops are destined for local, regional, or international markets and, in turn, their 

contribution to local food security is likely a function of access to supply chains, transport, and 

processing facilities. 

Understanding the role of urban and peri-urban crop production in urban food security at scale 

remains a major knowledge gap in the field of urban agriculture. Using a more conservative 

estimate of urban extent boundaries, Martellozzo et al. (2014) estimate that a mean of thirty 

percent of the global urban extent area would need to be allocated to meet actual urban vegetable 

consumption. However, this value varied substantially between countries ranging from 1.2 to 

397.4 percent of urban extent land area. In contrast, this study found countries allocating an 

average of 4.8 percent (SD 8.3) and 13.4 percent (SD 13.3) of urban extent areas towards urban 

irrigated and rainfed croplands, respectively. In both studies the role of small and medium urban 

extents was substantial. While these two studies are not directly comparable due to differences in 

the urban extent boundaries used and the differing metrics of urban vegetable demand and urban 

cropland extent, these findings nonetheless suggest that urban and peri-urban croplands are 

playing a non-negligible role in meeting urban food demands at the global scale. 

2.4.2 LIMITATIONS 

While this analysis provides the first global estimate of the extent and distribution of urban and 

peri-urban croplands developed using globally consistent methods, the issue of spatial resolution 

remains a central consideration when interpreting these results. Specifically, the scale and 

methods used to develop the input cropland data are not structured to capture very small, 

spatially dispersed areas of urban croplands. Therefore, the types of urban cropland captured 

through these methods are, generally speaking, croplands over slightly larger areas occurring 

along the urban periphery. Given these exclusions, we would estimate that the areas of urban 
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croplands found in this analysis are fairly conservative and underestimate the actual area of 

urban and peri-urban crop production. Additional case studies of urban agriculture focusing on 

urban and peri-urban plots found higher proportions of vegetable production (Otieno et al., 2009; 

Safi et al., 2011; Vermeiren et al., 2013) than were found in the types of urban croplands 

captured in our analysis suggesting that this analysis may also be underestimating the extent of 

vegetable and fruit production in urban croplands.  

Urban boundaries are also frequently not static nor explicit. Taylor et al. (2009) found that the 

GRUMP data provide a generous estimate of urban extent boundaries when compared to MODIS 

500 and other urban land cover data. This finding was further confirmed while conducting the 

validation analysis in this study. Since the focus of this analysis is identifying croplands within 

or along the urban periphery, this difference simply means this analysis is capturing one of many 

possible points along the urban to peri-urban continuum. The implication for this research is that 

the estimated urban cropland areas presented in this paper include a mixture of urban and peri-

urban croplands.  

2.5 CONCLUSIONS 

Our analysis reveals some of the heterogeneity that characterizes urban crop production at scale. 

While rainfed agriculture continues to play a more substantial role in Sub-Saharan Africa and 

more temperate, water-abundant regions such as Canada and much of Europe; we see irrigated 

urban croplands playing a larger role in more densely populated and/or water scarce regions such 

as North Africa and South and East Asia. This study has estimated a total area of urban croplands 

of up to 67 Mha with 24 Mha irrigated and 44 Mha rainfed. Including peri-urban areas within 20 

km of urban extents, we found up to 456 Mha of total croplands; of which, 130 Mha are irrigated 

and 327 Mha are rainfed croplands. Irrigated and rainfed croplands are not necessarily mutually 

exclusive when multiple crop rotations occur over the period of one year. These totals are based 

on the maximum monthly cropped area occurring within each grid cell over the course of the 

year (1,146 Mha), which is in contrast to an estimated annual harvested area of 1,305 Mha 

worldwide in 2000 when multiple irrigated or rainfed crop rotations are included (Portmann et 

al., 2010).  

When the context-specific details from Zezza et al. (2010) and multitude of detailed case studies 

on urban agriculture are combined with the new insight this publication provides on the extent of 

urban croplands across the globe, there is growing justification for further study on the impact of 

urban and peri-urban crop production on water resources management, livelihoods, and food 

security across the globe. Growing uncertainty in water resources availability, rapidly expanding 

urban populations, increasing urban food demand and the rising incidence of rural-urban 

interactions along the peri-urban interface all underpin the need for a deeper understanding of the 

extent and drivers of urban and peri-urban agriculture across multiple scales. 

 

.
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Chapter 3 Where in the world is wastewater reused? A global 

assessment of irrigated agriculture’s dependence on wastewater 

and untreated reuse  
 

 

3.1 INTRODUCTION 

Globally, it is estimated that less than ten percent of collected wastewater receives any form of 

treatment (Carpenter et al., 2005). Despite significant investments in wastewater treatment 

infrastructure, levels of wastewater treatment in rapidly urbanizing, low-income urban areas are 

simply not keeping pace with rapid population growth (Keraita et al., 2008). Concomitantly, 

agriculture is the largest water user in most countries, representing 70 percent of total global 

water withdrawals (Frenken and Gillet, 2012). As a result, the reuse of untreated wastewater 

return flows in irrigated agriculture is commonplace downstream of urban areas across the globe 

(Raschid-Sally and Jayakody, 2008). In some cases, farmers have been using a surface water 

source for years, but as upstream regions have urbanized, these sources have become effluent 

dominated, resulting in widespread de facto reuse (Buechler and Devi, 2003). In other cases, 

farmers deliberately extract water from drains or sewage pipes (Ensink et al., 2004). In these 

cases, regional water scarcity and/or readily available access to wastewater are often primary 

motivations. Wastewater provides a consistent, reliable source of water where other sources do 

not exist (Santos et al., 2002). 

The use of wastewater (both treated and untreated) in irrigated agriculture has been documented 

in more than sixty countries, though this number is likely a substantial underestimate of the true 

scale of this practice (Drechsel et al., 2010; Scott et al., 2004). Jiménez and Asano estimate the 

global area irrigated with wastewater to be approximately 4.5 Mha (Jiménez and Asano, 2008). 

This estimate is based on a sum of government reported statistics and, therefore, is also likely an 

underestimate as these statistics do not capture the extent of the reuse of diluted, untreated 

wastewater downstream of urban areas (Drechsel et al., 2010). A projection by Scott estimates 

the area irrigated with raw, diluted, or partially treated wastewater to be approximately 20 Mha 

globally. While this number is widely cited, it is an estimate based on expert opinion rather than 

a specific, spatially-explicit analysis (Scott et al., 2004). Although the quantity of case studies 

indicates that irrigation with raw, diluted, or partially treated wastewater is a widespread 

practice, the true extent of irrigation with untreated wastewater remains a major knowledge gap. 

When discussing agricultural water reuse, van der Hoek identifies a key challenge in quantifying 

the extent of agricultural water reuse: the ambiguity of the term wastewater irrigation (Scott et 

al., 2004). As the work by Jiménez and Asano illustrates, most of what is documented is the 
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direct reuse of wastewater, defined as the practice of using wastewater from sewers or 

wastewater treatment plants to irrigate crops without intermediate discharge to a receiving 

waterbody (Jiménez and Asano, 2008). However, the majority of the agricultural water reuse 

occurring in the world currently is the indirect or de facto reuse that occurs when wastewater is a 

dominant component of available surface water flows. Effluent from wastewater treatment plants 

can constitute a major portion of available surface water downstream of urban areas (Rice and 

Westerhoff, 2014). Consequently, alternate water reuse strategies, such as industrial or domestic 

reuse of wastewater or spatially redistributing wastewater return flows, can have significant 

impacts on farmers downstream of urban areas reliant on these wastewater return flows (Simons 

et al., 2015). 

The use of wastewater in irrigated agriculture is often economically motivated. The reliability of 

wastewater flows allow farmers to cultivate higher value, more water intensive vegetable crops 

than they could in the absence of the wastewater source (Bradford et al., 2003a; Keraita et al., 

2003). In fact, Ensink et al.(2002) documented that farmers in Pakistan were willing to pay more 

for wastewater than canal water because the nutrients in wastewater allowed them to reduce 

expenditures on fertilizer. Similarly, farmers in Mexico protested the construction of a 

wastewater treatment plant, fearing that the facility would reduce concentrations of nutrients 

relative to the existing untreated wastewater (Malkin, 2010). 

While there are benefits associated with the practice of wastewater irrigation, these same 

wastewater flows can also pose substantial health risks to those cultivating, selling, and 

consuming these agricultural products (Antwi-Agyei et al., 2015; Silverman et al., 2013). 

Anecdotal evidence and case studies suggest that irrigation with untreated wastewater is a long-

standing and widespread practice. However, the true extent of wastewater irrigation, and 

therefore, the magnitude of its risks, costs, and benefits remain largely unknown (Ensink et al., 

2004; Raschid-Sally and Jayakody, 2008). Understanding the scale of  wastewater reuse in 

irrigated agriculture is essential for garnering the attention of policy makers and sanitation 

practitioners such that infrastructure is selected in a manner sensitive to downstream water 

quality and quantity, public health, and the livelihoods of farmers reliant on wastewater for 

irrigation. 

The objective of this study was to develop a globally consistent, spatially explicit estimate of the 

extent and distribution of irrigated croplands likely to be reusing wastewater. This study used a 

land-use centric approach focused on understanding the spatial relationships between irrigated 

croplands, upstream urban areas, hydrography, and wastewater management. The recent 

development of high quality, global-scale data sets on irrigated croplands, population, and 

wastewater return flows made this work possible. 

3.2 METHODS 

3.2.1 CLASSIFICATION OVERVIEW 

The ambiguity of what, precisely, defines wastewater reuse in irrigated agriculture has limited 

previous efforts to quantify the full extent of this practice. To overcome this challenge, this study 

instead takes a geospatial modeling approach to classify irrigated croplands by their levels of 

wastewater dependence and urban wastewater treatment. The two main outcomes from this study 
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included (1) identifying the global extent of wastewater dependent irrigated croplands and (2) 

identifying the global extent of irrigated croplands with a high likelihood of untreated 

wastewater reuse.  

Wastewater dependent croplands were defined as irrigated croplands that were (1) located within 

40 km downstream of an urban area with a population exceeding 50,000 and (2) in a catchment 

where wastewater constituted at least twenty percent of available blue water. Irrigated croplands 

with a high likelihood of untreated reuse were defined as the subset of wastewater dependent 

croplands located in countries where less than 75 percent of wastewater received some form of 

treatment. Figure 3.1 provides an overview of the logic of this classification method. 
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Figure 3.1. Overview of irrigated croplands classification logic. 
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3.2.2 CLASSIFICATION VARIABLES AND SOURCE DATA 

Wastewater dependent irrigated croplands and irrigated croplands with a high likelihood of 

untreated reuse were identified using a spatially based decision tree algorithm to classify 

irrigated croplands as a function of (1) hydrologic connectivity between irrigated croplands and 

nearby urban extents, (2) wastewater return flows, and (3) regional levels of wastewater 

treatment. The methods utilized in this study were developed specifically to quantify indirect 

reuse, but will also include areas of direct reuse when those irrigated croplands are captured in 

the MIRCA2000 irrigated croplands data and located in close proximity to a stream channel. The 

assumption that wastewater irrigated areas are a subset of identified irrigated areas is 

foundational to this analysis. Therefore, understanding the full range of irrigated area datasets 

available and their relative strengths and weaknesses was fundamental to this study. Appendix A 

summarizes the range of irrigated cropland datasets considered for this analysis and their relative 

strengths and weaknesses within the context of this study. 

Table 3.2 provides a list of the data sources used in this analysis while Table 3.1 provides an 

overview of how the indicators were developed from these data sources. In some cases, data 

were used as presented in the source data (e.g., AQUEDUCT catchment return flow ratio) while 

in other instances, multiple data sources were integrated to fill data gaps (e.g., percent of urban 

wastewater treated) or develop new variables (e.g., extent of peri-urban croplands downstream of 

urban extents). 
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Table 3.1. Major classification variables and terminology. 

Classification 

variable 

What this 

measures 

Terminology 

used in this 

paper 

Major metrics and 

classes 

Approach Scale of 

analysis 

Data inputs 

Hydrologic 

connectivity 

between DSIRC 

and upstream 

urban extents 

Extent of 

peri-urban 

croplands 

downstream 

of urban 

extents 

Downstream 

irrigated 

croplands 

(DSIRC) 

1) DSIRC as a fraction 

of all irrigated 

croplands in country;                    

2) DSIRC as a fraction 

of catchment area;                         

3) Distance from 

upstream urban extent 

(10,20, 40 km) 

Spatially based 

decision tree 

classification 

Gridcell 

(5min)/ 

Subcatchment 

MIRCA2000 (Portmann et al., 

2010);  

GRUMP2000 (Balk et al., 2006);    

GDBD(Masutomi et al., 2009)            

• Stream channels              

• Flow accumulation          

• Subcatchments 

Wastewater return 

flow ratio 

Wastewater 

discharged as 

a fraction of 

available 

water 

Return flow 

ratio (RFR) 

Extremely High 

(>80%)                   

High (40-80%)       

Medium-High          

(20-40%)                

Low-Medium (10-20%)                  

Low (<10%) 

Upstream non-

consumptive use + 

within catchment 

runoff as a fraction 

of available water 

Catchment AQUEDUCT (Gassert et al., 2013) 

Percent of urban 

wastewater treated 

Portion of 

collected 

wastewater 

that receives 

treatment 

Wastewater 

treatment 

level (WWT) 

High (>75%)     

Medium (50-75%) 

Low-Medium           

(25-50%)                  

Low (5-25%)          

Very Low (<5%) 

Combined 

estimates from 

recent available 

sources and 

estimated based on 

surrounding 

countries where 

data gaps existed 

National (Baum et al., 2013);               

(Sato et al., 2013);                       

EPI (Malik et al., 2015);            

IBNET 2014 (Danilenko et al., 

2014; World Bank and Water and 

Sanitation Program, 2014) 
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Table 3.2. Summary of key data sources. 

Variable Name of Data Source Description Data Reference 

Irrigated Croplands 

Monthly irrigated and rainfed 

croplands in the year 2000 

(MIRCA 2000) 

Maximum monthly irrigated 

cropped area 
Portmann et al. 2010 

Urban extents and 

population density 

Global rural-urban mapping 

project v1 (GRUMP) 

1) Global urban extents grid                                   

2) Population density grid 

CIESIN 2011, Balk et al. 

2004, Balk et al. 2006, 

Deichmann et al. 2001 

Hydrography Global drainage basin database 

1) Stream channels                     

2) Catchment boundaries              

3) Flow accumulation raster 

 

Masutomi et al. 2009 

Administrative 

boundaries 

Global Administrative Boundaries 

Dataset (GADM) 
National boundaries Hijmans et al., 2014 

    

Water use IBNET 
Total and domestic urban water 

use 

World Bank and Water 

and Sanitation Program, 

2014 

Sewerage and 

Wastewater 

treatment 

1) Baum et al. compilation 
• Compilation of JMP country 

data 
Baum et al. 2013 

2) Environmental performance 

index (EPI) 

• Compilation of UN Statistics 

Division, OECD, and GWI 
Malik et al. 2015  

3) Sato compilation 

• Compilation of FAOStat, 

UNEP, and other publications 

 

Sato et al. 2013 

Water availability AQUEDUCT database 

AQUEDUCT water risk 

framework 

 

Gassert et al., 2013 

Water quality 
UN GEMS water quality 

monitoring data 

Monitoring data for fecal 

coliform and E. coli (used for 

validation)  

UN GEMS/Water 

Programme Office, 2008 

 

3.2.3 ANALYSIS METHODS 

As was discussed in the previous sections, a spatially based decision tree algorithm (Figure 3.1) 

was developed to classify irrigated croplands dependence on wastewater return flows and 

likelihood of untreated reuse. Further details on this workflow (Figure 3.2), geoprocessing steps, 

and assumptions are included below. 
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Figure 3.2. Classification workflow for downstream irrigated croplands (DSIRC), wastewater 

dependence, and likelihood of irrigation with untreated wastewater. 
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3.2.3.1 Identifying irrigated croplands downstream of urban areas 

The following steps were used to identify irrigated croplands located within 40 km downstream 

of an urban area with a population exceeding 50,000 people (Parts 1 and 2 of Figure 3.2). 

Irrigated cropland pixels intersecting a stream channel (GDBD) or an urban extent boundary 

with a population exceeding 50,000 (GRUMP and GPWv3) (Balk et al., 2006) were extracted 

from the MIRCA2000 irrigated croplands (maximum monthly growing area) dataset (Portmann 

et al., 2010). Both irrigated croplands and urban extents were then intersected with the GDBD 

data to join each irrigated cropland and urban extent polygon with the unique GDBD basin and 

catchment identification codes. The maximum flow accumulation (from the GDBD flow 

accumulation raster) was also calculated for each irrigated cropland gridcell and urban extent 

polygon for use in a later processing step. 

Two primary rationale were used in selecting a population threshold of 50,000. Review of the 

International Utility Benchmarking Network (IBNET) data on sewerage and wastewater 

treatment showed that sewerage and wastewater treatment were uncommon in low and middle 

income cities of less than 50,000 people. In our previous work we found a population threshold 

of 50,000 reached a reasonable balance between overestimating croplands occurring around 

small towns and omitting larger towns with urban croplands (Thebo et al., 2014). 

Irrigated cropland gridcells were then spatially joined (one to many) to all urban extents within 

40 km. After joining, the basin ID of each irrigated cropland polygon was compared to the 

basinID of the urban extent to which it was joined. If the basin IDs did not match, these gridcells 

were excluded from further analysis. If the basin IDs did match, irrigated cropland gridcells were 

kept for further processing. The premise behind this step was that irrigated croplands and urban 

extents not located in the same basin would not have hydrologic connectivity. Retained irrigated 

cropland and urban extent polygons were then compared on the basis of their catchment IDs 

(GDBD_ID). 

For irrigated cropland gridcells where the GDBD_ID matched that of the joined urban extent, the 

maximum flow accumulation of the irrigated cropland polygon and joined urban extent were 

compared. If the maximum flow accumulation of the urban extent exceeded that of the irrigated 

cropland polygon, the irrigated cropland polygon was excluded. If the flow accumulation of the 

irrigated cropland gridcell was greater than or equal to that of the urban extent (and intersected 

an urban extent or stream channel, from earlier steps) the irrigated cropland polygon was 

assumed to be downstream of the joined urban extent. Irrigated cropland pixels intersecting 

urban extents were clipped with the urban extent boundary and only the proportional area located 

within the boundary was included in subsequent calculations. All analyses were conducted using 

ArcGIS and Python. The product of this analysis will be referred to as downstream irrigated 

croplands (DSIRC) for the remainder of this paper.  

3.2.3.2 Identifying wastewater dependent irrigated croplands  

Simons et al. review the tradeoffs of different metrics currently in use for accounting for water 

reuse (broadly defined) in river basins with multiple user groups, with an emphasis on 

applications in irrigation water management (2015). As the focus of this study was understanding 

the contribution of upstream wastewater return flows on the quantity and quality of water 

available to farmers downstream of urban areas, we opted to use the global return flow ratio data 

developed by Gassert et al. through the AQUEDUCT database (2013). Figure 3.2 (Part 3) 
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outlines the steps used to identify irrigated croplands likely to have a high dependence on 

wastewater. 

Catchments with downstream irrigated croplands (DSIRC) were further classified using the 

catchment return flow ratio (RFR). RFR is a measure of the fraction of available blue water in a 

catchment that was used upstream and discharged as wastewater. This analysis used the 

AQUEDUCT classes of low, low-medium, medium-high, high, and extremely high which 

corresponded to RFR classes of <10,10-20, 20-40, 40-80, >80 percent, respectively (Gassert et 

al., 2013). Classified catchments were then overlaid with the DSIRC identified in previous steps 

to quantify the DSIRC area located in each RFR class. For the purposes of this analysis, DSIRC 

in catchments with RFR exceeding 20 percent were considered to have considerable dependence 

on urban wastewater flows. 

3.2.3.3 Identifying irrigated croplands with a high likelihood of untreated wastewater 

reuse in irrigated agriculture 

No comprehensive global dataset on urban wastewater treatment exists. The best data currently 

available are the compilations by Baum et al. (fraction collected and treated) (2013), the 

Environmental Performance Index (EPI) (fraction collected and treated) (Malik et al., 2015), and 

Sato et al. (volumes generated and treated) (2013). However, each of these datasets is at the 

national level and the actual level of sewerage and wastewater treatment present can vary 

significantly between cities in the same country. In contrast, the IBNET data records information 

on sewerage and wastewater treatment reported by municipal utilities around the world, but only 

includes a subset of cities within participating countries (Danilenko et al., 2014). The following 

steps were used to compile these disparate datasets on wastewater treatment and identify 

irrigated croplands with a high likelihood of untreated wastewater reuse (Part 3 of Figure 3.2). 

City level data on urban sewerage and wastewater treatment are scant, though trends observed in 

the IBNET data generally indicated increasing levels of sewerage collection and wastewater 

treatment with increasing city populations. Unfortunately, publically available city data were 

only available for a small fraction of the urban extents included in this study making it necessary 

to use national level statistics on sewerage and wastewater treatment. In general, we found the 

city-level estimates in the IBNET data to be lower than national estimates across all city size 

classes suggesting that our values present a conservative estimate of the fraction of untreated 

wastewater entering surface water irrigation sources. Where data on wastewater treatment were 

present in the IBNET data, secondary treatment was uncommon, further supporting that the use 

of the national level statistics is a better estimate of the discharge of untreated or partially treated 

wastewater to surface water sources. Given, these considerations the above datasets were 

combined in the following manner to fill gaps in monitoring data on wastewater treatment and 

sewerage. 

First, the data on wastewater treatment compiled by Baum et al. and EPI were aggregated to 

develop an estimate of urban wastewater treatment coverage for each country. The (non-

estimated) data from Baum (compiled mostly from Joint Monitoring Program country reports) 

was used as a base. The EPI data were then used to fill in gaps in the Baum et al. data. These 

datasets did not differentiate between levels of treatment (e.g., primary, secondary). If a country 

did not have an estimate of wastewater treatment in either of these two sources, but IBNET data 

were available the mean values from the city level IBNET data were calculated and applied. If 
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still not classified, the Baum et al. estimated values were used. If no data were available from 

any of these sources (true primarily for small island states and territories), the average of 

surrounding countries or a regional average of wastewater treatment was used. The Global 

Administrative Areas database administrative boundaries and naming conventions were used for 

this classification (Hijmans et al., 2014). Because of the structure of this particular dataset (e.g., 

separation of territories as unique units), the number of administrative units exceeded the number 

of recognized countries in the world. Data on sewerage connections were also compiled using 

this same approach, although these data were not used in the analysis explicitly as RFR is a more 

direct measure of the wastewater input. The final country level estimates of wastewater treatment 

compiled from these data sources are provided in Appendix B and mapped in Figure 3.3.
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Figure 3.3. Percent of urban wastewater treated.
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3.2.4 VALIDATION 

3.2.4.1 Identification of downstream irrigated croplands classification  

As a validation measure of the DSIRC classification algorithm, 400 randomly selected irrigated 

cropland gridcells were individually evaluated based on their proximity to upstream urban 

extents and compared to hydrographic and topographic features to develop a confusion matrix. 

200 of these gridcells had been classified as DSIRC while 200 had not been classified as DSIRC. 

DSIRC gridcells were considered to be in agreement with the algorithm’s intent if they were 

within 40 km downstream of the upstream urban area. This assessment was made by visually 

comparing validation gridcells to the DEM, hydrography, and urban area GIS layers. From these 

values and instances of discordance, the overall accuracy and Kappa coefficient were calculated.  

3.2.4.2 Validation of identification of irrigated croplands likely to be using poor 

quality water 

All surface water quality monitoring stations with data on fecal coliform concentrations in rivers 

were extracted from the UN GEMS database of global water quality monitoring data (n=208). 

These monitoring stations were then filtered to limit the selection to only include those stations 

that intersected DSIRC and had multiple monitoring data points from the year 2001 onwards 

(n=69). These 69 stations represent 11 countries and more than 8858 measurements of fecal 

coliform concentrations. The mean and standard deviation fecal coliform concentrations for each 

monitoring station were compared to the untreated reuse likelihood class assigned to the DSIRC. 

DSIRC classified as having a ‘high likelihood of untreated reuse’ and for which the mean 

observed fecal coliform concentrations exceeded 1000 CFU/100 ml were considered to be in 

agreement. Likewise, DSIRC where observed fecal coliform concentrations were less than 1000 

CFU/100 ml and classified as ‘not having a high likelihood of untreated reuse’ were considered 

to be in agreement. A fecal coliform concentration of 1000 CFU/100 ml was selected based on 

its common usage as a threshold for irrigation water quality (Akin et al., 1989; Antwi-Agyei et 

al., 2015; World Health Organization, 2006). From these values and instances of discordance, the 

overall accuracy and Kappa coefficient of the ‘untreated reuse likelihood’ classification were 

calculated. 

3.2.5 ADDITIONAL DATA ANALYSIS 

Downstream irrigated croplands by geographic region and distance downstream of urban areas 

The sum of the DSIRC area in each country was divided by the total area of irrigated croplands 

in each country to estimate the fraction of irrigated croplands in each country that were located 

downstream of large urban areas. The area of DSIRC was also summed for each catchment then 

divided by the catchment area to assess the fraction of the catchment land area allocated to 

DSIRC. The methods described in Section 3.2.3.1. were also repeated using 10 and 20 km 

buffers around urban extents to quantify the extent and distribution of DSIRC at variable 

distances downstream of urban extents. 

Urban population living in wastewater dependent catchments and catchments with a 

high likelihood of untreated agricultural water reuse 

GRUMP urban extent boundaries with populations exceeding 50,000 people were intersected 

with GDBD catchment boundaries. The urban population densities associated with these urban 

extents were then used to estimate the population within each catchment with DSIRC. These 



 

43 

 

values were then cross tabulated against each of the different wastewater dependence and 

treatment classes.  

Comparison of catchment area, DSIRC, and population across wastewater treatment 

classes. 

The total catchment area (global non-polar land surface area), area of catchments containing 

DSIRC, DSIRC area, and population living in catchments with DSIRC were summed for each 

RFR and WWT class for between class comparisons. 

3.3 RESULTS 

3.3.1 SUMMARY OF RESULTS 

55.1 Mha of irrigated croplands were identified within 40 km downstream of urban areas with 

populations greater than 50,000 people (Figure 3.4). Of these downstream irrigated croplands 

(DSIRC), 35.9 Mha were located in catchments with high levels of wastewater dependence. 65 

percent of wastewater dependent DSIRC (29.3 Mha) were located in countries where less than 

75 percent of collected wastewater receives some form of treatment. Subsequent sections discuss 

these findings in more detail. Each subsequent category quantified by this study is a subset of the 

maximum monthly global irrigated cropland area from the Portmann et al. MIRCA2000 data 

(2010). 

 

Figure 3.4. Summary of wastewater dependent and high untreated reuse likelihood irrigated 

cropland areas identified in this study as compared to the total global irrigated croplands area. 

*All Irrigated croplands area from MIRCA2000. 
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3.3.2 EXTENT OF PERI-URBAN CROPLANDS DOWNSTREAM OF URBAN AREAS 

This study found that 55.1 Mha of urban and peri-urban irrigated croplands were located within 

40 km downstream of or intersected an urban area. The area of downstream irrigated croplands 

(DSIRC) constitutes approximately 26 percent of the global irrigated croplands identified by 

Portmann et al. (2010) Country level estimates of the fraction of all irrigated croplands located 

within 40 km downstream of urban area are shown in Figure 3.5. The mean percentage of 

DSIRC across all countries was 23 percent. Countries with high percentages of DSIRC were 

diverse and included small island states/territories (mostly urban irrigated croplands), some 

European countries, and several low to middle income countries with large numbers of urban 

areas.  
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Figure 3.5. Irrigated croplands located within 40 km downstream of an urban extent as a percent of all irrigated croplands in each 

country.
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3.3.3 WASTEWATER DEPENDENCE OF DOWNSTREAM IRRIGATED CROPLANDS AS A 

FUNCTION OF WASTEWATER RETURN FLOW RATIOS 

65 percent of DSIRC (35.9 Mha) were located in a catchment where the return flow ratio (RFR) 

exceeded 20 percent (Figure 3.6). Of these, 15.7 Mha are located in a catchment where the RFR 

exceeds 80 percent – indicating that wastewater constitutes a dominant proportion of available 

surface water in these regions. Catchments with high values for these indicators are clustered 

around northern India, northern China, and Pakistan. 

In many of these catchments, particularly those with monsoonal climates, surface runoff varies 

considerably between seasons allowing for substantial seasonal variability in water availability. 

During low-flow periods, the return flow ratio of catchments may be considerably higher than is 

indicated in subsequent figures. 26.2 Mha of DSIRC (48%) were located in a catchment with 

high seasonal variability in available water. Seasonal variability in the AQUEDUCT database 

was defined as the standard deviation of monthly total blue water divided by the mean of 

monthly total blue water. Figure 3.7 shows catchments classified by both RFR and seasonal 

variability. 
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Figure 3.6. Catchments classified by RFR and fraction of catchment area that was DSIRC. Catchments with medium to high RFR 

(20-80%) are indicated with yellow hatching, while red hatching indicates a RFR exceeding 80%. Darker gray shading indicates 

catchments where DSIRC constituted more than 25 percent of the catchment land use. DSIRC in dark gray catchments with high RFR 

(hatched) are likely to have a very high dependence on wastewater for irrigation. 
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Figure 3.7. Classification of catchments by return flow ratio (RFR) and intra-annual variability (SV). Outlined catchments indicate 

those where more than ten percent of the catchment land area consists of DSIRC. 

 

 



 

49 

 

The distribution of DSIRC across RFR classes was markedly different than the distribution of the 

land area of all catchments or catchments containing DSIRC (Figure 3.8). DSIRC were 

disproportionately located in catchments with a RFR exceeding 20 percent (65 percent of 

DSIRC) as compared to both the total catchment area (14 percent) and area of catchments with 

DSIRC (30 percent). Urban populations residing in catchments with DSIRC followed a similar 

distribution. 1.37 billion urban residents live in catchments containing DSIRC and with a RFR 

exceeding 20 percent and 488 million people reside in catchments with extremely high 

wastewater dependence (RFR80%). 

 

Figure 3.8. Distribution of the area of all catchments, DSIRC catchment areas, urban population 

in catchments with DSIRC, and DSIRC by RFR class. 

3.3.4 DISTRIBUTION OF WASTEWATER DEPENDENT DOWNSTREAM IRRIGATED 

CROPLANDS BY DISTANCE DOWNSTREAM  

All figures presented thus far have focused on wastewater dependent DSIRC within 40 km of 

urban extents. However, these same analyses were repeated to quantify wastewater dependent 

DSIRC within 0 to 10, 10 to 20, and 20 to 40 km downstream of urban areas (Figure 3.9). That 

analysis found 26.8 Mha of DSIRC within 10 km, 5.7 Mha within 10 to 20 km, and 3.4 Mha 

within 20 to 40 km. In general, the distribution of wastewater dependent DSIRC within regions 

followed a similar pattern, with most DSIRC being located within 10 km of an upstream urban 

area. In Southeast Asia, North Africa, and Sub-Saharan Africa 92, 98, and 99 percent of DSIRC, 

respectively, were located within 10 km downstream of urban areas. South Asia was a notable 

exception to this, with the majority (56%) of DSIRC located 10 to 40 km downstream of urban 

areas. 
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Figure 3.9. Distribution of wastewater dependent IRC across distance and wastewater treatment 

classes. 

3.3.5 DISTRIBUTION OF WASTEWATER DEPENDENT DOWNSTREAM IRRIGATED 

CROPLANDS BY LEVEL OF URBAN WASTEWATER TREATMENT 

45.1 Mha or 82 percent of DSIRC were located in a country where less than 75 percent of 

wastewater receives some form of treatment (Figure 3.10). Of these croplands, 29.3 Mha (65 

percent) were located in a wastewater dependent catchment (RFR ≥ 20). In the remainder of this 

paper, these croplands will be referred to as irrigated croplands with a high likelihood of 

untreated wastewater reuse. 

 

Figure 3.10. Distribution of all DSIRC (55.1 Mha) by urban wastewater treatment class and 

RFR as a fraction of the total area in class. 

There was considerable variation in the distribution of irrigated croplands with a high likelihood 

of untreated reuse across different countries and regions (Figures 3.11-13). Five countries, China, 

India, Mexico, Pakistan, and Iran, accounted for 25.1 Mha of DSIRC with a high likelihood of 

untreated reuse (Table 3.3). .
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Table 3.3. Distribution of DSIRC area in countries containing the majority of irrigated croplands with a high likelihood of untreated 

reuse. 

  Return Flow Ratio Class (x1000 ha) 

∑ All DSIRC  (x1000 ha) 
Country Urban WWT (%) 

Medium-High   

(20-40%) 

High           

(40-80%) 

Extremely High 

(>80%) 

∑ Medium-Extremely 

High 

China 71.2 1,756 3,083 5,588 10,428 15,431 

India 22.0 3,657 2,711 2,519 8,886 11,369 

Pakistan 1.2 254 605 2,006 2,865 3,034 

Mexico 53.9 691 378 386 1,455 1,794 

Iran 4.2 492 309 633 1,434 1,680 

All other countries   

where WWT≤75%  

Mean = 23.8   

Median = 18.6 
1,450 1,089 1,676 4,215 11,810 

Sum Top 5 Countries 

 

6,851 7,085 11,132 25,068 33,307 

Sum All ≤75% Countries 

 

8,301 8,173 12,808 29,283 45,117 
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Figure 3.11. Downstream irrigated croplands in high return flow catchments classified by level of wastewater treatment and fraction 

of gridcell that was irrigated croplands. 
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Figure 3.12. Country sums of wastewater dependent DSIRC and level of wastewater treatment. Gray shading indicates the total area 

of wastewater dependent DSIRC. Red and blue hatching indicate the level of wastewater treatment, 75% and < 75%, respectively. 
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Figure 3.13. Percent of DSIRC that are wastewater dependent and level of wastewater treatment. Gray shading indicates the percent 

of DSIRC that are in catchments where RFR exceed 20%. Red and blue hatching indicate the level of wastewater treatment, ≥75% and 

< 75%, respectively. 
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A sizeable fraction (42%) of wastewater dependent irrigated croplands were located in countries 

where less than 25 percent of wastewater was treated. From these compiled data, the mean level 

of wastewater treatment in countries/territories was 23.8 percent with a median of 18.6 percent. 

A disproportionately small area of wastewater dependent croplands were in the 25 to 50 percent 

treatment class despite the fact that that treatment class contained nearly twenty percent of global 

countries and territories. The United States contained large areas of wastewater dependent 

DSIRC (2.8 Mha), but because most wastewater is treated, these DSIRC are unlikely to have a 

high likelihood of untreated reuse. Regional sums of wastewater dependent croplands by 

treatment class are included in Table 3.4. 

Table 3.4. Sum of downstream irrigated croplands by region and level of urban wastewater 

treatment. 

  Wastewater Treatment Class Area (x1000 ha) 

 Region ID* ≤5% 5-25% 25-50% 50-75% >75% Region Sum 

AA 0 0 0 0 485 485 

EU 0 0 9 6 1,367 1,382 

NA 0 0 0 0 2,863 2,863 

CIS 23 40 0 0 0 63 

WA 37 0 745 126 511 1,420 

CA 300 0 172 456 1,122 2,049 

SA 4,475 8,886 51 10 0 13,422 

SEA 3 969 0 24 0 996 

EA 0 0 0 10,455 133 10,588 

SSA 1 0 0 0 74 75 

NA 0 168 169 195 0 531 

LA 15 286 79 1,455 45 1,880 

CB 0 67 61 0 16 144 

Class Sum 4,854 10,415 1,286 12,726 6,616 35,898 

*Regional groupings and abbreviations are: Commonwealth of Independent States (CIS), Caribbean (CB), Latin 

America (LA), Oceania (OC), East Asia (EA), Southeast Asia (SEA), South Asia (SA), West Asia (WA), North 

Africa (NA), Sub-Saharan Africa (SSA), and High Income Countries – Asia/Australia (AA), Europe (EU), and 

North America (NA). 

3.3.6 POPULATION LIVING IN CATCHMENTS WITH A HIGH LIKELIHOOD OF 

UNTREATED WASTEWATER REUSE IN IRRIGATED AGRICULTURE 

885 million urban residents live in catchments with a high likelihood of untreated wastewater 

reuse in irrigated agriculture. As reported above, 29.3 Mha of DSIRC were present in these same 

catchments. Limiting scope further to only include catchments with a RFR exceeding 80 percent 

and less than five percent of wastewater treated, we found this subset of high untreated reuse 

likelihood catchments to be home to 14.7 million urban residents and 2.9 Mha of irrigated 

croplands. Including total catchment populations, not just urban populations would increase the 

potentially affected populations further. 

3.3.7 COMPARISON OF THIS STUDY TO COUNTRY SCALE ESTIMATES OF 

WASTEWATER REUSE IN IRRIGATED AGRICULTURE. 

The lack of a comprehensive global estimate of wastewater reuse in irrigated agriculture was one 

of the primary motivations for this study. Quantifying indirect reuse in particular has proven 

especially challenging for previous studies as it is often an unplanned or de facto practice 
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occurring downstream of urban areas with wastewater discharges. The types of reuse that this 

study primarily captured in its assessment were indirect reuse and instances of direct reuse 

occurring in close proximity to stream channels. To our knowledge, the most comprehensive 

estimate of agricultural reuse area prior to this study is the work of Jiménez and Asano. Table 3.5 

compares the country level estimates of the top five countries identified in this study to the areas 

identified in Annex 2 of Jiménez and Asano. While the types of reuse captured in this study, 

namely a much more comprehensive inventory of indirect reuse, are different, we felt it useful to 

see the order of magnitude differences in inventoried areas of agricultural reuse as compared to 

those derived using the methods in this study.
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Table 3.5. Comparison of areas of agricultural water reuse identified in this study as compared to the areas included in the inventory 

compiled by Jimenez and Asano. Countries included are those with the five largest areas of likely untreated reuse. 

 

From this Study From Jiménez and Asano 
Ratio High Likelihood 

WW Irrigation Area: 

Jiménez & Asano Area 
Country 

WWT 

(%) 

SUM Medium-

Extremely High 

RFR (ha) 

Irrigated  

with WW  

(ha) 

Irrigated 

with treated 

WW (ha) 

Type of WWI Described in 

Jimenez and Asano 
Original Source 

China 71.2 10,427,664 1,300,000* 0+ 

Unclear, discussion focused on 

direct, municipal reuse, but text 

indicates indirect reuse common 

WRIS 8.0 

India 22.0 8,886,372 73,000 ND 
Direct, Untreated (data from 1985 

inventory of 200 sewage farms) 

WRIS; AAST, 2004 and 

EPA, 2004 
121.7 

Pakistan 1.2 2,864,763 32,500 ND Direct, Treated (partially) WRIS and EPA, 2004 88.1 

Mexico 53.9 1,454,773 190,000 70,000 
Direct & some indirect,       

Treated & untreated 
Jimenez, 2006 and WRIS 5.6 

Iran 4.2 1,434,092 + + Unclear 
WRIS; AAST, 2004; EPA, 

2004 and Jimenez, 2006 
ND 

From Jimenez and Asano: 

* Data are confusing. 

+ No data are available, although the practice is reported.
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3.3.8 VALIDATION OF CLASSIFICATION METHODS 

3.3.8.1 Identification of downstream irrigated croplands 

This analysis found an overall accuracy of 0.96 with a Kappa coefficient of 0.92 (Table 3.6).  

Table 3.6. Confusion matrix evaluating the classification accuracy of downstream irrigated 

croplands. 

  Observed DSIRC Relationship  

 IRC Downstream    

of UE 

IRC NOT Downstream 

of UE Total 

Predicted 

DSIRC 

IRC Downstream of UE 189 11 200 

IRC NOT Downstream of UE 6 194 200 

 Total 195 205 400 

3.3.8.2 Identification of irrigated croplands with a high likelihood of untreated reuse  

This analysis found an overall accuracy of 0.86 with a Kappa coefficient of 0.69 (Table 3.7). 

Table 3.7. Confusion matrix evaluating the classification accuracy of catchments with high 

likelihood of untreated reuse in irrigated croplands. 

  UN GEMS Water Quality Data               

(Fecal Coliform) 

 

  1000 CFU/ 100 ml <1000 CFU/ 100 ml Total 

DSIRC Untreated 

Reuse Likelihood    

Classification 

High Untreated Reuse 

Likelihood 
36 3 39 

Not High Untreated 

Reuse Likelihood 
6 18 24 

 Total 42 21 69 

3.4 DISCUSSION 

3.4.1 IMPLICATIONS OF FINDINGS 

Reuse of untreated wastewater appears to be the most common form of agricultural water reuse, 

but it is generally poorly accounted for under traditional water accounting and management 

approaches. Two primary reasons the reuse of untreated wastewater is so difficult to account for 

are that unplanned practices are difficult to quantify via census based methods and the 

obfuscation of accurate data about this practice for political or economic reasons (Jiménez and 

Asano, 2008). This study took an alternative approach, instead using a spatially based decision 

tree approach to integrate disparate spatial datasets on irrigated croplands, hydrography, water 

use, and wastewater collection and treatment. This allowed development of the first spatially 

explicit global estimate of the extent of irrigated croplands most likely to be reusing urban 

wastewater which explicitly includes indirect reuse. This study found 35.9 Mha of downstream 

irrigated croplands in wastewater dependent catchments of which 29.3 Mha were located in 

countries with low levels of wastewater treatment. 

Even when wastewater flows are treated, upstream wastewater return flows are often not subject 

to traditional water rights apportionments, potentially leaving farmers vulnerable to municipal 
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reallocation of wastewater flows for other types of water reuse (e.g., industrial, indirect potable, 

etc.), alteration of flow timing, and overall reductions in flows resulting from water conservation 

efforts (Macdonald et al., 2005; Molle and Berkoff, 2009; Simons et al., 2015). This study found 

that 65 percent of downstream irrigated croplands were located in a catchment with high levels 

of dependence on urban wastewater flows. These same catchments were home to 1.37 billion 

urban residents. These figures provide preliminary insights into the magnitude of the role indirect 

wastewater reuse plays in meeting the water and food needs of people around the world.  

The agricultural reuse of wastewater can present health risks when upstream wastewater flows 

are inadequately treated. Where data on wastewater treatment were present in the IBNET data, 

secondary treatment was uncommon. The use of poor quality water in irrigated agriculture has 

the potential to impact farmers, laborers, market vendors, and consumers across the produce 

supply chain. However, the level to which these risks are realized is highly dependent upon 

irrigation and cultivation practices, post-harvest handling, food safety and preparation practices 

(Antwi-Agyei et al., 2015). While this study does not specifically address the crop types being 

grown in downstream peri-urban irrigated croplands, past studies suggest that, particularly in low 

and middle income countries, vegetable crops are grown more often in these regions than in 

more rural areas (Simon, 2008). The health risks posed by the indirect reuse of untreated 

wastewater will vary substantially with the types of crops grown and the manner in which these 

crops are consumed (e.g., raw versus cooked) (Amoah et al., 2007; Antwi-Agyei et al., 2015; 

Mara et al., 2007). 

3.4.2 LIMITATIONS 

The spatial resolution of irrigated croplands data is a central consideration when interpreting 

these results. Specifically, the irrigated croplands captured in the source data (MIRCA2000) 

generally tend to be larger, contiguous areas of irrigated croplands (Siebert et al., 2005). Small, 

disconnected urban plots would generally not be captured, though these plots can sometimes be 

using the poorest quality water (e.g., irrigating directly from sewers) (Ensink et al., 2004; Qadir 

et al., 2010; Rooijen et al., 2010). 

This study focused primarily on catchments where wastewater return flows exceeded twenty 

percent. However, in catchments where there is high seasonal variability in water availability, 

wastewater return flows may constitute a significantly larger or smaller proportion of available 

water at different times of year. However, when considering health risks associated with the use 

of untreated wastewater or poor quality water for irrigation, even wastewater return flow ratios 

of a few percent could be enough to cause concentrations of waterborne pathogens in surface 

water sources to exceed WHO thresholds for acceptable risk (World Health Organization, 2006). 

The thresholds set by this study regarding return flow ratios and urban extent population 

thresholds are purposely conservative and, as such, we would anticipate the values presented 

here to represent lower limits of both the area of wastewater dependent irrigated croplands and 

irrigated croplands with a high likelihood of untreated reuse. 

In-stream concentrations of waterborne pathogens are highly dependent upon a wide range of 

variables including levels of exposure to solar radiation, flow velocities, association with 

sediment or other settleable materials, and influent pathogen concentrations (Pachepsky et al., 

2011). Given the broad range of factors potentially confounding predictions of waterborne 

pathogens downstream of urban areas, this study instead opted to take a land-use centric 
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approach, focusing instead on irrigated croplands and asking questions about which watershed 

characteristics would be indicative of dependence on urban wastewater flows and untreated 

wastewater. Previous research has shown a strong association between watershed land use 

composition and waterborne pathogen concentrations across a diverse range of contexts 

(Bradshaw et al., 2016; Liang et al., 2013; Viau et al., 2011; Walters et al., 2011). Tremendous 

strides have been made in global water quality models in recent years, but their resolution is still 

coarse (0.5 degrees) (Seitzinger et al., 2010; Vermeulen et al., 2015; Vermeulen et al., 2015) or 

not global in their coverage (Reder et al., 2015) and, as such, are limited in their applicability to 

the specific typologies of agricultural water reuse investigated in this study. 

Given these limitations, it is important to emphasize that the results from this study are most 

appropriately interpreted at the national to regional scale to identify areas with a high likelihood 

of wastewater dependence or untreated reuse. More detailed study accounting for wastewater 

treatment infrastructure, flows, and water allocation at the basin scale is needed to better 

understand the extent of health risks and vulnerability posed by indirect water reuse at finer 

spatial resolutions and to specific stakeholder groups. For studies focused on specific catchments 

or agricultural activities downstream of urban areas, watershed scale models and assessments 

would be more appropriate tools for evaluating the risks experienced by farmers and consumers 

3.5 CONCLUSION 

Our analysis provides the first spatially explicit global estimates of the extent to which irrigated 

croplands are dependent on wastewater, both treated and untreated. This analysis found 35.9 

Mha of irrigated croplands are located in wastewater dependent catchments, as measured using 

wastewater return flow ratios. Amongst these 35.9 Mha of wastewater dependent irrigated 

croplands, 82 percent (29.3 Mha) are located in countries where less than 75 percent of 

wastewater is collected and treated. 86 percent of these irrigated croplands were located in five 

countries, China, India, Pakistan, Mexico, or Iran. All of these values are substantially higher 

than previous, highly uncertain, estimates of approximately 4.5 to 20 Mha of croplands irrigated 

with untreated wastewater.  

Irrigation water quantities attributable to urban wastewater flows and the quality of irrigation 

water received by individual farmers will vary with a broad range of locally specific 

infrastructural and environmental variables. Numerous local scale studies underscore this point. 

What this study emphasizes is that the scale of this practice is at least 50 percent larger than 

previous values extrapolated from case studies. This study is the first with methods developed to 

explicitly include indirect reuse in its estimates of agricultural water reuse. Urban wastewater 

return flows and other non-consumptive uses are often poorly accounted for in large-scale water 

resources models, but clearly make major contributions to farmers dependent on these flows.  

Considerable strides have been made in increasing access to improved sanitation in urban areas, 

but investments in wastewater treatment continue to lag behind. Even when untreated wastewater 

constitutes a small percentage of flow, concentrations of pathogens in irrigation source water can 

far exceed those allowable by the WHO. This study sheds further light on the often complicated 

ways in which urban areas interact with downstream peri-urban and rural environments and vice-

versa. Further work is needed to ensure that urban sanitation policies not only address the 
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protection of surface water quality for ecological reasons, but also recognize the water quantity 

and quality needs of downstream farmers.
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Chapter 4 Characterizing relationships between the indirect reuse of 

untreated wastewater in irrigated agriculture and diarrheagenic E. 

coli pathotype gene targets in water, soil, and produce downstream 

of a South Indian city 
 

 

4.1 INTRODUCTION 

4.1.1 MOTIVATION 

Urban growth is rapidly outpacing the development of adequate wastewater collection and 

treatment systems in many low and middle income cities (Malik et al., 2015). Twenty-eight 

percent of India’s rapidly growing population lives in mid-sized cities (between 100,000 and 

one-million people) (Census of India, 2011). Approximately 30 percent of wastewater collected 

in urban India is at least partially treated (Central Pollution Control Board, 2015, 2005). 

Vedachalam and Riha (2015) found that increased populations are positively associated with 

higher sanitation scores and levels of wastewater treatment in India, suggesting lower levels of 

wastewater management in mid-sized cities than the national statistics would suggest. 

The close integration of cities with surrounding peri-urban agricultural areas links the quantity 

and quality of water received by agricultural water users to the production and management of 

urban wastewater (Shaw, 2005; Simon, 2008). Consequently, the use of untreated or poorly 

treated wastewater by farmers downstream of cities is widespread within India (Bradford et al., 

2003a; Ensink et al., 2010; Srinivasan and Reddy, 2009) as in many other low and middle 

income countries (Keraita et al., 2007; Rooijen et al., 2010). 

The use of untreated wastewater confers both costs and benefits to farmers and consumers. 

Wastewater is an extremely reliable water source that can contain high concentrations of 

nutrients (Huibers and Van Lier, 2005; Qadir et al., 2010). Farmers in South Asia report that 

having access to wastewater allows them to produce higher-value vegetable crops, and get them 

to market before the arrival of monsoon rains which depress prices (Bradford et al., 2003b). The 

presence of nutrients in the wastewater also reportedly allows farmers to reduce expenditures on 

fertilizer (Ensink et al., 2004). However, untreated wastewater can also contain high levels of 

waterborne pathogens, which can pose health risks to both farmers and consumers. On farms, 

laborers are exposed to these pathogens through irrigation practices, contact with soil while 

cultivating, weeding, and other agricultural practices. In areas where agricultural practices are 

highly dependent upon manual labor, there is the potential for substantial exposure of farmers 

and farm workers to enteric pathogens (Mara et al., 2007). The risks to consumers from these 
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pathogens depend on post-harvest processing; whether produce is consumed raw, washed in a 

disinfecting solution, or peeled; and household food safety practices including access to 

refrigeration and the cleanliness of food preparation surfaces (Abakpa et al., 2015; Ensink et al., 

2007; Pachepsky et al., 2011). 

Although it is widely recognized in the literature that irrigation with untreated wastewater can be 

an unsafe practice, better tools are needed to characterize and quantify the specific health risks 

attributable to this practice, as this information can bring attention to, and be used to guide and 

prioritize efforts to reduce these health risks. One challenge is that other farming practices (e.g., 

application of manure, farm animals, open defecation by farm workers) and market practices 

(e.g. poor sanitation and hygiene) can introduce additional contamination; thus, it is important to 

assess the contribution of irrigation water quality in the context of other factors. Another 

challenge is that culturable E. coli bacteria are often used as an indicator of fecal contamination, 

but this approach has been questioned because E. coli are ubiquitous in tropical environments 

(Rochelle-Newall et al., 2015; Winfield and Groisman, 2003). The overall goal of this study was 

to compare the levels and sources of fecal contamination on farms irrigating with untreated 

wastewater and those irrigating with borewell water. In addition to measuring the concentrations 

of culturable E. coli in irrigation water, soil, and on produce, samples were also analyzed for the 

prevalence of five pathotypes of diarrheagenic E. coli, to evaluate whether E. coli could be used 

as an indicator of fecal contamination in the study context. Farmers were also interviewed about 

their farming practices at the time of sample collection. Produce samples from the local market 

were also analyzed for comparison. 

4.1.2 STUDY LOCATION AND OBJECTIVES 

This study was conducted immediately downstream of Dharwad, a city of 218,000 people in 

Karnataka, India. Agriculture remains a major source of livelihoods in Dharwad, employing 

50,000 people as either farmers or laborers (Dharwad Zilla Panchayat, 2011). In Dharwad, the 

main wastewater drain or nalla, discharged an estimated 35.35 MLD of untreated wastewater 

which is then used by downstream farmers for irrigation (North Karnataka Urban Sector 

Investment Program, 2010). There are not presently any municipal wastewater treatment plants 

in Dharwad. However, in 2016 Dharwad began expansion of the sewer network and construction 

of a sequencing batch reactor (SBR) treatment facility in 2016 (CDM Smith Pvt. Ltd., 2016).  

Thirty percent of the population of Dharwad was connected to the piped sewerage network. 60% 

of households relied on on-site sanitation, such as septic tanks or pit latrines and 10% practiced 

open defecation (Wilbur Smith Associates, 2009). Untreated wastewater from sewered 

connections, septic tank overflow, gray water, and sludge emptied from latrines drained from the 

city to Chaul Nalla, an unlined surface water channel. Chaul Nalla drains into the Bennihalla 

River, approximately 55 km downstream. The Bennihalla River is a tributary of the Malabrabha 

River in the Krishna River Basin. The water in Chaul Nalla is physically, chemically, and 

microbiologically raw wastewater and is referred to as wastewater or water from the nalla in the 

remainder of this paper (Bradford et al., 2003a). 

Rainfall in the Dharwad area averages around 800 mm annually, but is highly seasonal with most 

precipitation falling between June and September (Figure 4.1) (NOAA, 2015). These climatic 

conditions create high demand for access to irrigation waters, including wastewater (Bradford et 

al., 2003a). Farmers with access to wastewater from Chaul Nalla reported being better able to 
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manage erratic and seasonal rainfall patterns, and thus obtain higher prices from their crops than 

farmers relying on rainfall alone (Brook, 2005). Previous studies in Dharwad found that farms 

located close to Dharwad and irrigating with wastewater also grew more vegetable crops in both 

monsoon and dry seasons compared to farms further downstream, which tended to grow more 

staple crops and a smaller variety of vegetables (Bradford et al., 2003b; Nunan, 2000). 

 

Figure 4.1. Daily precipitation, maximum, minimum, and average temperature through farm and 

routine nalla water sampling periods. 

*Daily climate data from NOAA daily summary observations at Gadag, India 

(https://gis.ncdc.noaa.gov). 

Borewell irrigation in Dharwad district has increased in prevalence in recent years. Farms with 

borewells were generally utilizing a shallow, unconfined aquifer with high seasonal variability. 

Depth to groundwater ranged from 5-10 meters in the pre-monsoon period to 2-5 meters in the 

post-monsoon period (Central Ground Water Board, 2013). 

This study evaluates levels of culturable E. coli and diarrheagenic E. coli pathotype gene targets 

to assess contamination in irrigation water, soil, and produce on farms. It compares farms 

irrigating with wastewater to those irrigating with borewell water to better understand 

background levels of contamination within different exposure pathways on farms. Levels of 

culturable E. coli were also measured on the surfaces of a variety of market produce samples. 

This study uses both culturable E. coli and five diarrheagenic E. coli pathotype gene targets to 

assess levels of fecal contamination present and test whether culturable E. coli are an appropriate 

indicator of diarrheagenic E. coli in this context. 
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4.2 MATERIALS AND METHODS 

4.2.1 ROUTINE WATER SAMPLING LOCATIONS 

Surface water samples were collected every four to six weeks for nine months (June 2012-April 

2013) at seven sampling locations 0 to 15 km downstream of Dharwad (n=67) along Chaul 

Nalla. The distance between sites ranged from 2.9 km in the upstream reaches to 6.6 km between 

the downstream most locations. Limited samples were also collected at four additional locations 

15 to 55 km downstream. 

4.2.2 SELECTION OF STUDY FARMS 

A stratified sample of 29 farms was selected for inclusion in this study. At least four farms (two 

irrigating with water from nallas and two with borewell water) were selected in the proximity of 

each of the seven routine surface water sampling locations. All farmers in the study were 

practicing furrow irrigation. Farms with vegetable crops ready for harvest were approached for 

participation. In total, fifteen farms using nalla water and fourteen using borewell water for 

irrigation were included. Water (n=29), soil (n=90), and produce (n=85) samples were collected 

from each of the 29 farms between July and October 2012. Farmers were interviewed (after 

providing informed consent) about their labor requirements, cultivation and irrigation practices. 

The study protocol was reviewed and approved by the Institutional Review Board of University 

of California, Berkeley. 

4.2.3 SELECTION OF MARKET STALLS 

Produce samples were collected from a random sample of 59 vendors in Dharwad’s outdoor 

produce market. The sample was stratified by market vendor type (small, medium, large) and 

location within the market. From each market vendor, one of eight crops (specified in the sample 

frame) was purchased. The crops sampled in the market were selected to parallel those collected 

on farms and included greens (dill, cilantro, amaranthus); ground growing crops (cucumber, 

radish, ridge gourd); and above ground growing crops (tomato, chili, okra). Samples were 

collected in July 2012 and March-April 2013. 

4.2.4 SAMPLE COLLECTION 

All samples were kept on ice and analyzed within six hours of collection. Field and lab blanks 

were analyzed on each sampling day. One replicate sample of water, soil, or produce was 

collected on each sampling day. 

4.2.4.1 Water 

One-liter surface water samples were collected using a sterilized metal pitcher and transferred to 

sterile WhirlPak bags. The collection pitcher was rinsed with sample water three times before 

sample collection. Surface water samples were collected from regions of active flow within the 

stream channel (nalla). Groundwater samples were collected at the point of above-ground 

discharge from borewells and before contact with soil. 

4.2.4.2 Soil 

Three soil samples were collected from each study farm. Sterile scoops were used to collect soil 

in sterile WhirlPak bags. Each sample was a composite of three scoops of soil collected across a 
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horizontal transect of the field. One composite sample was collected across the upper reach of 

the field (where irrigation water entered the field), one across the middle of the field, and one 

across the lower reach of the field (tailwater region). 

4.2.4.3 Produce 

On farms, approximately one bunch or three pieces of each type of produce that farmers 

designated as ready for harvest was collected and immediately placed in sterile WhirlPak bags. 

Composite samples were collected from at least three locations along the row(s) containing the 

vegetable crop. In markets, approximately one bunch or 100 g of produce was purchased and 

immediately placed in a sterile WhirlPak bag. It was not possible to track produce all the way 

through the supply chain (from farm to market vendor) in Dharwad because produce from farms 

is pooled by middlemen and the farm identity is lost before being sold to market vendors. 

Therefore, a sample of produce reflective of the types sampled on farms was purchased in 

markets and analyzed for culturable E. coli.  

4.2.5 ENUMERATION OF CULTURABLE E. COLI 

4.2.5.1 Water 

Water samples from nallas and borewells were analyzed for culturable E. coli by the most 

probable number (MPN) method using Colilert Quanti-Tray/2000 from IDEXX laboratories 

(IDEXX Laboratories Inc., Westbrook, ME, USA). Routine surface water samples and those 

from farms using nalla water for irrigation were serially diluted (10
-5

) with sterile phosphate 

buffered saline (PBS). Water samples collected from farms using borewells for irrigation were 

not diluted, based on the expectation that concentrations would be lower. 

4.2.5.2 Soil 

Each composite soil sample was thoroughly mixed and a 25 g portion was combined with 250 ml 

of sterile PBS in a WhirlPak bag (similar to the procedure used by Omar et al. (2010)). The PBS-

soil mixture was massaged to break-up and large clumps then vigorously shaken for two 

minutes. After shaking, a 10 ml aliquot of the soil wash water was serially diluted and analyzed 

for culturable E. coli using Colilert Quanti-Tray/2000. 

4.2.5.3 Produce 

Once in the lab, each composite produce sample was weighed to measure the exact sample mass. 

250 ml of sterile PBS was then added to each produce sample bag. Similar to the methods 

outlined by (Pickering et al., 2012), the submerged surfaces of the produce samples were then 

massaged for two minutes. 100 ml of the produce wash water was then analyzed (without 

dilution) for culturable E. coli using Colilert Quanti-Tray/2000. 

4.2.6 DETECTION OF DIARRHEAGENIC E. COLI PATHOTYPE GENE TARGETS 

A subset of the positive IDEXX E. coli samples (collected during July and August) was subject 

to further molecular analysis for pathotype gene targets. 

4.2.6.1 Preparation of culturable E. coli samples 

A modified version of the methods of Omar et al. (2010) was used to prepare composite samples 

for PCR analysis. After incubation, Quanti-Tray wells positive for E. coli were marked and all 

trays with positive wells were stored at 4C for further processing. A sterile syringe or pipette 
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was used to puncture all positive wells in the Quanti-Trays and remove all liquid growth media 

and cell biomass. The material from all positive wells on a Quanti-Tray was composited in a 50 

ml centrifuge tube; more than one tube was used if needed. These tube(s) were then vortexed to 

ensure thorough mixing and two 1.5 ml aliquots of the composite solution were removed and 

centrifuged at 13,000 x g for two minutes. The supernatant was then removed and the remaining 

pellets covered with RNA later. Samples were stored at 4C overnight then transferred to a          

-20C freezer until transport back to U.C. Berkeley by air. Upon arrival, samples were stored in a 

-80C freezer. 

4.2.6.2 Multiplex PCR Assay 

The Qiagen DNeasy Blood and Tissue kit was used for extraction of DNA from the cultured E. 

coli pellet. A multiplex PCR assay developed by Pickering et al. (2012) was used to analyze for 

gene targets associated with the presence of five pathotypes of diarrheagenic E. coli (DEC) - 

enteroinvasive (EIEC), enteropathogenic (EPEC), enteroaggregative (EAEC), enterotoxigenic 

(ETEC), and enterohemorrhagic (EHEC) E. coli. The gene targets identified through this assay 

included ipaH (EIEC), eaeA (EPEC), aggR (EAEC), st1b and Lt1 (ETEC), and Stx1 and Stx2 

(EHEC). One extraction blank was prepared for each set of samples extracted. Positive and no-

template controls were run on each gel analyzed. 

4.2.7 DATA ANALYSIS 

Data were analyzed using IBM SPSS Statistics 23 (IBM Company, Armonk, NY). If a sample 

was below the detection limit, one-half of the lower detection limit (0.5 MPN/diluted sample 

volume) was substituted for the culturable E. coli concentration. If the upper detection limit was 

exceeded, the upper detection limit (2419.6 MPN/diluted sample volume) was substituted as the 

culturable E. coli concentration. All culturable E. coli data were log10 transformed prior to 

analysis. Independent sample t-tests were used to assess if irrigation water source was associated 

with concentrations of culturable E. coli within sample classes (e.g., soil, greens). The results 

from these tests were then used to calculate the effect size (r) for each sample class. Point-

biserial correlation coefficients were used to evaluate associations between continuous culturable 

E. coli concentrations and the presence/absence of pathotype gene targets in samples. Pearson 

correlation coefficients were used to evaluate the relationship between culturable E. coli and the 

number of pathotype gene targets detected in a given sample. All data were tested for normality 

using the Shapiro-Wilk test. For some statistical analyses (noted in the results), produce were 

grouped into three categories – greens (e.g., cilantro, spinach); ground growing crops (e.g., 

cucumbers, ridge gourd); and above ground growing crops (e.g., chile, okra). 

For samples in which DEC pathotype gene targets were detected, minimum concentrations of 

DEC were estimated using conservative assumptions. This analysis assumed a single DEC 

bacterium from the original sample was present in one small well in the IDEXX tray for a 

minimum concentration of one DEC per 100 ml diluted sample volume. 
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4.3 RESULTS 

4.3.1 TEMPORAL AND SPATIAL VARIATION IN CULTURABLE IN E. COLI 

CONCENTRATIONS DETECTED THROUGH ROUTINE SURFACE WATER 

SAMPLING. 

Throughout the sampling period, concentrations of culturable E. coli decreased very little from 

zero to fifteen kilometers downstream of Dharwad, with mean concentrations ranging from 9.67 

LOG MPN/100 ml at upstream sites to 8.21 LOG MPN/100 ml at the downstream most site 

(Figure 4.1; Table 4.1). Additional nalla water samples were collected from four locations fifteen 

to 55 km downstream and E. coli concentrations were found to decrease to roughly 7.00 LOG 

MPN/100 ml. While these data indicate that there was some die-off or attenuation occurring, the 

decrease was lower than reported in a similar study (Ensink et al., 2010). The mean culturable E. 

coli concentration (mean of all seven routine sampling sites) was consistently high on all 

sampling dates, ranging from 8.59 LOG MPN/100 ml (November) through 9.74 LOG MPN/100 

ml (February). While our sampling period did not cover an entire year, sampling occurred during 

dry and rainy seasons (Figure 4.1).
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Figure 4.2. Map of study area, culturable E. coli (EC), and E. coli pathotype gene targets detected in water samples from nallas and 

borewell water (all samples were below lower detection limit) at routine sampling sites (up to 15 km downstream).
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Table 4.1. Variation in culturable log concentrations of E. coli in water samples from the nalla 

by sampling location. 

 Location 

Distance 

Downstream 

(km) n Mean Median SD SE 

MAD 0.5 11 9.40 9.54 0.82 0.25 

DSMAD 3.5 11 9.17 9.42 0.68 0.21 

HK 0.5 11 9.62 9.74 0.70 0.21 

DSHK 2.9 12 9.55 9.47 0.58 0.17 

DSJN 4.6 11 8.94 8.95 0.47 0.14 

AMB 7.5 11 8.57 8.58 0.64 0.19 

HEB 14.5 11 8.34 8.53 0.75 0.23 

MOR 30.0 1 7.88 7.88 
  

DSMOR 38.0 1 7.00 7.00 
  

USNAV 45.0 1 7.61 7.61 
  

NAV 55.0 1 7.00 7.00 
  

 

4.3.2 QUANTIFICATION OF CULTURABLE E. COLI IN WATER AND ON SOIL AND 

PRODUCE SAMPLES FROM FARMS IRRIGATING WITH WASTEWATER OR 

BOREWELL WATER. 

Culturable E. coli were detected in all water and soil samples collected from nallas and farms 

irrigating with nalla water. On farms irrigating with borewell water, culturable E. coli were not 

detected in any water samples, but were detected in 64 percent of soil samples, suggesting that 

other practices on the farm introduced E. coli to soil and produce. The median concentrations 

detected in soil and on produce samples on borewell farms were lower than those found on farms 

irrigating with nalla water (Figure 4.3), suggesting that the main reason for higher concentrations 

of E. coli on wastewater-irrigating farms was the nalla water. The effect size attributable to 

irrigation water source in soil samples was 0.72, confirming that water source is a large factor in 

the level of soil contamination with E. coli on farms (Table 4.2). 
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n 78 14 45 42 21 23 19 10 7 5 
%+ 100 0 100 64 81 48 57 40 53 30 

 

Figure 4.3. Culturable E. coli detected in water, soil, and on produce samples collected on farms 

using either nalla water or borewell water for irrigation. *** Indicates comparison was 

significant at P<0.0001, * Indicates comparison was significant at P<0.05, NS indicates not 

significant (P>0.05). 

Table 4.2. Summary statistics for water, soil, and produce samples and t-test results comparing 

sample classes between farms irrigated with nalla water and those irrigated with borewell water. 

Sample Class 

(Quantity) 

Water 

Source n 

Mean          

(Log MPN/ 

Quantity) SD SE t df 

Significance 

(2-tailed) 

Effect 

Size     

(r) 

Water Nalla 78 9.09 0.78 0.09 44.91 90.00 0.000 0.98 
(100 ml) Borewell 14 -0.30 0.00 0.00 

Soil* Nalla 45 3.63 1.07 0.16 
9.44 85.00 0.000 0.72 

(100 g) Borewell 42 1.91 0.51 0.08 

Greens Nalla 21 2.72 1.55 0.34 
2.52 42.00 0.016 0.36 

(100 g) Borewell 23 1.66 1.22 0.25 

Above Nalla 19 1.21 0.96 0.22 
0.52 15.80 0.610 0.13 

(100 g) Borewell 10 0.99 1.14 0.36 

Ground Nalla 7 1.66 1.62 0.61 
1.73 8.83 0.121 0.50 

(100 g) Borewell 5 0.50 0.63 0.28 

*Soil samples were collected across three independent transects on each farm. E. coli were 

detected in at least one of three soil samples on 100 percent farms irrigating with nalla water and 

64 percent of farms irrigating with borewell water. 

The surfaces of produce from both nalla and borewell irrigated farms were contaminated with E. 

coli. On both nalla and borewell irrigated farms, greens (e.g., cilantro, dill, spinach) had the 

highest detection rates and surface concentrations of culturable E. coli (Table 4.3 and Figure 

4.3). Mean concentrations of E. coli on greens were significantly higher on farms irrigating with 

nalla water than those irrigated with borewell water and exhibited a moderate effect size (0.36, 
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Table 4.2). Differences in mean concentrations of E. coli on ground growing crops irrigated with 

nalla water versus borewell water were not significant, but the effect size attributable to water 

source was moderate (0.50, Table 4.2). Irrigation water source was not significantly associated 

with concentrations of E. coli on the surface of above-ground produce. Of the crops encountered 

on the farms in this study, growers reported that greens had the highest irrigation water demand 

and required substantial weeding by farm laborers. A complete summary of observed 

concentrations of culturable E. coli on produce and in soil by sampling location is included in 

Tables 4.3 and 4.4. 

Table 4.3. Variation in culturable E. coli on produce samples by water source, location, and 

produce class. 

(a) Produce samples collected from farms irrigating with water from nallas. 

Location 
Greens Ground Above 

n Mean SD SE n Mean SD SE n Mean SD SE 

MAD 6 2.24 1.36 0.55 0 - - - 0 - - - 

DSMAD 0 - - - 2 1.87 2.47 1.75 4 1.33 1.50 0.75 

HK 2 0.36 0.46 0.33 2 0.18 0.21 0.15 3 0.62 0.23 0.13 

DSHK 3 3.15 1.56 0.90 1 3.91 - - 6 1.43 0.74 0.30 

DSJN 3 4.30 0.27 0.16 1 1.65 - - 2 1.92 1.92 1.36 

AMB 6 2.99 1.59 0.65 0 - - - 0 - - - 

HEB 1 2.78 - - 1 1.96 - - 4 0.83 0.24 0.12 

             
(b) Produce samples collected from farms irrigating with water from borewells. 

Location 
Greens Ground Above 

n Mean SD SE n Mean SD SE n Mean SD SE 

MAD 4 2.20 1.55 0.78 0 - - - 1 0.37 - - 

DSMAD 4 0.95 0.43 0.22 1 0.96 - - 0 - - - 

HK 2 4.02 0.38 0.27 1 0.12 - - 3 0.94 0.49 0.28 

DSHK 4 1.89 0.72 0.36 0 - - - 2 2.12 2.77 1.96 

DSJN 2 0.97 0.03 0.02 1 0.00 - - 1 0.61 - - 

AMB 4 0.93 1.17 0.59 1 0.02 - - 1 0.53 - - 

HEB 3 1.41 0.81 0.47 1 1.38 - - 2 0.65 0.13 0.10 

Table 4.4. Variation in culturable E. coli in soil samples by water source and location. 

Location 
Nalla Borewell 

n Mean Median SD SE n Mean Median SD SE 

MAD 6 3.29 3.63 1.35 0.55 6 1.72 1.73 0.67 0.27 

DSMAD 6 3.69 3.45 1.39 0.57 6 2.24 2.02 0.71 0.29 

HK 6 3.26 3.10 1.06 0.43 6 1.71 1.71 0.03 0.01 

DSHK 9 3.57 3.61 0.95 0.32 6 1.76 1.72 0.11 0.05 

DSJN 6 4.07 4.05 1.38 0.57 6 1.71 1.71 0.02 0.01 

AMB 6 3.39 3.68 0.91 0.37 6 1.95 1.70 0.49 0.20 

HEB 6 4.17 4.13 0.33 0.13 6 2.27 2.02 0.69 0.28 
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4.3.3 VARIATION IN SURFACE CONCENTRATIONS OF CULTURABLE E. COLI BY 

PRODUCE TYPE AND IRRIGATION WATER SOURCE. 

While there were clear differences between produce classes (Figure 4.2), particularly those 

irrigated with water from the nalla, there can still be substantial variability within samples of the 

same class. In Figure 4.4, all produce samples are separated by both produce type and irrigation 

source water. Typical national produce quality thresholds for satisfactory, borderline, and 

unsatisfactory fresh produce are indicated with the red lines (Committee on the Review of the 

Use of Scientific Criteria and Performance Standards for Safe Food et al., 2003). Produce 

samples irrigated with water from the nalla had consistently higher levels of surface 

contamination than those irrigated with borewell water, though French beans are a notable 

exception. Herbs irrigated with water from the nalla such as cilantro and dill had the highest 

surface concentrations of culturable E. coli. Amongst other types of produce, produce surface 

was significantly associated with the concentration of culturable E. coli detected. More 

specifically, produce that had a rough, grooved, or sticky surface such as okra and ridge gourd 

( =1.49 MPN/100g, SE=0.19) had significantly higher levels of culturable E. coli detected on its 

surface than produce with a smooth surface ( =0.71, MPN/100g, SE=0.25) ((t(38.336)=-2.349, 

p=0.019; r=0.35), though greens still had the highest surface concentrations overall. 

n  5  7  7 11  5 2   3   2  3 3  3 2  5 3 
%+ 80 43 86 55 80 0 100 100 33 0 33 0 20 0 

 

Figure 4.4. Culturable E. coli detected on produce surfaces separated by crop type and irrigation 

water source. Only produce classes with more than four samples, including at least two samples 

each of nalla irrigated crops and borewell irrigated crops, are included in the figure. This 

represents 72 percent of produce samples collected from nalla irrigated farms and 82 percent of 

samples from borewell irrigated farms. Crops not meeting these criteria included okra (n=4 (1 
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borewell/3 nalla)), peas, ridge gourd, spinach, cluster bean (n=3), methi, okra (n=2), and 

fenugreek leaves, green pepper, carrot, curry leaves, onion, and radish (n=1). 

 

4.3.4 DETECTION OF DIARRHEAGENIC E. COLI PATHOTYPE GENE TARGETS  IN 

WATER, SOIL AND ON PRODUCE SAMPLES FROM FARMS IRRIGATING WITH 

NALLA OR BOREWELL WATER. 

83 percent of water samples collected from nallas contained at least one diarrheagenic E. coli 

pathotype gene target (Table 4.5). All five gene targets were detected at least once at all but the 

furthest downstream routine sampling location (approximately 15 km from Dharwad) (Table 

4.6). ETEC and EPEC were the most common targets detected in these samples. Pathotype gene 

targets were detected in soil from 67 percent (4/6) of nalla-irrigated farms, and on the surface of 

36 percent (5/14) of produce samples collected from nalla irrigated farms. Amongst produce 

samples, greens had the highest average number of pathotype gene targets detected (3). While 

EHEC was a pathotype gene target frequently detected in nalla water, it was detected on the 

surface of only fourteen percent (2/14) of produce samples; a prevalence similar to that of EPEC, 

the second most commonly detected pathotype. The presence of EAEC and EIEC in all or most 

sample types, respectively, indicates the presence of human fecal contamination on farms 

irrigating with nalla water (Sidhu et al., 2013). 

On farms irrigated with borewell water, detection rates of pathotype gene targets were much 

lower, but still present (Table 4.5). No borewell samples were evaluated for DEC pathotype gene 

targets because no culturable E. coli were detected in any of these samples. While sample 

numbers are low, pathotype gene targets were detected on the surface of 40 percent (2/5) of 

produce samples collected on borewell irrigated farms. Consistent with the findings of nalla- 

irrigated farms, greens had the highest average number of pathotype gene targets detected (1), 

including one sample positive for ETEC and a second sample positive for EHEC. No pathotype 

gene targets were detected in soil samples collected from borewell farms. The use of livestock 

(cattle and water buffalo) for plowing and agricultural activities was common on both types of 

farms.
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Table 4.5. Number of water, soil, and produce samples positive for diarrheagenic E. coli pathotype gene targets. 

Sample Type 

Water 

Source 

E. coli 

Samples 

Positive 

Positive E. coli 

Samples Analyzed for 

DEC 

>0 Pathotype 

Gene Targets 
ETEC EPEC EAEC EIEC EHEC 

Pathotype Gene 

Targets Per 

Positive Sample 

 % % +/n +/n +/n +/n +/n +/n Mean SD 

Water Nalla 100 22 15/18 13/18 11/18 9/18 8/18 7/18 2.7 1.7 

 Borewell
1
 0 0 - - - - - - - - 

Soil (Farms)
2
 Nalla 100 40 4/6 3/6 1/6 1/6 0/6 0/6 0.8 0.8 

 Borewell 64 22 0/2 0/2 0/2 0/2 0/2 0/2 - - 

Produce Nalla 66 45 5/14 3/14 2/14 1/14 1/14 2/14 1.8 1.3 

                    Greens     81 29 2/5 2/5 1/5 1/5 1/5 1/5 3.0 1.4 

                   Ground   57 75 0/3 0/3 0/3 0/3 0/3 0/3 - - 

       Above Ground    53 60 3/6 1/6 1/6 0/6 0/6 1/6 1.0 0.0 

Produce Borewell 42 31 2/5 1/5 0/5 0/5 0/5 1/5 1.0 0 

Greens  48 36 2/4 1/4 0/4 0/4 0/4 1/4 1.0 0 

Ground  40 0 - - - - - - - - 

Above Ground  30 33 0/1 0/1 0/1 0/1 0/1 0/1 - - 

1. No borewell water samples were positive for culturable E. coli and therefore none were analyzed for DEC pathotype targets. 

2. Soil sample results aggregated by farm. On nalla farms eighteen soil samples were analyzed from six farms where E. coli were present. On borewell farms 

six soil samples were analyzed from two farms where E. coli were detected. 
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Table 4.6. Detection rates of pathotype gene targets by sampling location. 

Location ETEC EPEC EAEC EIEC EHEC 

MAD 2/2 2/2 2/2 0/2 1/2 

DSMAD 2/2 1/2 1/2 2/2 1/2 

HK 2/2 1/2 1/2 1/2 1/2 

DSHK 2/2 2/2 2/2 2/2 1/2 

DSJN 2/2 2/2 2/2 1/2 1/2 

AMB 2/2 2/2 1/2 1/2 1/2 

HEB 2/2 1/2 0/2 0/2 1/2 

MOR 0/1 0/1 0/1 1/1 0/1 

DSMOR 0/1 0/1 0/1 0/1 0/1 

USNAV 0/1 0/1 0/1 0/1 0/1 

NAV 0/1 0/1 0/1 0/1 0/1 

 

4.3.5 CORRELATION BETWEEN COUNTS OF CULTURABLE E. COLI AND DETECTION 

RATES OF DIARRHEAGENIC E. COLI PATHOTYPE GENE TARGETS 

In nalla water samples evaluated for the presence of DEC pathotype gene targets, the detection of 

ETEC and sum of pathotype gene targets detected in a sample were both significantly correlated 

with culturable E. coli concentrations (Table 4.7). All other pathotype gene targets were also 

significantly correlated, but not as strongly as ETEC. Amongst soil samples, ETEC and the sum 

of pathotype gene targets showed a moderate, but significant association with E. coli 

concentrations. The detection of ETEC and sum of pathotype gene targets detected in a sample 

were both strongly and significantly correlated with concentrations of culturable E. coli detected 

on the surface of greens (Table 4.7). Analogous analyses were conducted for above ground 

crops, but no significant associations were found. No pathotype gene targets were detected on 

ground growing crops. 

Table 4.7. Correlation between concentrations of culturable E. coli and detection of pathotype 

gene targets.  

Sample 

Type 
n 

 
ETEC EPEC EAEC EIEC EHEC 

Sum Pathotype 

Gene Targets 

Detected 

Nalla Water 18 
Correlation Coefficients

a
     0.819**     0.550**     0.595**   0.539*   0.521*     0.910** 

Significance (1-tailed) 0.000 0.009 0.005 0.011 0.013 0.000 

Soil 24 
Correlation Coefficients

a
     0.631** 0.052 0.052 ND ND   0.378* 

Significance (1-tailed) 0.000 0.405 0.405   0.034 

Greens 9 
Correlation Coefficients

a
     0.928** 0.408 0.408 0.408 0.363     0.778** 

Significance (1-tailed) 0.000 0.138 0.138 0.138 0.168 0.007 

ND Pathotype not detected. 

** Correlation is significant at the 0.01 level (1-tailed). 

*   Correlation is significant at the 0.05 level (1-tailed). 

a. Correlations between concentrations of E. coli and the presence/absence of pathotype gene targets were calculated 

using point-biserial correlations. Correlations between concentrations of E. coli and the sum of pathotype gene 

targets detected in a sample were calculated using Pearson correlation coefficients. 
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4.3.6 ESTIMATED MINIMUM CONCENTRATIONS OF DIARRHEAGENIC E. COLI 

PATHOTYPE GENES. 

Even using very conservative estimates of diarrheagenic E. coli concentrations, (one 

diarrheagenic E. coli per 100 ml of diluted sample volume in all samples positive for at least one 

pathotype gene target), minimum estimated concentrations of diarrheagenic E. coli exceeded 

those that would be anticipated based on observed concentrations of culturable E. coli and the 

commonly used ratio of 0.1-1  viral or bacterial pathogens (commonly rotavirus and 

Campylobacter) per 10
5
 culturable E. coli (Figure 4.5) (Mara et al., 2007; World Health 

Organization, 2006). Recent work in Ghana found that the ratio of norovirus (determined by 

qPCR) to culturable E. coli in irrigation water was 1:10
3.2

 (Silverman et al., 2013) and 1:10
1.7 

(Antwi-Agyei et al., 2015). No ratios for diarrheagenic E. coli have been published, but the 

conservative estimates from our work indicate that ratios of diarrheagenic E. coli to culturable E. 

coli in the wastewater in Dharwad were ranged from 1:10
2.88

 to 1:10
5.24

 (Figure 4.5). Similar 

estimates for soil and produce samples were also conducted, but sample sizes are much smaller 

(Figure 4.5). 
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Figure 4.5. Conservative estimates of concentrations of pathotype gene targets in soil and on 

produce samples relative to observed concentrations of culturable E. coli in (a) water samples 

and (b) soil samples from nalla irrigated farms and produce (all water sources). No soil samples 

from borewell irrigated farms were positive for pathotype gene targets. 
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4.3.7 TIME SINCE IRRIGATION AND ASSOCIATIONS BETWEEN CULTURABLE E. COLI 

DETECTED ON FARMS. 

Farmers using water from nallas reported having irrigated more recently than farmers reliant on 

borewell water (Table 4.8). This trend held across all crop classes. In general, greens were 

irrigated more frequently than other crop classes. Time since irrigation was not significantly 

associated with counts of culturable E. coli on produce surfaces, though a general trend of 

declining surface concentrations of E. coli was observed with increased time since irrigation. 

Time since irrigation was not significantly associated with soil concentrations of culturable E. 

coli. Sampling of irrigation source water, soil, and produce occurred during the primary growing 

season between June and October (Figure 4.1). While this also corresponds with the primary 

rainy season, the intermittency of precipitation necessitates regular irrigation, particularly for 

vegetable crops. 

Table 4.8. Time since irrigation (days) by produce class and irrigation water source. 

 Nalla Borewell All Farms 

Produce Class Mean (d) n Mean (d) n Mean (d) n 

Greens 7.2 17 15.1 23 11.8 40 

Ground 12.1 7 18.6 5 14.8 12 

Above 8.3 16 19.2 9 12.2 25 

All Classes 8.5 40 16.6 37 12.4 77 

 

4.3.8 VARIATION IN SURFACE CONCENTRATIONS OF CULTURABLE E. COLI ON 

PRODUCE PURCHASED FROM LOCAL MARKETS. 

Consistent with the findings on farms, leafy greens such as cilantro, dill, and amaranthus (n=20) 

purchased from local markets exhibited consistently high surface concentrations of E. coli 

(Figure 4.6). Although, the surface concentrations of E. coli on greens in markets were one to 

three log higher than those sampled directly from farms, the difference cannot be definitively 

attributed to post-farm contamination because the source of the market produce (farm) was not 

known. However, our observations suggested that greens were also the produce class most likely 

to be washed and refreshed by market vendors, and that the wash water was often quite dirty. 
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Figure 4.6. Variation in culturable E. coli detected on produce surfaces of samples collected 

from local market vendors. n=7 for all produce types except cucumber, dill, radish and ridge 

gourd, where n=6. 

4.4 DISCUSSION 

EPEC and ETEC were the most common pathotype genes detected in this study. The Global 

Enteric Multicenter Study (GEMS) found that typical EPEC and ST-ETEC, in particular, were 

some of the most common pathogens present in cases of severe childhood diarrhea that resulted 

in death. In the South Asian cities included in the GEMS study, the percentage of cases of 

moderate to severe childhood diarrhea attributable to ETEC ranged from 1.4 to 9.9, depending 

on age class and location (Kotloff et al., 2013). Particularly in samples of water and greens 

collected in this study, the detection of ETEC and the sum of pathotype gene targets detected in a 

given sample exhibited a strong, positive correlation with counts of culturable E. coli. While 

sample sizes are small, the strength of the correlations suggests that, in the context of this 

fieldwork, culturable E. coli provided a reasonable assessment of the risk from diarrheagenic E. 

coli in irrigation water, soil, and on produce. 

By comparing levels of culturable E. coli on wastewater and borewell irrigated farms, we 

determined that water source was significantly correlated with higher E. coli concentrations and 

responsible for a large to moderate portion of the effect size in soil (r=0.72) and on greens 

(r=0.36). The highest levels of contamination were present on greens, some of which are 

consumed raw, such as dill and cilantro. These crops should be main targets to reduce consumer 

exposure. In the absence of wastewater treatment, other multi-barrier approaches can be 

implemented to reduce pathogen exposure, such as cessation of irrigation prior to harvest, 

wearing personal protective equipment when irrigating, and thoroughly washing and cooking 
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produce can significantly reduce exposure to pathogens associated with the use of wastewater in 

irrigated agriculture in the short term (Amoah et al., 2007; Drechsel and Seidu, 2011; Karg and 

Drechsel, 2011; Seidu et al., 2013). 

The water from the nalla consistently had concentrations of culturable E. coli exceeding 10
8
 

MPN/100 ml even fifteen kilometers downstream of the city, regardless of season. Diarrheagenic 

E. coli pathotype gene targets were also detected in the nalla water at all sampling locations 

along this same reach. Thus, there was little ‘self-purification’ occurring in this drainage. 

No culturable E. coli were detected in borewell water, but there were still low levels of E. coli in 

soil and on produce from borewell farms, indicating other practices introduce E. coli. These 

findings are consistent with on-farm observations and interviews which showed that growers rely 

heavily on livestock (cattle and water buffalo) and human laborers for basic cultivation practices 

such as plowing, planting, weeding, etc. All growers and laborers reported living remote from 

the study fields and no sanitation facilities were observed in the proximity of the study fields. All 

but four farms (two using nalla water and two using borewells) reported applying manure to their 

fields prior to the growing season. No EAEC or EIEC were detected on borewell farms, 

indicating no explicit evidence of human specific fecal contamination but, sample numbers are 

small and the pathotypes that were detected can be carried by both humans and animals. 

Microbial source tracking methods may lend additional useful insights into impediments to 

regional food safety following construction of a wastewater treatment plant. 

Market practices did not seem to contribute to lower concentrations of culturable E. coli, and 

could possibly increase levels of contamination. Produce wash water was typically collected at 

the beginning of day and reused all day long. Previous work focused on Dharwad’s drinking 

water supply indicated that culturable E. coli occurred in piped water supplies serving the market 

area (Kumpel and Nelson, 2013), but not at levels high enough to cause the concentrations 

present on some of the greens. Washing produce with a dilute bleach solution has been shown to 

be an effective strategy for reducing surface concentrations of waterborne pathogens (Amoah et 

al., 2007, 2006). Market interventions focused on washing methods and consumer education 

have been shown to be effective in other locations and may present a reasonable approach in 

reducing the burden of disease in Dharwad.   

The methods used in this work are particularly well suited to situations where field sites are not 

located close to a lab for doing molecular work. This method used IDEXX to enumerate 

culturable E. coli then used the sample volume from the positive wells in the IDEXX tray to 

obtain an aliquot of the cultured E. coli which can be analyzed at a later date for the presence of 

DEC pathotype gene targets using PCR when facilities are available. While the PCR methods 

used are not quantitative, extracting DNA from the cultured E. coli lessens the likelihood of 

DNA loss substantially impacting results. Dose response curves for E. coli O157:H7, a specific 

serotype of EHEC, show infective doses as low as ten to 1000 bacteria (Teunis et al., 2004, 

2007). Thus, even at low doses, DEC has a high probability of causing diarrheal disease, making 

even presence-absence detection a reasonable metric of public health risks posed. 
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4.5 CONCLUSIONS 

Overall, the measurement of culturable E. coli was a reasonable proxy for the presence of DEC  

in irrigation water, soil, and on produce in the context of this study. Given the comparative ease 

with which culturable E. coli can be measured relative to actual pathogens, this is good news. 

However, for health risk assessment, more information on actual pathogen concentrations and 

persistence in soil and on crops would prove beneficial. Nonetheless, even with extremely 

conservative assumptions, minimum concentrations of DEC estimated from the presence/absence 

data suggest concentrations of DEC are higher than would be estimated using assumptions 

commonly made in quantitative microbial risk assessment. More specifically, due to the lack of 

data on actual pathogen concentrations associated with the use of wastewater in irrigated 

agriculture, most risk assessments of wastewater irrigation  measure concentrations of E. coli and 

assume a certain number or range of actual pathogens per 10
x
 E. coli. For most bacterial 

pathogens, this is assumed to be on the order of 0.1-1 pathogens per 10
5
 E. coli. The conservative 

estimates of this study found ratios on the order of 1:10
2.88

 to 1:10
5.24

 in water samples. 

Access to wastewater for irrigation makes important contributions to farmer’s livelihoods and the 

availability of fresh produce in many regions. It has been estimated that 266 million urban 

households in developing countries are engaged in crop production (Hamilton et al., 2013; Zezza 

and Tasciotti, 2010). Much of the urban and peri-urban agriculture occurring in low and middle 

income countries is irrigated with wastewater. So much so that it has been estimated that 

upwards of ten percent of the world’s population consumes produce irrigated with wastewater 

(Smit and Nasr, 1992). Despite the health risks posed, abruptly halting or prohibiting the 

practice, would have wide reaching repercussions and is unlikely to be an effective solution. 

Wastewater treatment is needed, but farmers should be part of planning process. 
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Chapter 5 Conclusions 
 

 

5.1 PRIMARY FINDINGS 

The previous chapters of this dissertation examined the links between peri-urban agriculture and 

upstream urbanization in the context of water management and agricultural water reuse. In the 

second and third chapters of this dissertation, these topics were explored at the global scale, first 

looking at the extent and distribution of urban and peri-urban agriculture then narrowing the 

scope further to evaluate dependence on wastewater in irrigated agriculture and identifying areas 

with a high likelihood of untreated reuse. The fourth chapter of this dissertation, focused on a 

case study of agricultural water reuse in southern India to evaluate levels of exposure on farms 

and test the efficacy of common indicator organism approaches in this context. The major 

contributions of this research are summarized below. 

While urban agriculture and agricultural water reuse are both known to be wide spread 

phenomena around the world, quantifying their magnitude and extent at the global scale has been 

a notoriously difficult challenge. These practices are frequently not captured in government 

statistics, though a multitude of case studies indicate they are commonplace. Spatial data analysis 

and engineering or social science case studies of agricultural water reuse traditionally operate in 

completely different spheres, but recent advances in the resolution and quality of large–scale 

spatial datasets suggest that there are increasing opportunities for inference and learning across 

multiple scales. To be clear – local, context specific research is and always will be essential for 

effective, culturally sensitive water management and infrastructure planning. What global scale 

studies add is the ability to do comparative analyses across contexts using consistent 

methodologies and help target efforts in situations where the scale of the problem is vast, such as 

the safe management, disposal, or reuse of wastewater in urban areas around the globe. 

This research found the area of irrigated croplands within urban areas was approximately 24 

Mha, which accounts for approximately eleven percent of all irrigated croplands globally. These 

croplands had a cropping intensity of 1.48, showing multiple crop rotations per year were 

common. This cropping intensity was substantially higher than the value of 1.12 found by 

Portmann et al. across all global irrigated croplands. The area of rainfed croplands within urban 

areas was found to be 44 Mha. While the area of rainfed urban croplands was larger than that of 

irrigated urban croplands, rainfed urban croplands only accounted for 4.7 percent of all rainfed 

croplands globally. The cropping intensity of urban rainfed croplands was also much lower at 

1.03. Further analysis of irrigated and rainfed croplands within a 20 km radius of urban extents 

showed that 60 percent of all irrigated croplands and 35 percent of all rainfed croplands were 

within 20 km of an urban area. While the growth of megacities receives much of the media 



 

84 

 

attention, most urban growth occurring in the world is actually in small to medium cities (United 

Nations Department of Economic and Social Affairs Population Division, 2011). Growth 

patterns in these cities are frequently less dense and larger portions of the city’s work force are at 

least partially employed in the agricultural sector. While we commonly think of agriculture as a 

rural phenomenon, these findings highlight the global heterogeneity of these practices and the 

fact that many of the earth’s croplands are vitally linked with rather than independent from 

nearby urban areas.  

Nowhere are these linkages more apparent than in the relationships between agricultural water 

use, water quantity and quality. Narrowly conceptualizing water reuse to only include highly 

planned and engineered schemes can inherently limit the scope of solutions envisioned. Nearly 

all inland waters are reused, often multiple times, as upstream wastewater flows are discharged 

to surface water sources where they are used downstream for potable supplies, irrigation, and a 

multitude of other practices. Because this indirect reuse is the de facto practice on most inland 

surface water bodies, it is not generally accounted for in government statistics or water 

accounting methods. The second portion of this research developed the first spatially explicit 

methodology quantifying the extent of agricultural water reuse that explicitly includes the 

indirect reuse of urban wastewater flows. This research found 35.9 Mha of downstream irrigated 

croplands were located in a catchment with high levels of dependence on urban wastewater 

flows. This area is roughly 26 percent of all irrigated croplands around the globe. Where 

wastewater is not treated, surface waters can be highly polluted and pose health risks to both 

farmers irrigating with this water and consumers of produce from these areas. Using wastewater 

data on the extent of treatment in conjunction with return flow ratios to indicate the likelihood of 

untreated reuse, this research found that 29.3 Mha of wastewater dependent irrigated croplands 

are located in countries with low levels of wastewater treatment. These same catchments are 

home to 1.37 billion urban residents. These figures provide some of the first global-scale 

estimates of the magnitude of the role wastewater reuse plays in meeting the water and food 

needs of people around the world. 

The first two portions of this dissertation elucidate some the connections between urban areas 

and peri-urban agriculture (Chapter 2) and the extent of agricultural water reuse (Chapter 3). 

However, the day-to-day realities of agricultural water reuse are borne out on individual farms 

and in communities around the world. The third portion of this dissertation focused on a case 

study of agricultural water use and market practices in Dharwad, India.  

On farms, several key operational variables have been shown to influence the risks realized by 

farmers, laborers, and consumers, including irrigation water source and timing, crops grown, 

post-harvest practices, and wastewater treatment. Irrigation water source was a major factor 

affecting the concentrations of culturable E. coli detected in soil samples and on greens. 

However, even when irrigation water was not contaminated (all borewell water samples) some 

culturable E. coli were present at low concentrations in soil and on produce samples, suggesting 

additional sources of contamination on farms. On both wastewater and borewell irrigated farms, 

greens were the most contaminated produce type, though in general surface concentrations of 

culturable E. coli were lower than those found in soil or nalla water. Aside from greens, produce 

with a rough, grooved, or sticky surface (e.g., okra, cucumber) had significantly lower surface 

concentrations of culturable E. coli. 
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When only basic laboratory facilities are available, obtaining quantitative estimates of pathogens 

in environmental samples is difficult. As such, most studies of the use of wastewater in irrigated 

agriculture in low and middle income countries rely on fecal indicator organisms such as E. coli, 

most of which are not pathogenic. This study takes a hybrid approach combining quantitative 

estimates of culturable E. coli with a multiplex PCR assay analyzing for the presence of 

pathotype gene targets associated with diarrheagenic E. coli. This is the first time this method 

has been applied to the study of agricultural water reuse. The approach used in this study allows 

E. coli to be cultured using common methods (IDEXX Colilert Quanti-Tray/2000) then retains 

an aliquot of the culture media solution to analyze at a later time using multiplex PCR. Because 

the PCR analysis uses cultured E. coli, the concentrations are high and, as such, less susceptible 

to damage and loss of DNA. These advantages make it particularly well suited to the analysis of 

environmental samples in resource constrained settings.  

A key component of this research was testing whether culturable E. coli functioned as a good 

indicator of the presence of diarrheagenic E. coli on farms in Dharwad, India. Culturable E. coli 

showed a strong, significant positive association with all pathotype gene targets in nalla water 

samples. This was particularly true of the association between ETEC and culturable E. coli 

(rpb=0.819, P<0.0001) as well as culturable E. coli and the sum of pathotype gene targets 

detected in each sample (r =0.910, P<0.0001). Significant associations were also seen in soil 

samples, though the degree of correlation was lower. These findings suggest that, in this context, 

culturable E. coli is a good indicator of the presence of diarrheagenic E. coli pathotype gene 

targets, particularly ETEC, in wastewater, soil, and on greens. 

Quantitative microbial risk assessment is the primary approach used to translate observed 

contamination on samples into estimates of risk to farmers and consumers. However, because of 

the challenges discussed in quantifying concentrations of actual pathogens, these methods rely 

heavily on a generic set of ratios between actual pathogens and culturable E. coli. While this 

study did not quantify concentrations of diarrheagenic E. coli, it was able to identify samples 

where E. coli pathotype gene targets were present. Using this information, a very conservative 

minimum concentration of diarrheagenic E. coli was estimated for each positive sample. These 

values were then compared to the ratio-based approaches commonly used in QMRA. This 

analysis found that when DEC are present, concentrations are likely to be much higher than 

currently estimated using customary QMRA assumptions. 

5.2 FUTURE WORK 

5.2.1 REVIEW OF CURRENT PRACTICE ON THE USE OF QMRA IN EVALUATING 

RISKS ASSOCIATED WITH THE USE OF WASTEWATER IN IRRIGATED 

AGRICULTURE 

The 2006 WHO Guidelines for the Safe Use of Wastewater, Excreta, and Greywater in 

Agriculture specify a QMRA-based approach for identifying appropriate water quality standards 

for the reuse of wastewater in irrigated agriculture. While data on actual pathogens in irrigated 

agriculture are still scarce, there have been numerous QMRA analyses on wastewater reuse in 

irrigated agriculture employed in the intervening ten years. Reviewing these studies in this 

research revealed a multitude of assumptions, some quite weakly grounded. Conducting a 

systematic review of these studies would lend insights into the current state of practice and 
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quantify trends in the assumptions being made. Moreover, in the years since the WHO guidelines 

were released, additional or refined dose response relationships, such as that for E. coli O157:H7 

have become available. This review would evaluate the current state of QMRA practice in the 

evaluation of irrigated agriculture relative to both the 2006 guidelines and current research. 

5.2.2 QMRA, COMPOSITE FARM RISK PROFILES, AND RELATIONSHIPS TO 

WASTEWATER TREATMENT INFRASTRUCTURE PLANNING: 

Traditional quantitative microbial risk assessment approaches are geared towards quantifying the 

risks realized by a single person following a single exposure or series of exposure events over 

time. However, the farms included in this study are complex systems. At the time of the study, 

farms were growing an average of 4.8 crops and employing multiple laborers on often erratic 

schedules and multiple crop rotations a year.  

As such each farm represents not just the series of individual health risk probabilities, but also a 

composite risk profile dictated by a number of operational variables including the area of 

different crops being grown and yields, number of laborers hired, irrigation water source, and 

cultivation practices. As such, the next step in this analysis would be to use the survey data 

collected in conjunction with water and produce contamination data to develop a series of 

composite farm typologies. These typologies would then be used to evaluate risks posed not just 

to the individual farm worker, but also as an aggregate farm entity. Understanding the aggregate 

reduction in risk from, for example, switching from planting two hectares of cilantro to one 

hectare of cilantro and one hectare of chiles, may allow for more implementable risk mitigation 

efforts than simply recommending the cessation of high risk activities. The risks experienced on 

farms resulting from the use of poor quality water for irrigation are intrinsically linked to the 

management of upstream wastewater and fecal sludge.  

A logical follow-on to this work would be to scale-up farm risk profiles to catchment scale risk 

assessments using remote sensing analyses of cropping patterns and schedules. These data could 

then be integrated with water allocation and quality models to evaluate the impacts of different 

wastewater management practices on the spatial distribution of risks associated with the use of 

wastewater at the catchment scale. 

5.2.3 COUNTRY SCALE ASSESSMENTS OF WASTEWATER REUSE IN INDIA AND 

CHINA 

The global scale analyses in this dissertation identified that the overwhelming majority of 

wastewater dependent irrigated croplands were located in China and India. Due to limitations in 

the availability of globally consistent data, the spatial resolution of the results presented is 

coarse. However, a logical next step would be to conduct more detailed country specific 

assessments of wastewater reuse in each of these countries. Particularly in India, higher 

resolution maps of irrigated croplands and classes as well as city specific wastewater collection 

and treatment data have become available in recent years. Such analyses would allow for a more 

comprehensive assessment of where water reuse is occurring and target improvements in 

wastewater treatment in a manner compatible with existing water reuse practices.  
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5.3 CONCLUDING THOUGHTS 

The concept underpinning this work is that water reuse is fundamentally an issue of framing. The 

concept of water reuse, as it is commonly conceived, is a bit of a misnomer as most all inland 

surface waters are already reused in some capacity, usually multiple times. A paradigm shift 

from planning for a single type of water reuse in isolation to a planning model focused on the 

sequencing of multiple types of reuse at the catchment level may allow for more equitable and 

efficient resource utilization while still meeting the water quality and quantity needs of most 

stakeholder groups. Some level of indirect reuse is already exceedingly common in both potable 

water supplies and irrigation. However, the stakeholders in these systems often have no legal 

right to the wastewater return flows they are reliant on. Complex, systems level accounting for 

the social, health, environmental, and economic costs and benefits of indirect water reuse are 

needed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

88 

 

References 
 

Abakpa, G.O., Umoh, V.J., Ameh, J.B., Yakubu, S.E., Ibekwe, A.M., 2015. Prevalence and 

antimicrobial susceptibility of pathogenic Escherichia coli O157 in fresh produce obtained 

from irrigated fields. Environmental Technology & Innovation 4, 1–7. 

Akin, E., Al-Salem, S., Cairncross, A., Schwartzbrod, J., Shuval, H.I., Singh, C.N., Yanez, F., 

1989. Health guidelines for the use of wastewater in agriculture and aquaculture, World 

Health Organization - Technical Report Series. Geneva, Switzerland. 

Akponikpè, P.B.I., Wima, K., Yacouba, H., Mermoud, A., 2011. Reuse of domestic wastewater 

treated in macrophyte ponds to irrigate tomato and eggplant in semi-arid West-Africa: 

Benefits and risks. Agricultural Water Management 98, 834–840. 

Altieri, M.A., Companioni, N., Cañizares, K., Murphy, C., Rosset, P., Bourque, M., Nicholls, 

C.I., 1999. The greening of the “ barrios ”: Urban agriculture for food security in Cuba. 

Agriculture and Human Values 16, 131–140. 

Amoah, P., Drechsel, P., Abaidoo, R.C., Klutse, A., 2007. Effectiveness of common and 

improved sanitary washing methods in selected cities of West Africa for the reduction of 

coliform bacteria and helminth eggs on vegetables. Tropical medicine & international health 

12 Suppl 2, 40–50. 

Amoah, P., Drechsel, P., Abaidoo, R.C., Ntow, W.J., 2006. Pesticide and Pathogen 

Contamination of Vegetables in Ghana ’ s Urban Markets. Archives of Environmental 

Contamination and Toxicology 50, 1–6. 

Antwi-Agyei, P., Cairncross, S., Peasey, A., Price, V., Bruce, J., Baker, K., Moe, C., Ampofo, J., 

Armah, G., Ensink, J., 2015. A farm to fork risk assessment for the use of wastewater in 

agriculture in Accra, Ghana. PLoS ONE 10, 1–19. 

Ashebir, D., Pasquini, M., Bihon, W., 2007. Urban agriculture in Mekelle, Tigray state, Ethiopia: 

Principal characteristics, opportunities and constraints for further research and development. 

Cities 24, 218–228. 

Balk, D., Pozzi, F., Yetman, G., Deichmann, U., Nelson, A., 2004. The Distribution of People 

and the Dimension of Place : Methodologies to Improve the Global Estimation of Urban 

Extents, World. Palisades, NY. 

Balk, D.L., Deichmann, U., Yetman, G., Pozzi, F., Hay, S.I., Nelson, A., 2006. Determining 

global population distribution: methods, applications and data. Advances in Parasitology 62, 

119–56. 

Baum, R., Luh, J., Bartram, J., 2013. Sanitation: a global estimate of sewerage connections 

without treatment and the resulting impact on MDG progress. Environmental Science & 

Technology 47, 1994–2000. 

Biradar, C.M., Thenkabail, P.S., Noojipady, P., Li, Y., Dheeravath, V., Turral, H., Velpuri, M., 



 

89 

 

Gumma, M.K., Gangalakunta, O.R.P., Cai, X.L., Xiao, X., Schull, M. a., Alankara, R.D., 

Gunasinghe, S., Mohideen, S., 2009. A global map of rainfed cropland areas (GMRCA) at 

the end of last millennium using remote sensing. International Journal of Applied Earth 

Observation and Geoinformation 11, 114–129. 

Bradford, A., Brook, R., Hunshal, C.S., 2003a. Wastewater irrigation in Hubli-Dharwad, India: 

implications for health and livelihoods. Environment and Urbanization 15, 157–170. 

Bradford, A., Brook, R., Hunshal, C.S., 2003b. Wastewater irrigation in Hubli-Dharwad, India: 

implications for health and livelihoods, in: International Symposium on Water, Poverty and 

Productive Uses of Water at the Household Level. Muldersdrift, South Africa, pp. 44–55. 

Bradshaw, J.K., Snyder, B.J., Oladeinde, A., Spidle, D., Berrang, E., Meinersmann, R.J., Oakley, 

B., Sidle, R.C., Sullivan, K., 2016. Characterizing relationships among fecal indicator 

bacteria, microbial source tracking markers, and associated waterborne pathogen occurrence 

in stream water and sediments in a mixed land use watershed. Water Research 101, 498–

509. 

Brauman, K.A., Siebert, S., Foley, J.A., 2013. Improvements in crop water productivity increase 

water sustainability and food security — a global analysis. Environmental Research Letters 

8, 7. 

Brook, R.M., Dávila, J. (Eds.), 2000. The Peri-Urban Interface : a Tale of Two Cities, 1st ed. 

School of Agricultural and Forest Sciences, University of Wales and Forest Sciences, 

University of Wales and Development Planning Unit, London, UK. 

Bryld, E., 2003. Potentials , problems , and policy implications for urban agriculture in 

developing countries. Agriculture and Human Values 2003–2003. 

Buechler, S., Devi, G., 2003. Household food security and wastewater-dependent livelihood 

activities along the Musi River in Andhra Pradesh, India, International Water Management 

Institute. Colombo, Sri Lanka. 

Burian, S.J., Nix, S.J., Pitt, R.E., Durrans, S.R., 2000. Urban Wastewater Management in the 

United States: Past, Present and Future. Jounal of Urban Technology 7, 33–62. 

Carpenter, S., Pingali, P., Bennett, E., Zurek, M., 2005. Millennium Ecosystem Assessment: 

Ecosystems and Human Well-being: Scenarios, Volume 2, Ecosystems. Washington, D.C. 

CDM Smith Pvt. Ltd., 2016. North Karnataka Urban Sector Investment Program, Package -I Due 

Diligence Report for SBR Type STP at Madihal village and Wet-Well at Kolkere Dharwad. 

Hubballi, India. 

Census of India, 2011. Census of India 2011: Urban Agglomerations and Cities Definitions. 

Delhi, India. 

Center for International Earth Science Information Network (CIESIN) - Columbia University, 

Centro Internacional de Agricultura Tropical (CIAT), 2005. Gridded Population of the 

World, Version 3 (GPWv3): National Administrative Boundaries [WWW Document]. 

Gridded Population of the World, Version 3 (GPWv3). URL 



 

90 

 

http://dx.doi.org/10.7927/H4FJ2DQN 

Center for International Earth Science Information Network (CIESIN) - Columbia University, 

International Food Policy Research Institute (IFPRI), The World Bank, Centro Internacional 

de Agricultura Tropical (CIAT), 2011. Global Rural-Urban Mapping Project, Version 1 

(GRUMPv1): Urban Extents Grid [WWW Document]. Global Rural-Urban Mapping 

Project, Version 1 (GRUMPv1). URL http://dx.doi.org/10.7927/H4GH9FVG 

Central Ground Water Board, 2013. Ground Water Information Booklet, Dharwad District, 

Karnataka State. Bangalore, India. 

Central Pollution Control Board, 2005. Status of Sewage Treatment in India. 

Central Pollution Control Board, 2013. Performance Evaluation of Sewage Treatment plants 

under NRCD. Delhi, India. 

Central Pollution Control Board, 2015. 2015 Inventorization of Large scale Sewage Treatment 

Plants in India. Delhi, India. 

Cohen, J.E., 2003. Human population: the next half century. Science 302, 1172–1175. 

Committee on the Assessment of Water Reuse as an Approach for Meeting Future Water Supply 

Needs, 2012. Water Reuse : Potential for Expanding the Nation’s Water Supply Through 

Reuse of Municipal Wastewater, 1st ed. The National Academies Press, Washington, D.C. 

Committee on the Review of the Use of Scientific Criteria and Performance Standards for Safe 

Food, Food and Nutrition Board, Board on Agriculture and Natural Resources, 2003. 

Scientific Criteria to Ensure Safe Food. National Academies Press, Washington, D.C. 

Danilenko, A., Berg, C. van den, Macheve, B., Moffitt, L.J., 2014. The IBNET Water Supply 

and Sanitation Blue Book 2014: The International Benchmarking Network for Water and 

Sanitation Utilities Databook. The World Bank, Washington, D.C. 

De Bon, H., Parrot, L., Moustier, P., 2010. Sustainable urban agriculture in developing countries. 

A review. Agronomy for Sustainable Development 30, 21–32. 

Deichmann, U., Balk, D., Yetman, G., 2001. Transforming Population Data for Interdisciplinary 

Usages : From census to grid, World. Palisades, NY. 

Department of Health and Human Services: Food and Drug Administration, 2014. Standards for 

the Growing, Harvesting, Packing, and Holding of Produce for Human Consumption; 

Proposed Rule. Federal Register, United States. 

Dharwad Zilla Panchayat, 2011. Dharwad District, Taluk Level Statistics [WWW Document]. 

URL http://www.zpdharwad.kar.nic.in/DistrictStatistics.swf 

Drechsel, P., Scott, C.A., Raschid-Sally, L., Redwood, M., Bahri, A. (Eds.), 2010. Wastewater 

irrigation and health: Assessing and mitigating risk in low-income countries, 1st ed. 

Earthscan, London, UK. 

Drechsel, P., Seidu, R., 2011. Cost-effectiveness of options for reducing health risks in areas 



 

91 

 

where food crops are irrigated with treated or untreated wastewater. Water International 36, 

535–548. 

Ellis, E.C., Kaplan, J.O., Fuller, D.Q., Vavrus, S., Klein Goldewijk, K., Verburg, P.H., 2013. 

Used planet: a global history. Proceedings of the National Academy of Sciences of the 

United States of America 110, 7978–85. 

Ellis, E.C., Klein Goldewijk, K., Siebert, S., Lightman, D., Ramankutty, N., 2010. 

Anthropogenic transformation of the biomes, 1700 to 2000. Global Ecology and 

Biogeography 19, 589–606. 

Ensink, J.H.J., Hoek, W. Van Der, Matsuno, Y., Munir, S., Aslam, M.R., Van Der Hoek, W., 

2002. Use of Untreated Wastewater in Peri-Urban Agriculture in Pakistan: Risks and 

Opportunities. Research Report 64., Water Management. Colombo, Sri Lanka. 

Ensink, J.H.J., Mahmood, T., Dalsgaard, A., 2007. Wastewater-irrigated vegetables: Market 

handling versus irrigation water quality. Tropical Medicine and International Health 12, 2–

7. 

Ensink, J.H.J., Mahmood, T., Hoek, W. Van Der, Raschid-Sally, L., Amerasinghe, F.P., 2004. A 

nationwide assessment of wastewater use in Pakistan: an obscure activity or a vitally 

important one? Water Policy 6, 197–206. 

Ensink, J.H.J., Scott, C.A., Brooker, S., Cairncross, S., 2010. Sewage disposal in the Musi-River 

, India : water quality remediation through irrigation infrastructure. Irrigation and Drainage 

Systems 24, 65–77. 

Ferriman, A., 2007. BMJ readers choose sanitation as greatest medical advance since 1840. 

British Medical Journal 334, 111. 

Fong, T.T., Phanikumar, M.S., Xagoraraki, I., Rose, J.B., 2010. Quantitative detection of human 

adenoviruses in wastewater and combined sewer overflows influencing a Michigan river. 

Applied and Environmental Microbiology 76, 715–723. 

Frenken, K., Gillet, V., 2012. Irrigation water requirement and water withdrawal by country. 

Rome, Italy. 

Gassert, F., Landis, M., Luck, M., Reig, P., Shiao, T., 2013. AQUEDUCT Global Maps 2.0. 

Washington, D.C. 

Gaughan, A.E., Stevens, F.R., Linard, C., Jia, P., Tatem, A.J., 2013. High resolution population 

distribution maps for Southeast Asia in 2010 and 2015. PloS one 8, e55882. 

Hamilton, A.J., Burry, K., Mok, H.-F., Barker, S.F., Grove, J.R., Williamson, V.G., 2013. Give 

peas a chance? Urban agriculture in developing countries. A review. Agronomy for 

Sustainable Development 34, 45–73. 

Hijmans, R., Kapoor, J., Wieczorek, J., Garcia, N., Maunahan, A., Rala, A., Mandel, A., 2014. 

Global Administrative Areas Database [WWW Document]. URL http://gadm.org/ 



 

92 

 

Huibers, F.P., Van Lier, J.B., 2005. Use of wastewater in agriculture: the water chain approach. 

Irrigation and Drainage 54, S3–S9. 

Jiménez, B., Asano, T. (Eds.), 2008. Water Reuse: An International Survey of Current Practice, 

Issues and Needs, 1st ed. IWA Publishing, London, UK. 

Julian, T.R., Islam, M.A., Pickering, A.J., Roy, S., Fuhrmeister, E.R., Ercumen, A., Harris, A., 

Bishai, J., Schwab, K.J., 2015. Genotypic and phenotypic characterization of Escherichia 

coli isolates from feces, hands, and soils in rural Bangladesh via the Colilert Quanti-Tray 

System. Applied and Environmental Microbiology 81, 1735–1743. 

Karg, H., Drechsel, P., 2011. Motivating behaviour change to reduce pathogenic risk where 

unsafe water is used for irrigation. Water International 36, 476–490. 

Keraita, B., Jimenez, B., Drechsel, P., 2008. Extent and implications of agricultural reuse of 

untreated, partly treated and diluted wastewater in developing countries. CAB Reviews: 

Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 3. 

Keraita, B., Konradsen, F., Drechsel, P., Abaidoo, R.C., 2007. Reducing microbial 

contamination on wastewater-irrigated lettuce by cessation of irrigation before harvesting. 

Tropical medicine & international health 12 Suppl 2, 8–14. 

Keraita, B.B., Drechsel, P., Amoah, P., 2003. Influence of urban wastewater on stream water 

quality and agriculture in and around Kumasi, Ghana. Environment and Urbanization 15, 

171–178. 

Kiulia, N.M., Hofstra, N., Vermeulen, L.C., Obara, M. a, Medema, G., Rose, J.B., 2015. Global 

occurrence and emission of rotaviruses to surface waters. Pathogens (Basel, Switzerland) 4, 

229–55. 

Kotloff, K.L., Nataro, J.P., Blackwelder, W.C., Nasrin, D., Farag, T.H., Panchalingam, S., Wu, 

Y., Sow, S.O., Sur, D., Breiman, R.F., Faruque, A.S., Zaidi, A.K., Saha, D., Alonso, P.L., 

Tamboura, B., Sanogo, D., Onwuchekwa, U., Manna, B., Ramamurthy, T., Kanungo, S., 

Ochieng, J.B., Omore, R., Oundo, J.O., Hossain, A., Das, S.K., Ahmed, S., Qureshi, S., 

Quadri, F., Adegbola, R. a, Antonio, M., Hossain, M.J., Akinsola, A., Mandomando, I., 

Nhampossa, T., Acácio, S., Biswas, K., O’Reilly, C.E., Mintz, E.D., Berkeley, L.Y., 

Muhsen, K., Sommerfelt, H., Robins-Browne, R.M., Levine, M.M., 2013. Burden and 

aetiology of diarrhoeal disease in infants and young children in developing countries (the 

Global Enteric Multicenter Study, GEMS): a prospective, case-control study. Lancet 382, 

209–22. 

Kumpel, E., Nelson, K.L., 2013. Comparing microbial water quality in an intermittent and 

continuous piped water supply. Water Research 47, 5176–5188. 

Lerner, A.M., Eakin, H., 2011. An obsolete dichotomy? Rethinking the rural-urban interface in 

terms of food security and production in the global south. The Geographical Journal 177, 

311–320. 

Liang, Z., He, Z., Zhou, X., Powell, C.A., Yang, Y., He, L.M., Stoffella, P.J., 2013. Impact of 



 

93 

 

mixed land-use practices on the microbial water quality in a subtropical coastal watershed. 

Science of the Total Environment 449, 426–433. 

Linard, C., Gilbert, M., Snow, R.W., Noor, A.M., Tatem, A.J., 2012. Population distribution, 

settlement patterns and accessibility across Africa in 2010. PloS one 7, e31743. 

Linard, C., Tatem, A.J., 2012. Large-scale spatial population databases in infectious disease 

research. International journal of health geographics 11, 7. 

Lopez, A.D., Mathers, C.D., Ezzati, M., Jamison, D.T., Murray, C.J.L., 2006. Global and 

regional burden of disease and risk factors, 2001 : systematic analysis of population health 

data. Lancet 367, 1747–1757. 

Macdonald, D.H., Lamontagne, S., Connor, J., 2005. The economics of water: Taking full 

account of first use, reuse and the return to the environment. Irrigation and Drainage 54, 93–

102. 

Madoux-Humery, A.S., Dorner, S., Sauvé, S., Aboulfadl, K., Galarneau, M., Servais, P., Prévost, 

M., 2016. The effects of combined sewer overflow events on riverine sources of drinking 

water. Water Research 92, 218–227. 

Malik, O.A., Hsu, A., Johnson, L.A., de Sherbinin, A., 2015. A global indicator of wastewater 

treatment to inform the Sustainable Development Goals (SDGs). Environmental Science 

and Policy 48, 172–185. 

Malkin, E., 2010. Fears That a Lush Land May Lose a Foul Fertilizer. New York Times 1–3. 

Mara, D.D., Sleigh, P.A., Blumenthal, U.J., Carr, R.M., 2007. Health risks in wastewater 

irrigation : Comparing estimates from quantitative microbial risk analyses and 

epidemiological studies. Journal of Water and Health 5, 39–50. 

Marino, D.D., 2007. Water and food safety in the developing world: global implications for 

health and nutrition of infants and young children. Journal of the American Dietetic 

Association 107, 1930–4. 

Martellozzo, F., Landry, J.-S., Plouffe, D., Seufert, V., Rowhani, P., Ramankutty, N., 2014. 

Urban agriculture: a global analysis of the space constraint to meet urban vegetable demand. 

Environmental Research Letters 9, 064025. 

Masutomi, Y., Inui, Y., Takahashi, K., Matsuoka, Y., 2009. Development of highly accurate 

global polygonal drainage basin data. Hydrological Processes 23, 572–584. 

Matthys, B., Vounatsou, P., Raso, G., Tschannen, A.B., Becket, E.G., Gosoniu, L., Cissé, G., 

Tanner, M., Goran, E.K.N., 2006. Urban farming and malaria risk factors in a medium sized 

town in Côte d’Ivoire. American Journal Of Tropical Medicine And Hygiene 75, 1223–

1231. 

Mok, H.-F., Williamson, V.G., Grove, J.R., Burry, K., Barker, S.F., Hamilton, A.J., 2013. 

Strawberry fields forever? Urban agriculture in developed countries: a review. Agronomy 

for Sustainable Development 34, 21–43. 



 

94 

 

Molle, F., Berkoff, J., 2009. Cities vs. agriculture: A review of intersectoral water re-allocation. 

Natural Resources Forum 33, 6–18. 

Murray, A., Drechsel, P., 2011. Why do some wastewater treatment facilities work when the 

majority fail? Case study from the sanitation sector in Ghana. Waterlines 30, 135–149. 

Naidoo, S., Olaniran, A.O., 2013. Treated wastewater effluent as a source of microbial pollution 

of surface water resources. International Journal of Environmental Research and Public 

Health 11, 249–270. 

Navarro, I., Chavez, A., Barrios, J.A., Maya, C., Becerril, E., Lucario, S., Jimenez, B., 2015. 

Wastewater Reuse for Irrigation — Practices, Safe Reuse and Perspectives. Irrigation and 

Drainage - Sustainable Strategies and Systems 33–54. 

Newell, D.G., Koopmans, M., Verhoef, L., Duizer, E., Aidara-Kane, A., Sprong, H., Opsteegh, 

M., Langelaar, M., Threfall, J., Scheutz, F., der Giessen, J. van, Kruse, H., 2010. Food-

borne diseases - The challenges of 20years ago still persist while new ones continue to 

emerge. International Journal of Food Microbiology 139, S3–S15. 

NOAA, 2015. Daily temperature and precipitation observations at Gadag, India [WWW 

Document]. URL https://gis.ncdc.noaa.go 

North Karnataka Urban Sector Investment Program, 2010. Providing Sewer Trunk Mains , Sub 

Mains , Interceptors and collection system in Sewerage Zone 2 of Hubli Dharwad 

Municipal Corporation. Volume-1 Sewage Collection System. Hubli-Dharwad, India. 

Nunan, F., 2000. Urban organic waste markets: responding to change in Hubli–Dharwad, India. 

Habitat International 24, 347–360. 

Okoh, A.I., Sibanda, T., Gusha, S.S., 2010. Inadequately treated wastewater as a source of 

human enteric viruses in the environment. International Journal of Environmental Research 

and Public Health 7, 2620–2637. 

Omar, K.B., Potgieter, N., Barnard, T.G., 2010. Development of a rapid screening method for the 

detection of pathogenic Escherichia coli using a combination of Colilert ® Quanti-

Trays/2000 and PCR. Water Science & Technology: Water Supply 10, 7. 

Orsini, F., Kahane, R., Nono-Womdim, R., Gianquinto, G., 2013. Urban agriculture in the 

developing world: a review. Agronomy for Sustainable Development 33, 695–720. 

Otieno, D.J., Omiti, J., Nyanamba, T., Mccullough, E., 2009. Market participation by vegetable 

farmers in Kenya : A comparison of rural and peri-urban areas. African Journal of 

Agricultural Research 4, 451–460. 

Pachepsky, Y., Shelton, D.R., McLain, J.E.T., Patel, J., Mandrell, R.E., 2011. Irrigation Waters 

as a Source of Pathogenic Microorganisms in Produce : A Review, in: Sparks, D.L. (Ed.), 

Advances in Agronomy, Volume 113. Elsevier Inc., San Diego, CA USA, pp. 75–141. 

Peterson, J.A., 1979. The impact of sanitary reform upon American urban planning, 1840-1890. 

Journal of Social History 13, 83–103. 



 

95 

 

Pickering, A., Julian, T., Marks, S., Mattioli, M., Boehm, A., Schwab, K., Davis, J., 2012. Fecal 

contamination and diarrheal pathogens on surfaces and in soils among Tanzanian 

households with and without improved sanitation. Environmental Science & Technology 

46, 5736–5743. 

Portmann, F.T., 2011. Frankfurt Hydrology Paper 09 - Global estimation of monthly irrigated 

and rainfed crop areas on a 5 arc-minute grid. Frankfurt am Main, Germany. 

Portmann, F.T., Siebert, S., Döll, P., 2010. MIRCA2000 — Global monthly irrigated and rainfed 

crop areas around the year 2000 : A new high-resolution data set for agricultural and 

hydrological modeling. Global Biogeochemical Cycles 24, GB1011. 

Potere, D., Schneider, A., 2007. A critical look at representations of urban areas in global maps. 

GeoJournal 69, 55–80. 

Pruss-Ustun, A., Bartram, J., Clasen, T., Colford, J.M., Cumming, O., Curtis, V., Bonjour, S., 

Dangour, A.D., De France, J., Fewtrell, L., Freeman, M.C., Gordon, B., Hunter, P.R., 

Johnston, R.B., Mathers, C., Mausezahl, D., Medlicott, K., Neira, M., Stocks, M., Wolf, J., 

Cairncross, S., 2014. Burden of disease from inadequate water, sanitation and hygiene in 

low- and middle-income settings: A retrospective analysis of data from 145 countries. 

Tropical Medicine and International Health 19, 894–905. 

Qadir, M., Wichelns, D., Raschid-Sally, L., McCornick, P.G.G., Drechsel, P., Bahri, A., Minhas, 

P.S.S., 2010. The challenges of wastewater irrigation in developing countries. Agricultural 

Water Management 97, 561–568. 

Ramankutty, N., Evan, A.T., Monfreda, C., Foley, J.A., 2008. Farming the planet: 1. Geographic 

distribution of global agricultural lands in the year 2000. Global Biogeochemical Cycles 22, 

1–19. 

Raschid-Sally, L., Jayakody, P., 2008. Drivers and characteristics of wastewater agriculture in 

developing countries: Results from a global assessment (IWMI Research Report 127). 

Colombo, Sri Lanka. 

Reder, K., Florke, M., Alcamo, J., 2015. Modeling historical fecal coliform loadings to large 

European rivers and resulting in-stream concentrations. Environmental Modelling and 

Software 63, 251–263. 

Rice, J., Westerhoff, P., 2014. Spatial and Temporal Variation in De Facto Wastewater Reuse in 

Drinking Water Systems across the U.S.A. Environmental Science & Technology 49, 982–

989. 

Rice, J., Wutich, A., Westerhoff, P., 2013. Assessment of De Facto Wastewater Reuse across the 

U.S.: Trends between 1980 and 2008. Environmental Science & Technology 47, 11099–

11105. 

Rochelle-Newall, E., Nguyen, T.M.H., Le, T.P.Q., Sengtaheuanghoung, O., Ribolzi, O., 2015. A 

short review of fecal indicator bacteria in tropical aquatic ecosystems: knowledge gaps and 

future directions. Frontiers in Microbiology 6, 308. 



 

96 

 

Rooijen, D.J. Van, Biggs, T.W., Smout, I., Drechsel, P., 2010. Urban growth , wastewater 

production and use in irrigated agriculture : a comparative study of Accra , Addis Ababa, 

and Hyderabad. Irrigation and Drainage 24, 53–64. 

Ruddiman, W.F., Ellis, E.C., 2009. Effect of per-capita land use changes on Holocene forest 

clearance and CO2 emissions. Quaternary Science Reviews 28, 3011–3015. 

Rutkowski, T., Raschid-Sally, L., Buechler, S., 2007. Wastewater irrigation in the developing 

world—Two case studies from the Kathmandu Valley in Nepal. Agricultural Water 

Management 88, 83–91. 

Safi, Z., Dossa, L.H., Buerkert, A., 2011. Economic analysis of cereal, vegetable and grape 

production systems in urban and peri-urban agriculture of Kabul, Afghanistan. 

Experimental Agriculture 47, 705–716. 

Saldías, C., Speelman, S., Van Huylenbroeck, G., Vink, N., 2016. Understanding farmers’ 

preferences for wastewater reuse frameworks in agricultural irrigation: lessons from a 

choice experiment in the Western Cape, South Africa. Water SA 42, 26. 

Santos, L., Oweis, T., Zairi, A., 2002. Irrigation management under water scarcity. Agricultural 

Water Management 57, 175–206. 

Sato, T., Qadir, M., Yamamoto, S., Endo, T., Zahoor, A., 2013. Global, regional, and country 

level need for data on wastewater generation, treatment, and use. Agricultural Water 

Management 130, 1–13. 

Schneider, A., Woodcock, C.E., 2008. Compact, Dispersed, Fragmented, Extensive? A 

Comparison of Urban Growth in Twenty-five Global Cities using Remotely Sensed Data, 

Pattern Metrics and Census Information. Urban Studies 45, 659–692. 

Scott, C.A., Faruqui, N.I., Raschid-Sally, L., 2004. Wastewater Use in Irrigated Agriculture: 

Confronting the livelihood and environmental realities, 1st ed. CAB International, 

Cambridge, MA. 

Seidu, R., Sjolander, I., Abubakari, A., Amoah, D., Larbi, J.A., Stenstrom, T.A., 2013. Modeling 

the die-off of E. coli and Ascaris in wastewater irrigated vegetables: Implications for 

microbial health risk reduction associated with irrigation cessation. Water Science and 

Technology 68, 1013–1021. 

Seitzinger, S.P., Mayorga, E., Bouwman, A.F., Kroeze, C., Beusen, A.H.W., Billen, G., Van 

Drecht, G., Dumont, E., Fekete, B.M., Garnier, J., Harrison, J.A., 2010. Global river 

nutrient export: A scenario analysis of past and future trends. Global Biogeochemical 

Cycles 24. 

Shaw, A., 2005. Peri-Urban Interface of Indian Cities: Growth, Governance and Local 

Initiatives. Economic and Political Weekly 40, 129–136. 

Sidhu, J.P.S., Ahmed, W., Hodgers, L., Toze, S., 2013. Occurrence of virulence genes associated 

with Diarrheagenic pathotypes in Escherichia coli isolates from surface water. Applied and 

environmental microbiology 79, 328–35. 



 

97 

 

Siebert, S., Döll, P., Hoogeveen, J., Faures, J.-M., Frenken, K., Feick, S., 2005. Development 

and validation of the global map of irrigation areas. Hydrology and Earth System Sciences 

Discussions 2, 1299–1327. 

Silverman, A.I., Akrong, M.O., Amoah, P., Drechsel, P., Nelson, K.L., 2013. Quantification of 

human norovirus GII, human adenovirus, and fecal indicator organisms in wastewater used 

for irrigation in Accra, Ghana. Journal of Water and Health 11, 473–488. 

Simon, D., 2008. Urban Environments: Issues on the Peri-Urban Fringe. Annual Review of 

Environment and Resources 33, 167–185. 

Simons, G.W.H. (Gijs), Bastiaanssen, W.G.M. (Wim), Immerzeel, W.W. (Walter), 2015. Water 

reuse in river basins with multiple users: A literature review. Journal of Hydrology 522, 

558–571. 

Smit, J., Nasr, J., 1992. Urban agriculture for sustainable cities: using wastes and idle land and 

water bodies as resources. Environment and Urbanization 4, 141–152. 

Sommer, L., 2015. Parched California Farmers Hope to Tap Wastewater from Cities. KQED 

Science. 

Srinivasan, J.T., Reddy, V.R., 2009. Impact of irrigation water quality on human health: A case 

study in India. Ecological Economics 68, 2800–2807. 

Taylor, P., Potere, D., Schneider, A., Angel, S., Civco, D.L., 2009. Mapping urban areas on a 

global scale: which of the eight maps now available is more accurate? International Journal 

of Remote Sensing 30, 6531–6558. 

Teunis, P., Takumi, K., Shinagawa, K., 2004. Dose response for infection by Escherichia coli 

O157:H7 from outbreak data. Risk analysis : an official publication of the Society for Risk 

Analysis 24, 401–7. 

Teunis, P.F.M., Ogden, I.D., Strachan, N.J.C., 2007. Hierarchical dose response of E. coli 

O157:H7 from human outbreaks incorporating heterogeneity in exposure. Epidemiology 

and Infection 136, 761–70. 

Thebo, A.L., Drechsel, P., Lambin, E.F., 2014. Global assessment of urban and peri-urban 

agriculture: irrigated and rainfed croplands. Environmental Research Letters 9, 114002. 

Thenkabail, P.S., Biradar, C.M., Noojipady, P., Dheeravath, V., Li, Y., Velpuri, M., Gumma, M., 

Gangalakunta, O.R.P., Turral, H., Cai, X., Vithanage, J., Schull, M.A., Dutta, R., 2009a. 

Global irrigated area map (GIAM), derived from remote sensing, for the end of the last 

millennium. International Journal of Remote Sensing 30, 3679–3733. 

Thenkabail, P.S., Dheeravath, V., Biradar, C.M., Gangalakunta, O.R.P., Noojipady, P., Gurappa, 

C., Velpuri, M., Gumma, M., Li, Y., 2009b. Irrigated Area Maps and Statistics of India 

Using Remote Sensing and National Statistics. Remote Sensing 1, 50–67. 

Tibbetts, J., 2005. Combined Sewer Systems: Down, Dirty, and Out of Date. Environmental 

Health Perspectives 113, A464–A467. 



 

98 

 

UN GEMS/Water Programme Office, 2008. Water Quality Outlook. Burlington, Ontario. 

United Nations Department of Economic and Social Affairs Population Division, 2011. 

Population Distribution, Urbanization, Internal Migration and Development: An 

International Perspective. 

United Nations Human Settlements Programme, 2008. State of the World’s Cities 2008/2009. 

Earthscan, Nairobi, Kenya. 

United Nations Statistics Division, 2011. Millennium Development Indicators: World and 

regional groupings [WWW Document]. Millennium Development Goals Indicators. URL 

http://mdgs.un.org/unsd/mdg/Host.aspx?Content=Data/RegionalGroupings.htm (accessed 

1.2.11). 

United States Environmental Protection Agency, 2012. 2012 Guidelines for Water Reuse, 

EPA/600/R-12/618. 

Uyttendaele, M., Jaykus, L.A., Amoah, P., Chiodini, A., Cunliffe, D., Jacxsens, L., Holvoet, K., 

Korsten, L., Lau, M., McClure, P., Medema, G., Sampers, I., Rao Jasti, P., 2015. Microbial 

Hazards in Irrigation Water: Standards, Norms, and Testing to Manage Use of Water in 

Fresh Produce Primary Production. Comprehensive Reviews in Food Science and Food 

Safety 14, 336–356. 

Vagneron, I., 2007. Economic appraisal of profitability and sustainability of peri-urban 

agriculture in Bangkok. Ecological Economics 61, 516–529. 

Vedachalam, S., Riha, S.J., 2015. Who’s the cleanest of them all? Sanitation scores in Indian 

cities. Environment and Urbanization 27, 117–136. 

Vermeiren, K., Adiyia, B., Loopmans, M., Tumwine, F.R., Van Rompaey, A., 2013. Will urban 

farming survive the growth of African cities: A case-study in Kampala (Uganda)? Land Use 

Policy 35, 40–49. 

Vermeulen, L.C., De Kraker, J., Hofstra, N., Kroeze, C., Medema, G.J., 2015. Modelling the 

impact of sanitation, population and urbanization estimates on human emissions of 

Cryptosporidium to surface waters – a case study for Bangladesh and India. Environmental 

Research Letters 10, 94017. 

Vermeulen, L.C., Hofstra, N., Kroeze, C., Medema, G., 2015. Advancing waterborne pathogen 

modelling: Lessons from global nutrient export models. Current Opinion in Environmental 

Sustainability 14, 109–120. 

Viau, E.J., Goodwin, K.D., Yamahara, K.M., Layton, B.A., Sassoubre, L.M., Burns, S.L., Tong, 

H.I., Wong, S.H.C., Lu, Y., Boehm, A.B., 2011. Bacterial pathogens in Hawaiian coastal 

streams-Associations with fecal indicators, land cover, and water quality. Water Research 

45, 3279–3290. 

Walters, S.P., Thebo, A.L., Boehm, A.B., 2011. Impact of urbanization and agriculture on the 

occurrence of bacterial pathogens and stx genes in coastal waterbodies of central California. 

Water Research 45, 1752–62. 



 

99 

 

Wilbur Smith Associates, 2009. Initial Environmental Examination, North Karnataka Urban 

Sector Investment Program, Package I - Dharwad, October. Bangalore, India. 

Winfield, M.D., Groisman, E.A., 2003. Role of Nonhost Environments in the Lifestyles of 

Salmonella and Escherichia coli. Applied and Environmental Microbiology 69, 3687–3694. 

World Bank and Water and Sanitation Program, 2014. IBNET (International Benchmarking 

Network for Water and Sanitation Utilities) [WWW Document]. URL http://www.ib-

net.org (accessed 2.1.15). 

World Health Organization, 2006. Guidelines for the Safe Use of Wastewater, Excreta, and 

Graywater, Volume 2 - Wastewater use in agriculture. Geneva, Switzerland. 

Zezza, A., Tasciotti, L., 2010. Urban agriculture, poverty, and food security: Empirical evidence 

from a sample of developing countries. Food Policy 35, 265–273. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

100 

 

 

 

 

Appendix A. Comparison of irrigated cropland datasets and their 

strengths and weaknesses in understanding wastewater reuse in 

irrigated agriculture. 
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Table A1. Comparison of available irrigated croplands data 

Name Producer 

Relevant 

Information 

Spatial 

Resolution Input Data Approach Pros (Applicable to this study) 

Cons (Applicable to this 

study) Reference 

Irrigated Area Datasets 

MIRCA 

2000 

Goethe 

Universität 

Maximum 

monthly 

irrigated crop 

area 

5 arc-min 

(9.2 km @ 

equator) 

Ag Census; Crop 

calendars;  

Harvested area by crop; 

Climate data; Crop lands; 

Area equipped for 

irrigation 

Data aggregation 

and modeling 

Hybrid approach – incorporates 

RS and statistical data;  

Validation and evaluation of 

error carried out by authors; Most 

recent irrigated areas dataset; 

Subject to errors of 

combined datasets; No 

comprehensive 

comparison to other 

irrigation datasets  

Portmann et 

al. (2011) 

Global Map 

of Irrigated 

Areas 

(GMIA) 

University of 

Bonn / FAO 

Fraction of 

Irrigated Area, 

Area 

Irrigated/Cell 5 min 

Gov't / NGO Maps; Ag 

Statistics 

Data aggregation 

and modeling 

Best coverage near cities, Multi-

factor modeling 

Subject to errors of 

combined datasets; Does 

not utilize remote 

sensing data 

Siebert et al. 

(2007) 

Global 

Irrigated 

Area Map 

(GIAM) IWMI 

Irrigated Areas, 

Rainfed Areas, 

Ag Land Cover 

Classification 1 to 10 km AVHRR & MODIS 

Remote Sensing 

(Supervised 

Classification) 

IDs Seasonal Differences, Higher 

Resolution in Select Areas 

Poor detection near 

cities, Variable 

resolution 

Thenkabail et 

al. (2005) 

GlobCover ESA 

Irrigated-Tree 

Crops; 

Irrigated-

Herbaceous 300 m MERIS 

Remote Sensing 

(Unsupervised  

Classification) 

Highest resolution data currently 

available 

Weak ag/irrigation 

detection algorithm; 

Lacks rigorous 

validation ESA (2005) 

GLC2000 

European 

Commission 

Joint 

Research 

Commission 

Irrigated 

Agriculture  1000m SPOT 

Remote Sensing 

(Methods Varied 

By Region)  

Irrigated area class in Africa, S. 

Asia, SE Asia 

18+  research teams; 

Classes differ by region; 

Not all regions have 

irrigated ag class 

European 

Commission 

JRC (2003) 

US Irrigated 

Lands from 

Remote 

Sensing 

SAGE                  

(University of 

Wisconsin) 

Fraction of 

Irrigated Area 500 m MODIS 

Remote Sensing  

(Supervised 

Classification) 

Higher resolution output; 

Rigorous methodology 

Only US is presently 

available 

Ozdogan and 

Gutman 

(2008) 

Global 

Croplands  USGS Crop Types 30 m Landsat, MODIS Remote Sensing   

Currently under 

development 

Thenkabail 

(USGS) 
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As shown in Table A1, there are several major irrigated area datasets available at the global 

scale. GlobCover is the highest resolution dataset, but was developed using unsupervised 

classification methods and lacks adequate validation across land cover classes. The remaining 

two datasets Portmann et al. (2011), Siebert et al. (2005) and IWMI are at a resolution of 5 min 

or approximately 10 km (at the equator). The primary difference between these datasets is the 

methodologies used to produce them.  

The Siebert et al. dataset and (subsequently, the Portmann et al. dataset) employed a data 

synthesis approach to integrate data from reports (FAO, UN, World Bank, Ministries of 

Agriculture, irrigation associations, etc.), printed maps, and digital spatial datasets in a multi-

dimensional modeling approach. All available data were incorporated into an irrigation database 

and assigned a priority level based on scale, data type, methods used, and the relative level of 

detail. The dataset prioritization was used to spatially allocate the irrigated area in a given 

administrative unit (i.e., irrigated area was first allocated to the highest priority dataset, then the 

second, third, etc. datasets until the total reported irrigated area for that reporting unit was 

allocated). The compiled datasets were then resampled to develop an irrigation density grid at a 

resolution of 0.01 degrees for each country. The 0.01 degree grid was then aggregated to a 

resolution of five minutes. As all available data were integrated into the creation of the Siebert et 

al. map, many traditional methods of validation could not be employed. Instead, Siebert et al. 

developed a semi-quantitative, two tiered ranking system to assess the quality of the input 

datasets for each country and compare the resulting map to the GLC2000 irrigated croplands 

map. It does not appear that any ground truthing was done for the Siebert et al. dataset. Notably, 

there is considerable variation between countries. A limitation of the methodology employed by 

Siebert et al. is that in most cases the map represents the area equipped for irrigation rather than 

observed irrigation around the year 2000. The Siebert et al. map computes a global irrigated area 

of 279 Mha. The Portmann et al. data builds on the work of Siebert et al. to develop monthly 

cropping calendars for 29 crops and estimate maximum monthly irrigated area overall and by 

crop type. The Portmann et al. and Siebert et al. data report data as the fraction of a pixel that is 

irrigated croplands. 

The output of the IWMI analysis was a broader 28 class land cover map focused on 

distinguishing irrigated and rainfed croplands and different types of agricultural lands more 

broadly. The IWMI map was developed using a composite of remote sensing methodologies and 

spatial modeling methods. The major input data sources and their respective temporal and spatial 

resolutions included:  

 AVHRR (3-band and NDVI) monthly (1997-1999) at 10km; 

 SPOT (NDVI) monthly (1999) at 1km; 

 UAE CRU monthly precipitation (1961-2000) at 50 km; 

 GTOPO30 DEM at 1 km; 

 JERS-1 SAR rainforest data from 1996; and  

 University of Maryland Global Tree Cover at 1 km from 1992-93.  

 

The CRU precipitation, temperature, forest cover, and GTOPO 30 datasets were used to mask 

the AVHRR and SPOT datasets. All datasets were resampled to one kilometer resolution, but 

given the spatial resolution of the input datasets, the effective resolution of the IWMI dataset is 
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ten kilometers. Unsupervised classification using quantitative spatial matching techniques were 

used to group the bulk dataset into preliminary classes which were then matched to classes 

identified through a rigorous class identification and validation procedure. The class 

identification incorporated phased space-time spiral curve plots, brightness-greenness-wetness 

plots, time series NDVI plots, checks using Google Earth at over 11,000 locations, and ground 

truth data from over 5,000 locations (IWMI and Degree Confluence Project), Landsat Geocover 

150-m mosaic, and secondary data from various sources. The outputs of the IWMI analysis are 

the “Total area available for irrigation” (TAAI) which includes areas irrigated at any point during 

the year and the “Annualized irrigated area” (AIA) which incorporates the seasonality and 

intensity of irrigation for three seasons (June-Oct, Nov-Feb, and year-round). The IWMI map 

computes a total of 399 Mha TAAI and 467 Mha AIA. AIA is larger than TAAI because of 

multiple croppings and differing irrigation periods in some locations. Ground truthing revealed 

an accuracy of 79% with errors of omission of 21% and errors of commission of 23%. The error 

rates in the IWMI data are highest in pixels where a small fraction is irrigated. Particularly in 

peri-urban areas with heterogeneous land cover, these classification algorithms are prone to 

omitting peri-urban agricultural activities when such activities are not the dominant land cover 

class. Unfortunately, for the purposes of a global assessment of wastewater irrigation, much of 

the irrigation of interest is occurring in small holder plots in highly heterogeneous peri-urban 

landscapes. When each dataset was informally compared relative to these criteria for a series of 

eight known areas of irrigated urban or peri-urban agriculture, the Portmann et al. dataset 

performed better. Given these considerations, this study opted to use the Portmann et al. 

MIRCA2000 data. However, as the resolution of remote sensing based mapping of irrigated 

croplands improves, the issue of land cover heterogeneity in peri-urban areas may become less of 

a concern in future work. 
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Appendix B. Compiled data on national levels of sewerage and 

wastewater treatment 
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ISO Name Region 

Region 

Code 

JMP Access to 

Improved 

Sanitation (%) 

Estimated Urban 

Connection to 

Sewerage (%) 

Sewerage 

Source 

Estimated Urban 

Wastewater 

Treatment (%) 

Wastewater 

Treatment 

Source 

BHR Bahrain Western Asia WA 99.2 91.6 Baum et al. 100.0 Baum et al. 

CYP Cyprus Western Asia WA 100.0 60.5 Baum et al. 65.6 Baum et al. 

IRQ Iraq Western Asia WA 86.0 25.2 Baum et al. 25.7 Baum et al. 

ISR Israel Western Asia WA 100.0 100.0 Baum et al. 83.0 Baum et al. 

JOR Jordan Western Asia WA 98.1 53.6 Baum et al. 61.6 Baum et al. 

KWT Kuwait Western Asia WA 100.0 100.0 IBNET 90.8 Baum et al. 

LBN Lebanon Western Asia WA 100.0 67.4 Baum et al. 26.4 EPI 

OMN Oman Western Asia WA 97.3 37.0 Baum et al. 53.6 

Avg 

Surround 

PSE Palestina Western Asia WA 94.8 50.0 Baum et al. 82.9 IBNET 

QAT Qatar Western Asia WA 100.0 76.9 EPI 87.5 EPI 

SAU Saudi Arabia Western Asia WA 100.0 57.1 

Avg 

Surround 70.6 
Baum et al. 

SYR Syria Western Asia WA 96.1 75.4 Baum et al. 85.6 EPI 

TUR Turkey Western Asia WA 97.2 88.0 Baum et al. 43.5 Baum et al. 

ARE 

United Arab 

Emirates Western Asia WA 98.0 78.3 Baum et al. 78.3 
Baum et al. 

YEM Yemen Western Asia WA 92.5 14.1 Baum et al. 3.3 Baum et al. 

ARM Armenia Central Asia CtA 95.9 62.6 Baum et al. 29.8 Baum et al. 

AZE Azerbaijan Central Asia CtA 85.9 4.5 Baum et al. 25.9 Baum et al. 

GEO Georgia Central Asia CtA 95.6 78.0 IBNET 0.0 Baum et al. 

KAZ Kazakhstan Central Asia CtA 96.8 40.3 Baum et al. 58.0 E 

KGZ Kyrgyzstan Central Asia CtA 93.6 16.6 Baum et al. 0.1 Baum et al. 

TJK Tajikistan Central Asia CtA 95.4 15.4 Baum et al. 0.0 E 

TKM Turkmenistan Central Asia CtA 100.0 27.4 
Avg 

Surround 54.1 
Avg 

Surround 

UZB Uzbekistan Central Asia CtA 100.0 13.8 Baum et al. 100.0 IBNET 

AFG Afghanistan Southern Asia SA 45.6 26.9 

Avg 

Surround 35.3 

Avg 

Surround 

BGD Bangladesh Southern Asia SA 55.3 2.8 Baum et al. 0.0 E 

BTN Bhutan Southern Asia SA 73.9 28.9 

Avg 

Surround 46.6 

Avg 

Surround 

IOT 
British Indian 
Ocean Territory Southern Asia SA NA 19.9 RegAvg 24.5 

EPI 

IND India Southern Asia SA 59.7 6.5 Baum et al. 22.0 EPI 

IRN Iran Southern Asia SA 100.0 28.6 Baum et al. 4.2 Baum et al. 

MDV Maldives Southern Asia SA 97.5 49.4 Baum et al. 5.0 EPI 

NPL Nepal Southern Asia SA 50.1 6.7 Baum et al. 0.0 E 

PAK Pakistan Southern Asia SA 71.8 25.6 Baum et al. 1.2 Baum et al. 

LKA Sri Lanka Southern Asia SA 82.7 9.2 EPI_AVG 52.6 Baum et al. 

BRN Brunei 

Southeastern 

Asia SEA NA 44.0 EPI 86.0 
EPI 

KHM Cambodia 
Southeastern 
Asia SEA 76.4 12.1 Baum et al. 0.0 

Baum et al. 

CXR Christmas Island 

Southeastern 

Asia SEA NA 21.0 RegAvg 27.0 
RegAvg 

CCK Cocos Islands 
Southeastern 
Asia SEA NA 21.0 RegAvg 27.0 

RegAvg 

TLS East Timor 

Southeastern 

Asia SEA 67.6 6.0 EPI 5.0 
EPI 

IDN Indonesia 
Southeastern 
Asia SEA 73.4 0.0 Baum et al. 10.3 

E 

LAO Laos 

Southeastern 

Asia SEA 87.5 3.3 Baum et al. 0.0 
Baum et al. 

MYS Malaysia 
Southeastern 
Asia SEA 96.1 43.5 EPI 58.2 

Baum et al. 

MMR Myanmar 

Southeastern 

Asia SEA 83.9 5.9 Baum et al. 0.0 
Baum et al. 

PHL Philippines 
Southeastern 
Asia SEA 79.2 37.3 Baum et al. 8.5 

EPI 

SGP Singapore 

Southeastern 

Asia SEA 100.0 100.0 Baum et al. 100.0 
Baum et al. 

SP- Spratly islands 
Southeastern 
Asia SEA NA 21.0 RegAvg 27.0 

RegAvg 
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ISO Name Region 
Region 

Code 

JMP Access to 

Improved 

Sanitation (%) 

Estimated Urban 

Connection to 

Sewerage (%) 
Sewerage 

Source 

Estimated Urban 

Wastewater 

Treatment (%) 

Wastewater 

Treatment 

Source 

THA Thailand 

Southeastern 

Asia SEA 88.7 7.4 Baum et al. 23.9 
Baum et al. 

VNM Vietnam 
Southeastern 
Asia SEA 92.7 1.6 Baum et al. 5.0 

EPI 

CHN China Eastern Asia EA 74.1 51.2 Baum et al. 71.2 EPI 

HKG Hong Kong Eastern Asia EA NA 93.4 Baum et al. 71.2 

Avg 

Surround 

MAC Macao Eastern Asia EA NA 99.9 Baum et al. 71.2 
Avg 

Surround 

MNG Mongolia Eastern Asia EA 64.0 20.5 Baum et al. 0.0 E 

PRK North Korea Eastern Asia EA 87.9 58.3 Baum et al. 50.7 

Avg 

Surround 

KOR South Korea Eastern Asia EA 100.0 87.0 Baum et al. 77.4 E 

TWN Taiwan Eastern Asia EA NA 58.0 EPI 71.2 

Avg 

Surround 

AGO Angola 
Sub-Saharan 
Africa SSA 85.8 8.3 Baum et al. 0.0 

EPI 

BEN Benin 

Sub-Saharan 

Africa SSA 25.3 1.3 Baum et al. 0.4 
EPI 

BWA Botswana 
Sub-Saharan 
Africa SSA 77.9 2.6 Baum et al. 0.0 

Baum et al. 

BFA Burkina Faso 

Sub-Saharan 

Africa SSA 50.1 0.9 Baum et al. 2.5 
EPI 

BDI Burundi 
Sub-Saharan 
Africa SSA 44.9 1.8 Baum et al. 0.0 

EPI 

CMR Cameroon 

Sub-Saharan 

Africa SSA 58.3 1.0 Baum et al. 0.0 
E 

CPV Cape Verde 
Sub-Saharan 
Africa SSA 74.0 16.0 Baum et al. 100.0 

EPI 

CAF 

Central African 

Republic 

Sub-Saharan 

Africa SSA 43.1 0.3 Baum et al. 0.0 

Avg 

Surround 

TCD Chad 
Sub-Saharan 
Africa SSA 30.9 1.0 Baum et al. 0.0 

EPI 

COM Comoros 

Sub-Saharan 

Africa SSA 50.0 7.5 RegAvg 11.9 
RegAvg 

CIV Cote d'Ivoire 
Sub-Saharan 
Africa SSA 35.8 4.6 Baum et al. 5.0 

EPI 

COD 

Democratic 

Republic of the 
Congo 

Sub-Saharan 
Africa SSA 29.2 1.6 Baum et al. 0.0 

EPI 

DJI Djibouti 

Sub-Saharan 

Africa SSA 73.1 5.2 Baum et al. 0.0 
Baum et al. 

GNQ Equatorial Guinea 
Sub-Saharan 
Africa SSA NA 3.0 

Avg 
Surround 0.2 

Avg 
Surround 

ERI Eritrea 

Sub-Saharan 

Africa SSA NA 2.3 

Avg 

Surround 0.0 

Avg 

Surround 

ETH Ethiopia 
Sub-Saharan 
Africa SSA 27.3 0.9 Baum et al. 0.0 

Baum et al. 

GAB Gabon 

Sub-Saharan 

Africa SSA 33.3 6.0 EPI 0.3 
Baum et al. 

GMB Gambia 
Sub-Saharan 
Africa SSA 69.8 5.6 Baum et al. 0.0 

E 

GHA Ghana 

Sub-Saharan 

Africa SSA 18.8 5.4 Baum et al. 19.4 
EPI 

GIN Guinea 
Sub-Saharan 
Africa SSA 32.2 0.3 Baum et al. 0.0 

EPI 

GNB Guinea-Bissau 

Sub-Saharan 

Africa SSA 33.0 4.6 Baum et al. 10.2 

Avg 

Surround 

KEN Kenya 
Sub-Saharan 
Africa SSA 31.1 7.4 Baum et al. 4.9 

Baum et al. 

LSO Lesotho 

Sub-Saharan 

Africa SSA 32.0 1.5 Baum et al. 5.0 
EPI 

LBR Liberia 

Sub-Saharan 

Africa SSA 30.1 3.7 Baum et al. 0.0 

EPI 
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Sewerage (%) 
Sewerage 
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Wastewater 

Treatment (%) 

Wastewater 

Treatment 

Source 

MDG Madagascar 

Sub-Saharan 

Africa SSA 19.0 2.9 Baum et al. 0.0 
Baum et al. 

MWI Malawi 
Sub-Saharan 
Africa SSA 49.6 0.8 Baum et al. 0.0 

EPI 

MLI Mali 

Sub-Saharan 

Africa SSA 35.2 0.0 EPI 12.3 

Avg 

Surround 

MRT Mauritania 
Sub-Saharan 
Africa SSA 51.1 1.2 Baum et al. 0.1 

E 

MUS Mauritius 

Sub-Saharan 

Africa SSA 91.6 27.8 Baum et al. 27.8 
Baum et al. 

MYT Mayotte 
Sub-Saharan 
Africa SSA NA 7.5 RegAvg 11.9 

RegAvg 

MOZ Mozambique 

Sub-Saharan 

Africa SSA 40.9 1.2 Baum et al. 0.0 
Baum et al. 

NAM Namibia 

Sub-Saharan 

Africa SSA 57.1 31.0 Baum et al. 52.0 
EPI 

NER Niger 

Sub-Saharan 

Africa SSA 34.0 2.1 Baum et al. 0.0 
EPI 

NGA Nigeria 
Sub-Saharan 
Africa SSA 33.2 6.8 Baum et al. 11.0 

EPI 

COG 

Republic of 

Congo 

Sub-Saharan 

Africa SSA 19.5 5.0 Baum et al. 0.0 
Baum et al. 

REU Reunion 
Sub-Saharan 
Africa SSA 98.4 41.3 Baum et al. 52.6 

Baum et al. 

RWA Rwanda 

Sub-Saharan 

Africa SSA 61.3 0.7 Baum et al. 0.0 
EPI 

STP 

Sao Tome and 

Principe 

Sub-Saharan 

Africa SSA 40.8 7.1 Baum et al. 11.9 
RegAvg 

SEN Senegal 

Sub-Saharan 

Africa SSA 67.9 9.1 Baum et al. 20.0 
EPI 

SYC Seychelles 

Sub-Saharan 

Africa SSA 97.1 16.7 IBNET 11.9 
RegAvg 

SLE Sierra Leone 

Sub-Saharan 

Africa SSA 22.5 0.1 Baum et al. 0.0 
E 

SOM Somalia 

Sub-Saharan 

Africa SSA 52.0 11.1 Baum et al. 0.0 
Baum et al. 

ZAF South Africa 

Sub-Saharan 

Africa SSA 84.3 49.8 Baum et al. 80.0 
Baum et al. 

SSD South Sudan 

Sub-Saharan 

Africa SSA 15.8 0.7 Baum et al. 0.0 
EPI 

SDN Sudan 

Sub-Saharan 

Africa SSA 43.9 0.7 Baum et al. 0.0 
EPI 

SWZ Swaziland 

Sub-Saharan 

Africa SSA 63.0 10.5 Baum et al. 75.0 
EPI 

TZA Tanzania 

Sub-Saharan 

Africa SSA 24.2 1.4 Baum et al. 5.0 
EPI 

TGO Togo 

Sub-Saharan 

Africa SSA 25.5 0.6 Baum et al. 7.4 

Avg 

Surround 

UGA Uganda 
Sub-Saharan 
Africa SSA 33.9 4.9 Baum et al. 0.1 

E 

ZMB Zambia 

Sub-Saharan 

Africa SSA 55.8 10.2 Baum et al. 0.0 
E 

ZWE Zimbabwe 
Sub-Saharan 
Africa SSA 51.7 28.1 Baum et al. 27.0 

EPI 

DZA Algeria 

Northern 

Africa NA 97.6 78.7 Baum et al. 58.3 
EPI 

EGY Egypt 
Northern 
Africa NA 96.9 46.8 Baum et al. 49.9 

EPI 

LBY Libya 

Northern 

Africa NA 96.8 97.0 EPI 53.2 
Baum et al. 

MAR Morocco 
Northern 
Africa NA 83.1 57.1 Baum et al. 13.0 

EPI 

TUN Tunisia 

Northern 

Africa NA 97.3 61.3 Baum et al. 61.0 
Baum et al. 
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Wastewater 

Treatment (%) 

Wastewater 

Treatment 

Source 

ESH Western Sahara 

Northern 

Africa NA NA 45.7 

Avg 

Surround 6.6 

Avg 

Surround 

ARG Argentina Latin America LA 96.1 64.0 IBNET 10.0 EPI 

BLZ Belize Latin America LA 93.1 13.2 Baum et al. 27.5 

Avg 

Surround 

BOL Bolivia Latin America LA 57.5 39.5 Baum et al. 30.0 EPI 

BRA Brazil Latin America LA 86.7 53.0 Baum et al. 20.0 EPI 

CHL Chile Latin America LA 99.8 96.7 Baum et al. 99.8 Baum et al. 

COL Colombia Latin America LA 82.3 72.6 Baum et al. 5.0 EPI 

CRI Costa Rica Latin America LA 94.8 30.8 Baum et al. 4.0 Baum et al. 

ECU Ecuador Latin America LA 96.2 56.3 Baum et al. 5.0 Baum et al. 

SLV El Salvador Latin America LA 79.4 42.7 Baum et al. 2.0 Baum et al. 

FLK Falkland Islands Latin America LA NA 45.9 RegAvg 20.0 RegAvg 

GUF French Guiana Latin America LA 94.9 65.1 Baum et al. 10.1 
Avg 

Surround 

GTM Guatemala Latin America LA 88.4 42.5 Baum et al. 1.0 Baum et al. 

GUY Guyana Latin America LA 87.7 3.6 Baum et al. 0.0 EPI 

HND Honduras Latin America LA 86.3 34.1 Baum et al. 3.0 Baum et al. 

MEX Mexico Latin America LA 86.7 77.3 Baum et al. 53.9 Baum et al. 

NIC Nicaragua Latin America LA 63.2 19.6 Baum et al. 21.0 EPI 

PAN Panama Latin America LA 76.9 52.4 Baum et al. 58.8 Baum et al. 

PRY Paraguay Latin America LA 96.1 12.7 Baum et al. 1.0 EPI 

PER Peru Latin America LA 81.3 62.7 Baum et al. 28.0 EPI 

SHN Saint Helena Latin America LA NA 45.9 RegAvg 20.0 RegAvg 

SGS 

South Georgia and 

the South 

Sandwich Islands Latin America LA NA 45.9 RegAvg 20.0 

RegAvg 

SUR Suriname Latin America LA 90.3 0.5 Baum et al. 0.1 Baum et al. 

URY Uruguay Latin America LA 99.0 53.5 Baum et al. 15.0 EPI 

VEN Venezuela Latin America LA NA 89.1 Baum et al. 23.3 Baum et al. 

AIA Anguilla Caribbean CB 97.9 18.8 RegAvg 31.8 RegAvg 

ATG 

Antigua and 

Barbuda Caribbean CB 91.4 0.7 Baum et al. 100.0 
Baum et al. 

ABW Aruba Caribbean CB 97.7 18.8 RegAvg 31.8 RegAvg 

BHS Bahamas Caribbean CB 92.0 18.8 RegAvg 31.8 RegAvg 

BRB Barbados Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 

BMU Bermuda Caribbean CB NA 5.0 Baum et al. 0.0 EPI 

BES 

Bonaire, Saint 
Eustatius and 

Saba Caribbean CB NA 18.8 RegAvg 31.8 

RegAvg 

VGB 

British Virgin 

Islands Caribbean CB 97.5 18.8 RegAvg 0.0 
Baum et al. 

CYM Cayman Islands Caribbean CB 96.3 18.8 RegAvg 31.8 RegAvg 

CUB Cuba Caribbean CB 93.7 44.0 Baum et al. 19.0 EPI 

CUW Curacao Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 

DMA Dominica Caribbean CB NA 23.0 Baum et al. 0.0 Baum et al. 

DOM 
Dominican 
Republic Caribbean CB 85.7 32.6 Baum et al. 49.0 

EPI 

GRD Grenada Caribbean CB 97.5 18.8 RegAvg 31.8 RegAvg 

GLP Guadeloupe Caribbean CB 97.0 39.9 Baum et al. 31.8 RegAvg 

HTI Haiti Caribbean CB 33.7 1.7 Baum et al. 0.0 Baum et al. 

JAM Jamaica Caribbean CB 78.4 16.5 Baum et al. 40.0 EPI 

MTQ Martinique Caribbean CB 94.0 46.4 Baum et al. 46.3 Baum et al. 

MSR Montserrat Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 

PRI Puerto Rico Caribbean CB 99.3 57.0 EPI 100.0 Baum et al. 

KNA 

Saint Kitts and 

Nevis Caribbean CB NA 0.0 Baum et al. 31.8 
RegAvg 

LCA Saint Lucia Caribbean CB 70.4 6.7 Baum et al. 31.8 RegAvg 

VCT 

Saint Vincent and 

the Grenadines Caribbean CB NA 18.8 RegAvg 31.8 
RegAvg 

BLM Saint-BarthTlemy Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 

MAF Saint-Martin Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 

SMX Sint Maarten Caribbean CB NA 18.8 RegAvg 31.8 RegAvg 
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TTO 

Trinidad and 

Tobago Caribbean CB 92.1 27.6 Baum et al. 27.6 
Baum et al. 

TCA 
Turks and Caicos 
Islands Caribbean CB NA 0.0 Baum et al. 0.0 

Baum et al. 

VIR 

Virgin Islands, 

U.S. Caribbean CB 96.4 18.8 RegAvg 31.8 
RegAvg 

ASM American Samoa Oceania OC 96.9 41.1 EPI 99.7 EPI 

BVT Bouvet Island Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

CL- Clipperton Island Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

COK Cook Islands Oceania OC 94.6 10.0 IBNET 100.0 IBNET 

FJI Fiji Oceania OC 92.1 22.0 IBNET 90.6 IBNET 

PYF French Polynesia Oceania OC 97.1 1.9 Baum et al. 52.5 RegAvg 

ATF 
French Southern 
Territories Oceania OC NA 54.0 RegAvg 52.5 

RegAvg 

GUM Guam Oceania OC 97.4 98.3 Baum et al. 52.5 RegAvg 

HMD 

Heard Island and 

McDonald Islands Oceania OC NA 54.0 RegAvg 52.5 
RegAvg 

KIR Kiribati Oceania OC 50.8 37.0 IBNET 52.5 RegAvg 

MHL Marshall Islands Oceania OC 83.9 44.0 Baum et al. 0.0 Baum et al. 

FSM Micronesia Oceania OC 83.3 33.0 IBNET 100.0 IBNET 

NRU Nauru Oceania OC 65.6 54.0 RegAvg 52.5 RegAvg 

NCL New Caledonia Oceania OC 100.0 54.0 RegAvg 52.5 RegAvg 

NIU Niue Oceania OC 100.0 54.0 RegAvg 52.5 RegAvg 

NFK Norfolk Island Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

MNP 

Northern Mariana 

Islands Oceania OC 97.9 82.0 EPI 82.0 
EPI 

PLW Palau Oceania OC 100.0 0.0 Baum et al. 0.0 Baum et al. 

PNG 

Papua New 

Guinea Oceania OC 56.7 12.0 EPI 0.0 
Baum et al. 

PCN Pitcairn Islands Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

WSM Samoa Oceania OC 93.4 1.0 IBNET 100.0 IBNET 

SLB Solomon Islands Oceania OC 81.4 9.3 IBNET 0.0 EPI 

TKL Tokelau Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

TON Tonga Oceania OC 99.3 54.0 RegAvg 52.5 RegAvg 

TUV Tuvalu Oceania OC 86.3 71.9 Baum et al. 52.5 RegAvg 

UMI 

United States 

Minor Outlying 
Islands Oceania OC NA 54.0 RegAvg 52.5 

RegAvg 

VUT Vanuatu Oceania OC 65.1 54.0 RegAvg 52.5 RegAvg 

WLF Wallis and Futuna Oceania OC NA 54.0 RegAvg 52.5 RegAvg 

ATA Antarctica Austral-Asia DCAA NA 0.0 
Avg 

Surround 0.0 
AvgSurroun

d 

AUS Australia Austral-Asia DCAA 100.0 88.5 Baum et al. 91.5 E 

JPN Japan Austral-Asia DCAA 100.0 80.5 EPI_AVG 89.1 Baum et al. 

NZL New Zealand Austral-Asia DCAA NA 100.0 IBNET 82.0 EPI 

BLR Belarus CIS DCCIS 91.6 74.7 Baum et al. 100.0 IBNET 

MDA Moldova CIS DCCIS 89.0 35.3 Baum et al. 80.3 Baum et al. 

RUS Russia CIS DCCIS 74.4 60.5 Baum et al. 12.2 E 

UKR Ukraine CIS DCCIS 96.5 56.5 Baum et al. 0.0 E 

ALA Aland Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

ALB Albania Europe DCE 94.7 66.7 Baum et al. 65.1 E 

AND Andorra Europe DCE 100.0 100.0 Baum et al. 98.0 EPI 

AUT Austria Europe DCE 100.0 96.6 Baum et al. 96.7 Baum et al. 

BEL Belgium Europe DCE 100.0 87.9 Baum et al. 79.3 Baum et al. 

BIH 

Bosnia and 

Herzegovina Europe DCE 99.7 54.3 Baum et al. 100.0 
IBNET 

BGR Bulgaria Europe DCE 100.0 70.4 Baum et al. 44.4 Baum et al. 

HRV Croatia Europe DCE 98.6 45.0 Baum et al. 37.3 Baum et al. 

CZE Czech Republic Europe DCE 100.0 81.5 Baum et al. 89.5 Baum et al. 

DNK Denmark Europe DCE 100.0 97.3 

Avg 

Surround 94.4 
Baum et al. 

EST Estonia Europe DCE 99.7 75.2 Baum et al. 86.0 Baum et al. 

FRO Faroe Islands Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

FIN Finland Europe DCE 100.0 84.1 Baum et al. 90.9 E 
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FRA France Europe DCE 100.0 82.0 Baum et al. 90.2 Baum et al. 

DEU Germany Europe DCE 100.0 97.3 Baum et al. 98.1 Baum et al. 

GIB Gibraltar Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

GRC Greece Europe DCE 99.4 86.0 Baum et al. 90.7 Baum et al. 

GRL Greenland Europe DCE 100.0 97.3 

Avg 

Surround 94.4 

Avg 

Surround 

GGY Guernsey Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

HUN Hungary Europe DCE 100.0 66.0 Baum et al. 81.3 Baum et al. 

ISL Iceland Europe DCE 100.0 93.5 Baum et al. 64.8 Baum et al. 

IRL Ireland Europe DCE 99.6 67.2 Baum et al. 94.0 Baum et al. 

IMN Isle of Man Europe DCE NA 0.0 Baum et al. 0.0 Baum et al. 

ITA Italy Europe DCE NA 94.0 Baum et al. 90.0 

Avg 

Surround 

JEY Jersey Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

KO- Kosovo Europe DCE NA 52.4 IBNET 31.3 IBNET 

LVA Latvia Europe DCE NA 71.0 Baum et al. 64.2 Baum et al. 

LIE Liechtenstein Europe DCE NA 0.0 Baum et al. 0.0 Baum et al. 

LTU Lithuania Europe DCE 95.4 58.5 Baum et al. 75.0 Baum et al. 

LUX Luxembourg Europe DCE 100.0 95.0 Baum et al. 98.1 E 

MKD Macedonia Europe DCE 97.0 73.2 IBNET 7.1 Baum et al. 

MLT Malta Europe DCE 100.0 99.7 Baum et al. 46.9 Baum et al. 

MCO Monaco Europe DCE 100.0 100.0 Baum et al. 100.0 Baum et al. 

MNE Montenegro Europe DCE 91.9 53.6 Baum et al. 18.3 Baum et al. 

NLD Netherlands Europe DCE 100.0 99.7 Baum et al. 99.8 Baum et al. 

NOR Norway Europe DCE 100.0 83.1 Baum et al. 90.4 Baum et al. 

POL Poland Europe DCE 95.5 62.1 Baum et al. 67.4 Baum et al. 

PRT Portugal Europe DCE 100.0 80.8 Baum et al. 87.3 Baum et al. 

ROU Romania Europe DCE NA 41.8 Baum et al. 29.6 Baum et al. 

SMR San Marino Europe DCE NA 78.5 RegAvg 70.1 RegAvg 

SRB Serbia Europe DCE 98.5 53.6 Baum et al. 18.3 Baum et al. 

SVK Slovakia Europe DCE 99.9 58.3 Baum et al. 78.7 Baum et al. 

SVN Slovenia Europe DCE 100.0 68.8 Baum et al. 74.3 Baum et al. 

ESP Spain Europe DCE 100.0 97.3 Baum et al. 96.6 Baum et al. 

SJM 

Svalbard and Jan 

Mayen Europe DCE NA 78.5 RegAvg 70.1 
RegAvg 

SWE Sweden Europe DCE 100.0 82.9 Baum et al. 83.5 Baum et al. 

CHE Switzerland Europe DCE 100.0 97.4 Baum et al. 98.6 Baum et al. 

GBR United Kingdom Europe DCE 100.0 96.6 Baum et al. 98.5 Baum et al. 

VAT Vatican City Europe DCE NA 94.0 

Avg 

Surround 90.0 

Avg 

Surround 

CAN Canada 
North 
America DCNA 100.0 78.3 Baum et al. 99.5 

Baum et al. 

SPM 

Saint Pierre and 

Miquelon 

North 

America DCNA NA 78.3 RegAvg 99.8 
RegAvg 

USA United States 
North 
America DCNA 99.8 75.0 EPI 100.0 

Baum et al. 

 




