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Abstract

Human and animal feces present persistent threats to global public health and also opportunities 

for recovery of resources. We present the first global-scale accounting of recoverable feces 

(livestock animal and human) —from 2003–2030—using country-specific human and animal 

population estimates and estimated species-specific feces production by human or animal body 

mass. We also examine global coverage of domestic livestock animals and sanitation facilities 

to describe the distribution of onsite vs. offsite hazards from animal and human feces. In 2014, 

the total mass of feces was 3.9 trillion kg/year, increasing by >52 billion kg/year since 2003 

and anticipated to reach at least 4.6 trillion kg in 2030. Annual global production of feces from 

animals—primarily cattle, chickens, and sheep—was about four times that from humans, and 

ratios of animal:human feces continue to increase (geometric mean of 4.2:1 (2003) vs. 5.0:1 

(2014) vs. a projected 6.0:1 (2030)). Low-income populations bear the greatest burden of onsite 

feces, mostly from animals in or near the domestic environment. This analysis highlights the 

challenges of resource recovery from concentrated and dispersed sources of feces, and the global 

public health policy need for safe management of animal feces.

Background

By 2050, the global population is expected to increase by a third, from 7.2 to 9.6 billion,1 

with the proportion of urban residents increasing from 50% to 66%.2 Although supplying 

essential resources to support an expanding global population is critical, the waste generated 

from this growth also requires careful consideration. Fecal wastes from human and livestock 

animal populations present both potentially recoverable resources (nutrients, energy, and 
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metals3) as well as public health hazards, with increases in population density raising the 

stakes for waste management.4–6

Opportunity costs associated with discarded, unmanaged feces can be high, given 

resource limitations.7,8 Yields from recovery of metals alone may reach $13 million/1 

million person’s waste.9 Phosphorous, nitrogen, and potassium in human feces and urine 

could significantly contribute to future needs (e.g., up to 22% of global demand for 

phosphorous10), especially with improved recovery from newer sanitation systems.10,11 

Animal feces and urine have similar recovery potential and are commonly applied to 

agricultural lands12,13.

Unsafe management and subsequent exposure to human feces is associated with high 

burdens of enteric infections, stunting, and poor cognitive development. 4,14–17 Recent 

evidence suggests similar outcomes from exposure to animal feces,5,18,19 shifting 

understanding of the potential impact of zoonoses on global public health. Safe management 

of human feces is a critical priority for the Sustainable Development Goals,20 though its 

realization may require decentralized sanitation solutions with fecal sludge management 

(FSM) for most– a paradigm with important differences from the model of sanitation 

development in many wealthy countries,21 though onsite systems are also prevalent (e.g. 

>20% of domestic waste managed onsite in the United States).22 Containment and safe 

use of animal fecal wastes have not been a priority in global sanitation policy to-date, and 

approaches that make productive use of animal feces while reducing unsafe exposures are 

highly variable in practice5, despite the critical role such wastes may play in enteric disease 

transmission. Integrated human-animal waste management is, however, recognized in the 

One Health paradigm, which seeks holistic integration of human, animal, and environmental 

systems underpinning current and emergent public health challenges.23,24

In this study, we estimate annual global recoverable—humans and livestock animal—feces 

production historically (2003–2014) and prospectively (2017–2030). We combine animal 

population data from the United Nations Food and Agricultural Organization (FAO), human 

population data from the World Bank, and mass-based estimates of human- and animal-

specific fecal production from literature to produce global and region-specific estimates 

of fecal biomass. We also estimate national percentages of fecal biomass representing 

household-level hazards vs. percentages offsite, using data on household ownership of 

animals and sanitation facilities. This analysis provides a foundation for global estimates 

of resource recovery potential and risks associated with feces using systematically-derived 

estimates. Results can support global and regional public health and resource-recovery 

planning.

Results:

Fecal production from animal and human populations

The 2014 global population of humans (7.2 billion) and livestock animals (29.7 billion) 

produced an estimated 3.9 trillion kg of feces (Table 1). Human feces comprised only 810 

billion kg (21%) of the total fecal biomass, and was highest in Southeast Asia (1.9 billion 

people, 201 billion kg of feces) and the Western Pacific (1.8 billion people, 216 billion kg 
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of feces). The discrepancy in regional human fecal production vs. population was due to 

smaller average body mass in Southeast Asia (58 kg) than the Western Pacific (66 kg).25

Animal populations were greatest in the Western Pacific (8.9 billion, 779 billion kg of 

feces), the Americas (6.7 billion, 784 billion kg of feces), and Southeast Asia (4.3 billion, 

487 billion kg of feces). Globally, chickens (21.4 billion, 780 billion kg of feces), cattle 

(1.5 billion, 1.3 trillion kg of feces) and sheep (1.4 billion, 231 billion kg of feces) were 

the largest animal populations and feces producers (Supplementary Table 2). Despite having 

fewer animals, the Americas produced more feces, compared with other regions, due to its 

share of livestock animals with high body masses (e.g., cattle).

Countries with the largest human populations produced the greatest estimated fecal biomass 

in 2014 (Figure 1). China (19%) and India (11%) accounted for >25% of the world’s 

feces, followed by Brazil (7.2%), the United States (6.1%), Pakistan (3.3%), Indonesia 

(2.9%), and Mexico (2.0%). Argentina, Australia, Bangladesh, France, Iran, Nigeria, Russia, 

Sudan, and Turkey composed the remaining 9/16 countries that individually produced ≥1%, 

and in sum comprised >63%, of the world’s feces in 2014. Ratios of animal feces to 

human feces in 2014 (kg animal/kg human) varied from <1 to >20 by country (Figure 2). 

Regional geometric mean animal:human feces ratios were highest in the Western Pacific 

(26) and Americas (11), compared with other regions (3.2–4.2). From 2003–2014, annual 

animal:human feces ratios increased significantly by country and overall (Figure 3). The 

overall geometric mean increased from 4.2 (95% CI: 3.6–5.0) to 5.0 (95% CI: 4.2–6.0). 

Projecting current trends results in a geometric mean of 6.0 (95% CI: 4.8–7.6) by 2030. Full 

descriptions of human and animal populations and feces production are available in Figures 

1–3, Table 1, Supplementary Table 2, and Supplementary Discussion.

Onsite (household-level) hazards from human and animal feces

Worldwide, 56% of households had a sanitation facility with onsite containment (i.e., 

unsewered, representing 456 billion kg of feces), while 29% were connected to sewerage 

networks (235 billion kg of feces) and 12% had no facility (97 billion kg of feces) (Table 

2). Onsite containment was most prevalent in the Western Pacific (70%, 152 billion kg of 

feces), Southeast Asia (69%, 140 billion kg of feces), and Africa (61%, 65 billion kg of 

feces). Conversely, sewerage was most prevalent in Europe (68%, 78 billion kg of feces), the 

Eastern Mediterranean (40%, 32 billion kg of feces), and the Americas (33%, 42 billion kg 

of feces). Further data are in Table 2 and Supplementary Discussion.

Globally, 30% of households had domestic livestock animals in 2014 (933 billion kg of 

feces: more than twice that of onsite human feces, Table 3), commonly chickens (44%), 

cattle (22%), and goats (18%). Southeast Asia (53%), Africa (48%), and the Western Pacific 

(33%) had the largest proportions of domestic livestock animals. Further global and regional 

estimates are in Table 3, Supplementary Table 3, and Supplementary Discussion.

Past and projected animal and human feces production

From 2003–2014, total annual fecal biomass increased by 52.1 billion kg/year, on average: 

9.5 billion kg/year from humans and 42.6 billion kg/year from animals (data not shown). 

Using projected human population increases with 2014 human:animal population ratios, the 
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total annual fecal biomass would increase by 13% from 4.09 trillion kg (2017) to 4.63 

trillion kg (2030), on average by 41.5 billion kg/year. This estimate is more conservative 

than a) projecting the 2003–2014 trend to 2030 (4.73 trillion kg) or b) applying projected 

animal:human feces ratios to country-level human fecal production estimates in 2030 (5.03 

trillion kg). Regardless of estimate, humans would produce >1 trillion kg of feces/year by 

2030.

Under the most conservative estimates, total fecal biomass in the Western Pacific and the 

Americas would be about equal in 2030 (1.04 vs. 1.02 trillion kg, Supplementary Figure 1b). 

By 2030, the human fecal biomass in Southeast Asia would approximate that of the Western 

Pacific (233 vs. 228 billion kg, Supplementary Figure 2b), while the animal fecal biomass in 

the Americas would still be the largest (879 billion kg, Supplementary Figure 3b). Through 

2030, Africa has the largest average change in total (18 billion kg/year, Supplementary 

Figure 1b), human (4.1 billion kg/year, Supplementary Figure 2b) and animal (14 billion 

kg/year, Supplementary Figure 3b) fecal biomass. More information on past and projected 

feces production is in Supplementary Figures 1–3.

Discussion

A baseline accounting of the fecal biomass associated with the growing global human and 

livestock animal populations can motivate and inform the establishment of global policies 

to maximize resource recovery while effectively mitigating public health hazards from both 

sources. This analysis highlights the differences required for safe management of human 

and animal feces in high-income vs. LMICs, but also underscores the large, and generally 

under-appreciated burden of animal feces management, especially in and near the domestic 

environment in LMICs. Our analysis may be useful in integrating policies to address the 

Sustainable Development Goals (SDGs) around food production (SDG 2), public health 

(SDG 3), water and sanitation (SDG 6), and sustainable production (SDG 12).20

Although estimates of annual human feces produced in LMICs, animal and human 

populations, and human-specific population growth and biomass, have been generated 

previously,3,25–28 this analysis is the first to comprehensively estimate global and regional 

fecal biomass from human and animal sources. Our estimates of fecal biomass—that include 

animal feces—are 10–40 times larger than previous human-specific estimates limited to 

LMICs.3 Studies highlighting the need for onsite management of fecal wastes have not 

accounted for animal feces,21,29 whose contribution to health risk is only beginning to be 

examined critically.5

Interdisciplinary efforts to “close the loop” (understand fecal waste from both a resource and 

a public health perspective) have rarely been implemented at-scale, despite the need to safely 

maximize resource efficiency.30 This may be due to challenges in monitoring the impacts 

of resource recovery—and concomitant public health hazards—from human-animal fecal 

biomass, which must generally be assessed at global (and not local) scales, as is common 

in measuring sustainability.30,31 Although nutrient content and recoverability vary by source, 

scale, diet, and other factors related to management, almost 4 trillion kg of feces represent 

significant potential value for recovery, especially if accompanied by urine recovery (not 
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included in our calculations, but often present in the same waste streams). Such biomasses 

could provide large, low-cost quantities of phosphorous (21–91 billion kg/year), potassium 

(7–28 billion kg/year), calcium (15–17 billion kg/year), magnesium (4–5 billion kg/year), 

and iron (786 billion kg/year).3,32 At the household level, the type of sanitation facility—and 

its associated ability to recover waste in efficient ways that limit microbial exposures—is 

also an important factor and area of recent research.13,33

However, translating the potential value of these resources into real benefits will require 

multi-scale solutions with sustained investment, including in approaches to limit exposure 

risks associated with fecal waste streams. Although technology and processes for both 

onsite (household-level) and offsite (e.g. concentrated animal feeding operations (CAFOs)) 

storage, treatment, and use of animal and human waste exist, the management options are 

variable and frequently challenging. In most high-income countries, sewerage enables rapid, 

centralized treatment of concentrated wastewater and sludge at wastewater treatment plants 

(WWTPs) for agricultural use,34,35 which supplement the small global percentage of EcoSan 

(0.2%). Similarly, CAFOs produce concentrated animal waste, facilitating treatment and 

subsequent use, but also potentially magnifying public health hazards. As ‘point sources’ of 

human and animal waste treatment, centralized paradigms present challenges in optimizing 

the geographic supply and demand for nutrients from feces, and to a larger extent urine, but 

also improve efficiency and regulation of treatment given high throughput.7,36

In contrast, managing human and animal waste in LMICs may present challenges not 

yet anticipated in high-income settings (sewerage/CAFO paradigm) because decentralized 

approaches may be required. Treatment of geographically diffuse animal and human waste 

requires methods appropriate for smaller volumes of higher-strength waste with greater 

solids and pathogen content, including onsite systems; these characteristics affect design, 

treatment efficiency, and regulatory control.37 Despite advances in regulatory capacity in 

LMICs, direct use or discharge of sewage or wastewater from animal and human sources 

remains common37,38 and national/local guidelines or regulations for reuse of fecal wastes 

are challenging to develop, implement, and enforce.37 The responsibility of management, 

including any treatment, may fall to households or small communities.

Increased user-borne costs are also associated with decentralized systems. Aggregation of 

small volumes of waste into large, usable quantities (as at WWTPs) may face significant, 

financial hurdles in the emptying and transport costs for fecal sludges, potentially 

threatening the economic viability of these services.39 In contrast to centralized treatment 

paradigms that may be supported with public funds, costs are predominantly passed on 

to the user (household), potentially limiting sustainability and affordability, and therefore 

scale.40 Growing urban LMIC populations require new management systems for onsite 

sanitation that economize space,41 minimize costs,21 and safely sequester fecal wastes from 

human contact. Although localized agriculture presents opportunities for immediate onsite 

use not generally present in high-income settings, such opportunities may be absent in 

urban and urbanizing areas, and LMIC waste management paradigms will likely shift with 

growing populations/population densities and wealth. Further, there is a need to ensure that 

existing onsite sanitation systems are properly designed, installed, and maintained to prevent 

contamination of local water resources throughout the world.42
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From a public health perspective, the hazards associated with unsafe management of onsite 

human and animal feces accrue at localized scales, where humans and animals live in 

close proximity. Common livestock animals—also large producers of onsite feces (e.g. 

chickens, cattle, goats, and sheep)—present significant risks for pediatric enteric infections 

in LMICs.5,43 Poor treatment of applied wastes may also result in significant disease 

burdens from fecal contamination—and subsequent consumption—of raw, unwashed or 

undercooked produce beyond the household.44

In addition to the responsibility for onsite management of human excreta recognized 

in decentralized sanitation paradigms,21,45 households in LMICs also bear the greatest 

burden of managing onsite animal feces, and associated exposure risks.5 Despite decades 

of focus on preventing contact with human feces and associated enteric pathogens46 and 

substantial knowledge of zoonotic hosts of many of these same enteric pathogens, the water, 

sanitation, and hygiene (WASH) sector has yet to substantively focus on safe management of 

animal feces.5,43 This analysis shows animal feces are of immediate and growing concern, 

comprising 80% of the global fecal biomass and almost 1 trillion kg onsite (more than twice 

that of human feces) with increasing animal feces:human feces ratios over time.

We note limitations in the scope and precision of this analysis, which includes both direct 

and imputed national estimates for countries without available data. This approach provides 

a valuable first estimate of recoverable fecal biomass, but does not account for country- 

and sub-country-level uncertainty and relies on some assumptions of unknown validity. 

Variability in sub-national infrastructure coverage prevents generalization of national-scale 

estimates to sub-national scales.47,48

Estimates of mammalian feces production based on primary analyses of mammalian 

feces:body mass relationships 49 are more accurate than point estimates for single species. 

However, we were nonetheless obligated to use literature estimates for avian feces 

production, which generally comprised ‘excreta’ (urine + feces) and not feces alone. Given 

data limitations, we were unable to account for within-species variation in body mass by 

age and assumed estimates for adults. Although we assumed 2014 ratios of human:animal 

populations remained constant when projecting fecal biomass production, these ratios may 

increase following recent trends in feces ratios (Figure 3), and therefore likely underestimate 

the growth of livestock animal populations—and their feces—as demand for meat and 

dairy increases with wealth.50 Sparse estimates of sanitation coverage and animal ownership 

in high-income countries represent an area where expanded household-level data could 

improve accuracy and highlight locations without access to safely-managed sanitation 

systems (e.g. in countries like the United States).51

Current and projected estimates of fecal biomass suggest the world’s poorest regions have 

not only the largest onsite hazards from human feces, but also from animal feces, amplifying 

exposure risks associated with unsafe management and opportunities for productive use. 

This analysis highlights the ever-growing burden of animal feces in the recent past, present, 

and future. Given potential disease burdens, there is an urgent need to develop, test, and 

scale innovations that improve safe management of animal fecal wastes (in addition to 
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human fecal wastes), especially among the world’s poorest people where the potential risks 

and benefits are greatest.

Methods:

Data sources:

We collected human and livestock animal population data from 2003–2030 World Bank 

estimates26,27 and from the FAO for 2003–201428 (when the most recent data was available), 

respectively. We analyzed data by country, WHO region, and globally. We describe the 

derivation of FAO estimates of country-level animal populations in Supplementary Methods 

and Supplementary Table 1.

We obtained data for 112 low- and middle-income countries (LMICs) on household 

ownership of animals and types of household sanitation facilities from the Demographic and 

Health Survey (DHS, phase 5 (2003–2008), 6 (2008–2013), and 7 (2013–2018: most recent 

survey from 2015)) and Multiple Indicator Cluster Survey (MICS, rounds 3 (2005–2009), 

4 (2009–2013), and 5 (2013–2017, most recent survey from 2016)). For an LMIC without 

these data, we assigned it the average proportion of households with animals and/or average 

sanitation coverage of all countries in its WHO region and income level (low, low-middle, 

middle, middle-high, or high), with the exception of China, given the proportion of the 

global population it occupies. We collected data for China from the 2009 China Health and 

Nutrition Survey.52

We obtained data on sanitation coverage in middle-high and high income countries from 

the Integrated Public Use Microdata Series-International (IPUMS-I),53 which included seven 

countries. Therefore, we assigned all other middle-high and high-income countries to the 

average sanitation coverage by region and income level, as described for LMICs. Due to 

sparse country-level data on household livestock animal ownership, we generated estimates 

for these countries from the American Veterinary Medical Association,54 which was 

corroborated by previous American and European literature.55–61 We conducted all analyses 

and generated all figures in R version 3.4.0 (R Foundation for Statistical Computing, Vienna, 

Austria).62

Estimating annual per-animal and per-human fecal production:

We estimated annual mammalian (including human) feces production by type using an 

equation for daily mammalian feces production from Yang et al. (2017)49:

Global population of the given animal  or humans   × Average adult per‐animal or per‐human  body mass in kg 0.83

× 0.01 × 365 days/year = Feces produced by a given animal  or by humans  in kg per year

where average mammalian animal body mass was estimated, assuming all animals 

were adults, from the University of Michigan Museum of Zoology63 and peer-reviewed 

literature.64–72 We accounted for regional variation in diet and body mass by estimating 

human body masses by WHO regions from previous literature.25 The equation represents the 

study of daily production of feces by individual mammals at the Atlanta Zoo by mass and 
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species, plotted together.49 In total, the equation explained 86% of the variance in daily feces 

production (R2 = 0.86), the most of any characteristic measured on mammals.49

For avians, we estimated feces production by animal type from literature,73–75 with the 

exception of guinea fowl, which were assumed to produce feces at the same rate as geese, 

but proportional to mass (the “geese/guinea fowl” FAO group was assumed to be composed 

of half of each species).

For all estimates, we constructed uncertainty bands by: 1) using high and low values from 

95% confidence intervals for animal body mass (for animals with more than two body mass 

estimates and for humans using regional estimates25); or 2) inputting the two body masses 

(for animals with only two body mass estimates); or 3) using a 14% estimate of uncertainty, 

based on residual variability in the model from Yang et al.49 (for animals with only one body 

mass estimate available). More information about classification of animals by type can be 

found in the Supplementary Methods and Supplementary Table 1.

Estimating onsite (household-level) hazards from animal and human feces:

As a measure of the potential onsite (household-level) hazards of fecal biomass, we 

estimated the proportions of animal and human feces located at the household vs. “off-site” 

(at other locations) from previous data sources combined with surveys of household animal 

ownership and sanitation facilities (e.g. DHS, MICS, IPUMSI). For animal feces, we also 

combined FAO country-level estimates of animal populations with data on household animal 

ownership (both presence/absence and grouped estimates of animals per household (1 – <10, 

10 – < 95, and 95+) to apportion numbers of animals, and thereby animal feces, by location. 

For human feces, we combined World Bank national estimates of human populations 

with data on household sanitation type—divided into sewered vs. onsite (non-sewered)—to 

apportion human feces by location. We include further information on estimation methods 

and assumptions for these data in the SI Materials and Methods.

Projected human and animal fecal production:

We projected human fecal production for 2017–2030 based on the World Bank Population 

Estimates and Projections Database27 (for human populations) and previously-described 

methods for human feces production. We projected animal fecal production for 2017–2030 

from current (2014) estimated ratios of animals:humans by country and FAO animal type,28 

which we then applied to those World Bank human population projections for 2017–2030. 

We calculated uncertainty bands as described previously for these estimates. Additionally, 

we calculated alternative feces production estimates by: a) estimating the average annual 

growth in fecal production from 2003–2014 and applying that estimate to 2017–2030 

data; and b) projecting animal feces:human feces ratios for 2017–2030 and applying 

them to human feces production estimates from World Bank human population projections 

(described earlier).
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Analyses of animal feces:human feces ratios:

We analyzed trends in animal feces:human feces ratios, at country-level, over time using 

mixed-effects linear regression with year as the predictor variable and a random intercept for 

country. We conducted analyses in R using the lme4 package.76

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Data availability:

All data on animal sizes and population estimates were obtained from tables/figures 

in manuscripts listed and publicly available datasets (DHS data available from the 

DHS program: https://dhsprogram.com/data/; MICS data available from UNICEF: http://

mics.unicef.org/). A final dataset of the feces estimates supporting this manuscript is 

available from the corresponding author upon request.
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Figure 1: 
2014 country-level estimates for percentage of the world’s feces production. Darker red 

indicates larger production of feces annually. Country borders are in black, while countries/

regions in gray have no data.
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Figure 2: 
Country-level Animal Feces:Human Feces Ratios. Colors represent 2014 ratios (darker 

purple indicates countries with larger ratios, while countries in white have about ratios close 

to 1). Line density varies with the average change in ratios from 2003–2014 (presented per 

10-years for ease of interpretation). Higher line density indicates larger, positive average 

changes in the ratio, while absence of lines indicates a negative change in ratio (with the 

exception of one country, all negative ratios were between −1 and 0). Countries in gray have 

no data available.
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Figure 3: 
Country-level animal feces:human feces ratios, 2003–2014. Gray dots represent countries, 

with dot size varying by population. Dots are jittered for visualization only: all dots 

within the designated lines belong to the same year. Annual geometric means and 95% 

confidence intervals are indicated by red circles and lines, respectively. Graph is split 

into ratios between 0–10 (bottom, linear scale) and 10–1000 (top, logarithmic scale) for 

visualization. Linear mixed-effects models estimating ratios by year, with a random effect 

for each country, were significant at p < 0.001.
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