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A B S T R A C T   

The One Health concept that human, animal, plant, environmental, and ecosystem health are linked provides a 
framework for examining and addressing complex health challenges. This framework can be represented as a 
multi-dimensional matrix that can be used as a tool to identify upstream drivers of disease potential in a concise, 
systematic, and comprehensive way. The matrix can involve up to four dimensions depending on users’ needs. 
This paper describes and illustrates how the matrix tool might be used to facilitate systems thinking, enabling the 
development of effective and equitable public policies. The multidimensional One Health matrix tool will be used 
to examine, as an example, global human and animal fecal wastes. The fecal wastes are analyzed at the microbial 
and population levels over a timeframe of years. Political, social, and economic factors are part of the matrix and 
will be examined as well. The One Health matrix tool illustrates how foodborne illnesses, food insecurity, 
antimicrobial resistance, and climate change are inter-related. Understanding these inter-relationships is 
essential to develop the public policies needed to achieve many of the United Nations’ Sustainable Development 
Goals.   

One Health is the concept that human, animal, plant, environmental 
and ecosystem health are linked [1]. It has been recognized as an 
important strategy for examining and addressing complex global health 
issues [2]. Zoonotic diseases, antimicrobial resistance, foodborne ill-
nesses, food insecurity, and climate change are generally treated as 
separate problems. But from a One Health perspective, they are inter- 
related. Identifying and understanding these inter-relationships are 
essential for achieving many of the United Nation’s Sustainable Devel-
opment Goals [3]. 

The importance of a One Health approach has been recognized. For 
example, the US Agency for International Development (USAID) em-
ploys a One Health approach integrating health, agriculture, environ-
ment, trade, and finance to advance global health security. USAID 
identified five dimensions that are essential to establish on-the-ground 
multisectoral coordination needed to implement One Health policies. 
The most important dimension is political commitment. One Health 
champions are critical to convince policymakers to support the imple-
mentation of One Health policies. The four other dimensions are man-
agement and coordination capacities, joint planning and 
implementation, technical and financial resources, and adequate insti-
tutional structures [4]. 

This paper develops a framework that can be used to develop One 
Health policies by facilitating systems perspectives rather than limited 

linear thinking. Developing effective, strategic public policies that 
mitigate, or ideally, prevent health threats requires using data based on 
sound science to identify upstream drivers of disease potential [5]. The 
One Health framework can be represented as a multi-dimensional ma-
trix which provides users with a tool to research, analyze, and address 
complex health threats in a concise, systematic, and comprehensive 
way. The matrix can involve up to four dimensions depending on the 
users’ needs and will be briefly described below before illustrating how 
it might be used. 

1. First dimension 

The first dimension represents the essential One Health factors: 
humans, animals, plants, environments, and ecosystems. Humans can be 
stratified by age, gender, or other relevant characteristics such as health 
or disease status. Animals and plants can be either wild, domestic, or 
both. Environments cover the abiotic (e.g. soil, water, air, chemicals) 
aspects of defined geographic areas. Ecosystems involve the biotic (e.g. 
microbial, flora, fauna) interactions within defined geographic areas. 
Environments and ecosystems can be indoors, inside buildings and 
structures, or outdoors in urban, suburban, rural, or undeveloped, nat-
ural settings. 

* Corresponding author. 
E-mail address: lkahn@alumni.princeton.edu.  

Contents lists available at ScienceDirect 

One Health 

journal homepage: www.elsevier.com/locate/onehlt 

https://doi.org/10.1016/j.onehlt.2021.100289 
Received 26 May 2021; Received in revised form 1 July 2021; Accepted 2 July 2021   

mailto:lkahn@alumni.princeton.edu
www.sciencedirect.com/science/journal/23527714
https://www.elsevier.com/locate/onehlt
https://doi.org/10.1016/j.onehlt.2021.100289
https://doi.org/10.1016/j.onehlt.2021.100289
https://doi.org/10.1016/j.onehlt.2021.100289
http://crossmark.crossref.org/dialog/?doi=10.1016/j.onehlt.2021.100289&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


One Health 13 (2021) 100289

2

2. Second dimension 

The second dimensions’ factors are divided into different levels of 
complexity: microbial, individual, and population [6]. The second di-
mension’s levels of complexity should intersect with the first di-
mension’s One Health factors creating a two-dimensional matrix. 
(Please see Fig. 1) For example, humans, animals, plants, environments, 
and ecosystems could be studied at any or all microbial, individual, and/ 
or population levels. Microbial levels could include normal microbial 
flora, invading pathogens, or both. At the individual level, a single 
human, animal, plant, environment and/or ecosystem could be exam-
ined regarding specific questions relevant for an individual’s health. 
Population levels of humans and animals could be examined using 
standard epidemiologic methodologies; while population levels of do-
mestic and wild plants and trees could be studied as agricultural fields, 
urban and suburban parks, wild grasslands, savannas, marshes, forests, 
and other flora groupings. Environments and ecosystems at population 
levels could examine abiotic contaminants and biotic interactions, 
respectively, in defined geographic areas. 

3. Third dimension 

The third dimension involves political, social, and economic factors 
which could be examined within political boundaries: local/regional, 
national, and international/global levels. Political factors could include 
government infrastructures, laws and regulations, relevant public pol-
icies and funding. Social factors could include cultural, religious, and 
educational factors. Negative social factors could include corruption, 
prejudice, bigotry, racism, anti-Semitism, misogyny, xenophobia and 
other factors adversely affecting diversity, equity, inclusion, justice, and 
health. Economic factors could include corporate interests and income, 
employment rates, poverty rates, health care access and availability 
rates. 

The third dimension intersects with the first two dimensions forming 
a three-dimensional matrix, or a cube. (Please see Fig. 2) Specifically, 
the five One Health factors intersect with the Complexity factors. Both of 
these dimensions intersect with the Political, Social, and Economic 
(PSE) factors within the specified political boundaries. 

4. Fourth dimension 

The fourth dimension involves time such as days, months, years, 
decades, or centuries. In most cases, time would involve months or 
years. For long-term analyses, five-year or ten-year periods might be 
preferable. Time periods involving climate change might include de-
cades, centuries or even eras, such as the Holocene or Anthropocene 
eras, if using geologic timeframes. Visualizing all four dimensions is 
possible, involving changing the three- dimensional cube over time, but 
will not be done in this paper. 

5. Using the one health matrix 

Ideally, developing One Health policies involves collaborating 

individuals, contributing their areas of expertise when using the multi- 
dimensional matrix. In this paper, for brevity, the five One Health fac-
tors will intersect with the microbial and population Complexity factors 
at the international/global level of political boundaries. The timeframe 
will be in years. 

In essence, this One Health matrix analysis will be a satellite 
perspective of the global human and domesticated terrestrial food ani-
mal populations microbial impacts on the planet’s plants, environments 
and ecosystems. Political, social, and economic factors will be briefly 
reviewed focusing on global animal protein demand and livestock pro-
duction. The global impacts on agriculture, food safety and security, 
antimicrobial resistance, and climate change will be discussed. 

6. Humans and domesticated food animals/populations and 
microbes 

According to the U.S. Census Bureau, as of 2021, the world’s popu-
lation has grown to over 7.7 billion people [7]. As the global human 
population approaches 8 billion, domesticated livestock have surpassed 
30 billion animals. The UN Food and Agriculture Organization’s FAO-
STAT database shows that in 2019 the global domesticated animal 
population was approximately 33.3 billion animals, excluding com-
panion animals such as dogs and cats [8]. Ruminants (i.e. buffaloes, 
cattle, goats, and sheep), chickens, and pigs make up approximately 
93% of the livestock. Demand for animal proteins is increasing, partic-
ularly in developing countries, with a projected doubling of livestock 
production by 2050 [9]. Currently, humans and their domesticated 
mammalian livestock constitute approximately 96 to 98% of the total 
global terrestrial mammalian biomass [10]. 

Collectively, humans and their domesticated animals impact the 
planet in many ways. This paper will focus on the global impact of 
human and animal fecal wastes. Berendes et al. (2018) conducted a 
global-scale accounting of human and livestock fecal matter and esti-
mated that in 2014, the total global fecal mass produced was almost 4 
trillion kilograms. Livestock contributed 80% of it. To visualize this, 4 
trillion kilograms of fecal matter would cover the entire surface areas of 
Los Angeles, California and New York City, New York combined under 6 
ft (1.83 m) of feces [11]. As human and animal populations grow, fecal 
waste production will increase by approximately 52 million kilograms 
each year [12]. 

Fecal matter has long been recognized as a source of disease. Path-
ogens in human feces include Campylobacter and Salmonella, Norovirus 
and Rotavirus, helminths, and protozoa such as Cryptosporidium and 
Giardia [13]. Animal fecal matter contains many pathogenic bacteria, 
helminths, protozoa, viruses, and microsporidia. Specific organisms 
include Campylobacter, E. coli, Klebsiella, Salmonella, Shigella, Vibrio, 
Cryptosporidia, Giardia, Toxoplasma, Rotavirus, Adenovirus, and others 
[14]. 

Fecal contamination contributes to foodborne and waterborne ill-
nesses causing diarrheal diseases and is particularly problematic for 
young children. In 2015, almost half a million children younger than 
five years of age died from diarrheal diseases; they represented 8.6% of 
the total 1.3 million deaths from diarrheal diseases. The top pathogens 
causing all diarrheal disease deaths were Rotavirus, Shigella, and Sal-
monella. In children, the top diarrheal pathogens were Rotavirus, Cryp-
tosporidium, Shigella, and Adenovirus [15]. Some of these pathogens are 
present in both human and animal feces, others such as Shigella are 
present primarily in animal feces. Shigella has been recognized as a 
major contributor of global diarrheal diseases, contributing around 
160,000 deaths annually, a third of which are associated with young 
children [16]. Whole genome sequencing surveillance of microbes such 
as Shigella provides important information regarding the epidemiology 
of foodborne illnesses as well as the acquisition of antimicrobial resis-
tance [17]. This technology would assist in identifying the human, an-
imal, and environmental sources of these pathogens which would 
facilitate improved prevention strategies. 
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Fig. 1. Two-Dimensional One Health Matrix.  
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According to WHO, in 2017, about 2 billion people lack toilets, la-
trines, and other basic sanitation systems. Over 670 million practice 
open defecation. The rest of the world’s population has access to sani-
tation services including sewers and wastewater treatment facilities 
[18]. But sanitation services primarily process human not animal fecal 
matter [19]. 

Animal fecal matter, called ‘manure,’ can serve as fertilizer for crops 
if properly processed to eliminate harmful pathogens beforehand. 
Proper manure management generally includes the collection, treat-
ment, storage, and application of livestock urine and fecal waste. In 
2014, a global assessment of manure management in developing coun-
tries in Central and South America, South and East Asia, and Sub- 
Saharan Africa found a wide variation in policies, practices, and 
farmer knowledge about the subject. In contrast to traditional small- 
scale farmers who raise a few livestock alongside their crops, rapidly 
growing industrial livestock operations around major urban centers in 
developing countries produce far more manure than can be used as 
fertilizer. In general, the report found that manure is poorly stored and 
handled and often discharged into surrounding lands [20]. 

The challenges of manure management is not limited to developing 
countries. In developed countries, Concentrated Animal Feeding Oper-
ations (CAFOs) which are defined as agricultural enterprises in which 
more than 1000 animal units are raised in confined situations, produce 
millions of tons of manure each year [21]. These wastes may be used as 
fertilizer on adjacent cropland, or if too much is produced, may 
contaminate nearby waters and soils and release toxic emissions into the 
atmosphere. Although environmental regulations such as ‘The Clean 
Water Act’ are meant to reduce environmental contamination, the 
assumption that government agencies collect reliable manure contami-
nation data on CAFOs should not be made [22]. 

7. Domesticated plants (Crops)/populations 

Of the approximately 50,000 edible plants in the world, three pro-
vide 60% of the world’s food energy intake: rice, maize, and wheat [23]. 
The ‘Green Revolution’ in the 1960s focused on boosting production of 
these three crops which are fundamental to global food security. The 
development of high-yielding, semi-dwarf wheat and rice along with the 
application of synthetic fertilizers dramatically increased global annual 
production and yields [24]. From 1961 to 2019, global production and 

yields increased over 80% for maize and increased over 70% for both 
rice and wheat [25]. For developing countries the gains were dramatic: 
208% increase for wheat, 157% for maize, and 109% for rice [26]. The 
Green Revolution reduced poverty and averted hunger for millions of 
people in developing countries, but it came with costs including a reli-
ance on pesticides and synthetic fertilizers [27]. 

Crops need three primary nutrients (i.e. nitrogen, phosphorus, and 
potassium) as well as secondary and micronutrients to grow and thrive. 
Primary nutrients are typically provided by the use of organic (i.e. 
manure, sewage sludge) or inorganic (synthetic) fertilizers [28]. In 
1961, more than 1.5 times animal manure was applied to agricultural 
fields globally than synthetic fertilizer. In 2018, the rates were reversed: 
almost 2 times more synthetic fertilizers were applied to the world’s 
agricultural fields than animal manure [29]. Long-term use of manure 
appears to improve soil quality better than inorganic fertilizer [30]. 

8. Environments and ecosystems/populations and microbes 

While manure is important for crop and soil health, too much of it 
contaminates environments. Manure deposited on pastures, used as 
fertilizer on agricultural soils, and management practices are major 
sources of global nitrous oxide. According to the Intergovernmental 
Panel on Climate Change (IPCC), agriculture contributes almost a 
quarter of total global anthropogenic greenhouse gas emissions and over 
50% of methane and nitrous oxide emissions [31]. Methane and nitrous 
oxide are far more potent than carbon dioxide at trapping heat; their 
greenhouse gas potentials (GWP) are estimated to be between 28 and 36 
and 265–298 over 100-year timeframes each, respectively. By compar-
ison, carbon dioxide has a GWP of 1 but lasts in the atmosphere for 
thousands of years [32]. Besides manure, microbes in the rumens of 
ruminants also contribute potent greenhouse gasses. Livestock produc-
tion, particularly enteric fermentation in ruminants, is the largest global 
source of anthropogenic methane [33]. 

Manure microbes can disrupt ecosystems. Improperly processed 
manure can contaminate food, water, and spread antimicrobial resistant 
genes to soil microbes. Animal manure has been found to be a potential 
hot spot, a perfect breeding ground, for antimicrobial resistance gene 
dissemination via horizontal gene transfer mechanisms [34]. Manure 
microbes mix with soil microbes, altering microbial biomes, and 
potentially changing the ‘Global Resistome,’ the total amount of 
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Fig. 2. One Health Multidimensional Matrix Tool.  
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resistance genes in the world’s microbial ecosystems [35]. Antimicrobial 
resistance is ancient, naturally occurring, ubiquitous, and predates the 
selective pressures of modern antibiotic use [36]. Antimicrobial resis-
tance is unlikely to be controlled as long as trillions of kilograms of 
manure laden with antibiotic resistant microbes continues to mix with 
the world’s soil microbes. 

9. Political, social, and economic factors 

Food security is so important that the United Nations listed ‘zero 
hunger’ as its second out of seventeen sustainable development goals. 
Animal proteins contain important micronutrients such as iron and 
vitamin B12 and serve as essential components of many people’s diets. 
Eating meat is an integral part of many cultural traditions and religions, 
and raising livestock is a vital source of livelihood and food for millions 
of people, especially in low- and middle-income countries. 

In 2016, almost 130 billion pounds of beef were consumed globally 
with affluent countries consuming far more beef per capita than low- or 
middle-income countries [37]. Reducing animal protein consumption 
on a societal level, particularly in high-meat consuming countries, to 
benefit public and planetary health would not be simple or straightfor-
ward. Even India, which has the largest percentage of vegetarians in the 
world, is experiencing an increased demand for animal proteins [38,39]. 

But animals did not evolve to live by the hundreds, thousands, or tens 
of thousands in packed facilities that produce massive amounts of 
wastes, particularly manure. Some manure is being used as fertilizer and 
as a source of renewable energy [40]. Currently, there is no global 
surveillance system of manure for disease prevention and environmental 
protection purposes. 

10. Discussion 

The One Health matrix revealed the interconnected environmental 
and ecosystem impacts of human and animal fecal wastes and the po-
litical, social, and economic challenges of lowering global demand for 
animal proteins to reduce the negative externalities associated with 
intensive animal agriculture. For about 2 billion people, basic sanitation 
systems such as toilets and latrines are lacking around the world. For 
animal manure management, the situation is worse. 

However, there are efforts to improve animal manure management 
and to convert manure into useful products such as fertilizer through 
composting which kills pathogens and provide plants with important 
nutrients such as potassium and phosphorus [41]. Biogas production 
uses bacteria to break down animal manure and wastewater biosolids 
through anaerobic digestion in a sealed container called a reactor; the 
resultant methane, carbon dioxide, and other gases can be used as a 
natural fuel for electricity, heat, and other uses [42]. Other innovative 
technologies are being developed to use manure for algae production, 
mushroom cultivation, building materials, among other things [43]. 

In September 2016, the United Nations General Assembly agreed 
that antimicrobial resistance threatened global health and recognized 
that a One Health approach was essential [44]. The World Health Or-
ganization’s global antimicrobial resistance framework’s third objective 
to reduce the incidence of infection through effective sanitation, hy-
giene, and infection control measures makes no mention of the need to 
address manure’s role in disease spread and antimicrobial resistance 
[45]. 

In December 2015, almost 200 nations adopted the Paris Agreement 
to limit global greenhouse gas emissions. But the Paris Agreement makes 
no mention of agriculture’s role in methane and nitrous oxide emissions 
and does not provide stimulus or guidance to address them. No country 
has developed policies to reduce them. In the US, California has passed 
policies, specifically to reduce methane emissions from dairy farms [46]. 

As Earth’s resources diminish and as human and livestock numbers 
continue to grow, One Health policies will become increasingly impor-
tant to achieve the United Nation’s Sustainable Development goals. This 

paper demonstrates the use of a multi-dimensional One Health matrix 
tool in uncovering linkages between foodborne illnesses, antimicrobial 
resistance, and climate change at the global level. Multi-dimensional 
One Health matrices help to examine complex health challenges, facil-
itating the development of effective and equitable public policies. 

Author statement 

I would like to thank my reviewers for their invaluable comments 
and suggestions. 

Declaration of Competing Interest 

I have no conflict of interest to declare. 

References 

[1] CDC, One Health, Accessed: May 5, 2021, https://www.cdc.gov/onehealth/index. 
html, One Health Initiative, . 

[2] J.S. Mackenzie, M. Jeggo, The One Health Approach—Why is It So Important? 
Trop Med Infect Dis. 4 (2) (2019) 88, https://doi.org/10.3390/ 
tropicalmed4020088. 

[3] United Nations, Sustainable Development Goals, Accessed: April 30, https://www. 
un.org/sustainabledevelopment/, 2021. 

[4] US Agency for International Development, Multisectoral Coordination That Works. 
Building Effective, Sustainable Mechanisms to Prevent, Detect, and Respond to 
Public Health Threats. Preparedness & Response, One Health in Action, 2021. 
October 2018. Accessed: July 1, https://assetify-dai.com/resource-library/pandr 
-multisectoral-coordination.pdf. 

[5] L.H. Kahn, Integrating a One Health approach into epidemiology to improve public 
policy, International Journal of Epidemiology (2019) 1737–1739, https://doi.org/ 
10.1093/ije/dyz178. 

[6] P.M. Rabinowitz, B.J. Natterson-Horowitz, L.H. Kahn, et al., Incorporating One 
Health into medical education, BMC Medical Education. 17 (2017) 45, https://doi. 
org/10.1186/s12909-017-0883-6. 

[7] U.S. Census Bureau, U.S. and World Population Clock, Accessed: May 2, https:// 
www.census.gov/popclock/, 2021. 

[8] UN Food and Agriculture FAO Stat World Stocks of Live Animals in 2019. The 
animals included: asses, buffaloes, camels and other camelids, cattle, chickens, 
ducks, geese and guinea fowls, goats, horses, mules, pigs, rabbits and hares, 
rodents, sheep, and turkeys. 

[9] FAO, Animal Production and Health. Meat & Meat Products, Accessed: May 6, 
2021, http://www.fao.org/ag/againfo/themes/en/meat/home.html. 

[10] U. Zeller, N. Starik, T. Gottert, Biodiversity, land use and ecosystem services—An 
organismic and comparative approach to different geographical regions, Global 
Ecology and Conservation. 10 (2017) 114–125, https://doi.org/10.1016/j. 
gecco.2017.03.001. 

[11] For volume, assume that fecal matter has the density of water: 3.9 X 1012 kg = 3.9 
X 109 meters3. The combined surface areas of NYC + LA = 303 + 503 miles2 =
806 miles2 = 2087 kilometers2 = 2 X 109 meters2. Height = Volume ÷ Surface 
Area. Therefore, height = 3.9 X 109 meters3 ÷ 2 X 109 meters2 = 1.95 meters = 6 
feet. Therefore, fecal matter would cover NYC + LA to the height of 1.95 meters or 
6 feet. For NYC alone, height would equal around 16 feet of fecal matter, 2021. 

[12] D.M. Berendes, P.J. Yang, A. Lai, et al., Estimation of global recoverable human 
and animal faecal biomass, Nature Sustainability. 1 (2018) 679–685, https://doi. 
org/10.1038/s41893-018-0167-0. 

[13] R. Harder, R. Wielemaker, T.A. Larsen, et al., Recycling nutrients contained in 
human excreta to agriculture: Pathways, processes, and products, Critical Reviews 
in Environmental Science and Technology. 49 (9) (2019) 695–743, https://doi. 
org/10.1080/10643389.2018.1558889. 

[14] G. Penakalapati, J. Swarthout, M.J. Delahoy, et al., Exposure to Animal Feces and 
Human Health: A Systematic Review and Proposed Research Priorities, 
Environmental Science & Technology. 51 (20) (2017) 11537–11552, https://doi. 
org/10.1021/acs.est.7b02811. 

[15] H. Wang, M. Naghavi, C. Allen, et al., Global, regional, and national life 
expectancy, all-cause mortlity, and cause-specific mortality for 249 causes of 
death: a systematic analysis for the Global Burden of Disease Study, Lancet. 388 
(10053) (2015) 1459–1544, https://doi.org/10.1016/S0140-6736(16)31012-1. 

[16] S. Baker, H.C. The, Recent insights into Shigella: a major contributor to the global 
diarrhoeal disease burden, Current Opinion in Infectious Diseases. 31 (5) (2018) 
449–454. 

[17] K.S. Baker, J. Campos, M. Pichel, et al., Whole genome sequencing of Shigella 
sonnei through PulseNet Latin America and Caribbean: advancing global 
surveillance of foodborne illnesses, Clinical Microbiology and Infection. 23 (2017) 
845–853, https://doi.org/10.1016/j.cmi.2017.03.021. 

[18] WHO, Sanitation. Key facts. June 14, 2019, Accessed: May 5, 2021, https://www. 
who.int/news-room/fact-sheets/detail/sanitation, 2021. 

[19] D. Mara, J. Lane, B. Scott, et al., Sanitation and Health. PLoS Medicine. 7 (11) 
(2010), e1000363, https://doi.org/10.1371/journal.pmed.1000363. 

[20] E. Teenstra, T. Vellinga, N. Aektasaeng, et al., Global Assessment of Manure 
Management Policies and Practices, Livestock Research Report 844. Wageningen 

L.H. Kahn                                                                                                                                                                                                                                        

https://www.cdc.gov/onehealth/index.html
https://www.cdc.gov/onehealth/index.html
https://doi.org/10.3390/tropicalmed4020088
https://doi.org/10.3390/tropicalmed4020088
https://www.un.org/sustainabledevelopment/
https://www.un.org/sustainabledevelopment/
https://assetify-dai.com/resource-library/pandr-multisectoral-coordination.pdf
https://assetify-dai.com/resource-library/pandr-multisectoral-coordination.pdf
https://doi.org/10.1093/ije/dyz178
https://doi.org/10.1093/ije/dyz178
https://doi.org/10.1186/s12909-017-0883-6
https://doi.org/10.1186/s12909-017-0883-6
https://www.census.gov/popclock/
https://www.census.gov/popclock/
http://www.fao.org/ag/againfo/themes/en/meat/home.html
https://doi.org/10.1016/j.gecco.2017.03.001
https://doi.org/10.1016/j.gecco.2017.03.001
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0050
https://doi.org/10.1038/s41893-018-0167-0
https://doi.org/10.1038/s41893-018-0167-0
https://doi.org/10.1080/10643389.2018.1558889
https://doi.org/10.1080/10643389.2018.1558889
https://doi.org/10.1021/acs.est.7b02811
https://doi.org/10.1021/acs.est.7b02811
https://doi.org/10.1016/S0140-6736(16)31012-1
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0075
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0075
http://refhub.elsevier.com/S2352-7714(21)00079-3/rf0075
https://doi.org/10.1016/j.cmi.2017.03.021
https://www.who.int/news-room/fact-sheets/detail/sanitation
https://www.who.int/news-room/fact-sheets/detail/sanitation
https://doi.org/10.1371/journal.pmed.1000363


One Health 13 (2021) 100289

5

UR Livestock Research (2014) 11–33. Accessed: May 6, 2021, https://library.wur. 
nl/WebQuery/wurpubs/fulltext/335445. 

[21] USDA, Natural Resources Conservation Service. Animal Feeding Operations. An 
animal unit is defined as an animal equivalent of 1000 pounds live weight and 
equates to 1000 head of beef cattle, 700 dairy cows, 2500 swine weighing more 
than 55 pounds, 125 thousand broiler chickens, or 82 thousand laying hens or 
pullets confined on site for more than 45 days during the year, Accessed: May 10, 
2021, https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/plantsanimals 
/livestock/afo/. 

[22] US Government Accountability Office, “Concentrated Animal Feeding Operations: 
EPA Needs More Information and a Clearly Defined Strategy to Protect Air and 
Water Quality from Pollutants of Concern.” GAO-08-944 Report, Accessed May 10, 
2021, https://www.gao.gov/assets/a280238.html, 2008. 

[23] FAO, Staple foods: What do people eat?, Accessed: May 6, http://www.fao.org/3/ 
u8480e/u8480e07.htm, 2021. 

[24] FAO, Save and Grow in Practice: Maize, Rice, Wheat. Cereals and Us, Accessed: 
May 7, http://www.fao.org/ag/save-and-grow/MRW/en/1/index.html, 2021. 

[25] FAOSTAT. Crops. Production/yield quantities of Rice, paddy, Maize, Wheat. World 
+(Total). From 1961 to 2019. (Accessed: May 7, 2021 http://www.fao.org/ 
faostat/en/#data/QC/visualize). 

[26] P.L. Pingali, Green Revolution: Impacts, limits, and the path ahead, PNAS. 109 (31) 
(2012) 12302–12308, https://doi.org/10.1073/pnas.0912953109. 

[27] FAO. World Food Summit. Food for All. Towards a New Green Revolution. 
November 13-17, 1996. (Accessed: May 7, 2021 http://www.fao.org/3/x0262e/ 
x0262e00.htm#TopOfPage and http://www.fao.org/3/x0262e/x0262e06.htm). 

[28] FAO, Soil Doctors Global Programme. A farmer-to-farmer training programme. 
Rome, Accessed May 6, 2021, http://www.fao.org/3/ca7496en/ca7496en.pdf, 
2019. 

[29] FAOSTAT. Emissions-Agriculture. Synthetic Fertilizers for Agricultural Use. World 
(Total). And, Manure Applied to Soils. All Animals. World (Total). All Years. 
(Accessed: May 7, 2021 http://www.fao.org/faostat/en/#data). 

[30] E. Ozlu, S. Kuman, Response of Soil Organic Carbon, pH, Electrical Conductivity, 
and Water Stable Aggregates to Long-Term Annual Manure and Inorganic 
Fertilizer, Soil Science Society of America Journal. 82 (2018) 1243–1251, https:// 
doi.org/10.2136/sssaj2018.02.0082. 

[31] P. Smith, M. Bustamante, H. Ahammad, et al., in: O. Edenhofer, R. Pichs-Madruga, 
Y. Sokona (Eds.), Agriculture, Forestry and Other Land Use (AFOLU). In: Climate 
Change 2014: Mitigation of Climate Change. Contribution of Working Group III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 
2014. Accessed: May 13, 2021, https://www.ipcc.ch/site/assets/uploads/2018/ 
02/ipcc_wg3_ar5_chapter11.pdf. 

[32] EPA, Greenhouse Gas Emissions. Understanding Global Warming Potentials, 
Accessed: May 13, https://www.epa.gov/ghgemissions/understanding-global 
-warming-potentials, 2021. 

[33] J. Chang, S. Peng, P. Ciais, et al., Revising enteric methane emissions from 
domestic ruminants and their δ13Cch4 source signature, Nature Communications. 
10 (2019) 3420, https://doi.org/10.1038/s41467-019-11066-3. 

[34] T. Lima, S. Domingues, G. Jorge Da Silva, Manure as a Potential Hotspot for 
Antibiotic Resistance Dissemination by Horizontal Gene Transfer Events, 
Veterinary Sciences. 7 (2020) 110, https://doi.org/10.3390/vetsci7030110. 

[35] A. Checcucci, P. Trevisi, D. Luise, et al., Exploring the Animal Waste Resistome: 
The Spread of Antimicrobial Resistance Genes Through the Use of Livestock 
Manure, Frontiers in Microbiology. 11 (2020) 1416, https://doi.org/10.3389/ 
fmicb.2020.01416. 

[36] V.M. D’Costa, C.E. King, L. Kalan, et al., Antibiotic resistance is ancient, Nature 477 
(2011) 457–461, https://doi.org/10.1038/nature10388. 

[37] R. Cook, World Beef Consumption Per Capita (Ranking of Countries). Beef2Live, 
April 6. Accessed: April 6, 2021, https://beef2live.com/story-world-beef-cons 
umption-per-capita-ranking-countries-0-111634, 2021. 

[38] B.E. Sawe, Countries With the Highest Rates of Vegetarianism, World Atlas, 
2019–2021. Accessed: April 7, https://www.worldatlas.com/articles/countri 
es-with-the-highest-rates-of-vegetarianism.html. 

[39] M.P. Rowland, Demand for Meat is Growing Rapidly in India. This Could Impact 
All of Us. Forbes, Accessed: May 17, 2021, https://www.forbes.com/sites/michael 
pellmanrowland/2017/12/17/india-meat-increase/?sh=2aa88f5c33b1, 2017. 

[40] J.J. Chavez-Fuentes, A. Capobianco, J. Barbusova, et al., Manure from Our 
Agricultural Animals: A Quantitative and Qualitative Analysis Focused on Biogas 
Production. 8, 2017, pp. 1749–1757, https://doi.org/10.1007/s12649-017-9970- 
5. 

[41] Environmental Protection Agency, Animal Feeding Operations—Uses of Manure, 
Accessed: July 1, https://www.epa.gov/npdes/animal-feeding-operations-uses 
-manure, 2021. 

[42] Environmental Protection Agency, How Does Anaerobic Digestion Work?, 
Accessed: July 1, https://www.epa.gov/agstar/how-does-anaerobic-digestion-wor 
k, 2021. 

[43] Environmental Protection Agency, Alternative Technologies/Uses for Manure, 
Accessed: July 1, 2021, https://www3.epa.gov/npdes/pubs/cafo_report.pdf, 2001, 
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/1229540. 

[44] General Assembly of the United Nations, Draft political declaration of the high- 
level Meeting of the General Assembly on Antimicrobial Resistance, Accessed: May 
18, 2021, https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/D 
GACM_GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf, 2016. 

[45] WHO, FAO, OIE, Antimicrobial Resistance. A Manual for Developing National 
Action Plans. Version 1, 2016. Accessed: May 18, 2021, https://www.who.int/ 
antimicrobial-resistance/national-action-plans/manual/en/. 

[46] Dairy Cares, Implementing California’s new methane reduction efforts, 2017. 
Accessed: May 18, 2021, https://www.dairycares.com/dairymethanereduction. 

L.H. Kahn                                                                                                                                                                                                                                        

https://library.wur.nl/WebQuery/wurpubs/fulltext/335445
https://library.wur.nl/WebQuery/wurpubs/fulltext/335445
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/plantsanimals/livestock/afo/
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/plantsanimals/livestock/afo/
https://www.gao.gov/assets/a280238.html
http://www.fao.org/3/u8480e/u8480e07.htm
http://www.fao.org/3/u8480e/u8480e07.htm
http://www.fao.org/ag/save-and-grow/MRW/en/1/index.html
https://doi.org/10.1073/pnas.0912953109
http://www.fao.org/3/x0262e/x0262e06.htm
http://www.fao.org/3/ca7496en/ca7496en.pdf
https://doi.org/10.2136/sssaj2018.02.0082
https://doi.org/10.2136/sssaj2018.02.0082
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter11.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/ipcc_wg3_ar5_chapter11.pdf
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://doi.org/10.1038/s41467-019-11066-3
https://doi.org/10.3390/vetsci7030110
https://doi.org/10.3389/fmicb.2020.01416
https://doi.org/10.3389/fmicb.2020.01416
https://doi.org/10.1038/nature10388
https://beef2live.com/story-world-beef-consumption-per-capita-ranking-countries-0-111634
https://beef2live.com/story-world-beef-consumption-per-capita-ranking-countries-0-111634
https://www.worldatlas.com/articles/countries-with-the-highest-rates-of-vegetarianism.html
https://www.worldatlas.com/articles/countries-with-the-highest-rates-of-vegetarianism.html
https://www.forbes.com/sites/michaelpellmanrowland/2017/12/17/india-meat-increase/?sh=2aa88f5c33b1
https://www.forbes.com/sites/michaelpellmanrowland/2017/12/17/india-meat-increase/?sh=2aa88f5c33b1
https://doi.org/10.1007/s12649-017-9970-5
https://doi.org/10.1007/s12649-017-9970-5
https://www.epa.gov/npdes/animal-feeding-operations-uses-manure
https://www.epa.gov/npdes/animal-feeding-operations-uses-manure
https://www.epa.gov/agstar/how-does-anaerobic-digestion-work
https://www.epa.gov/agstar/how-does-anaerobic-digestion-work
https://www3.epa.gov/npdes/pubs/cafo_report.pdf
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/1229540
https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/DGACM_GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf
https://www.un.org/pga/71/wp-content/uploads/sites/40/2016/09/DGACM_GAEAD_ESCAB-AMR-Draft-Political-Declaration-1616108E.pdf
https://www.who.int/antimicrobial-resistance/national-action-plans/manual/en/
https://www.who.int/antimicrobial-resistance/national-action-plans/manual/en/
https://www.dairycares.com/dairymethanereduction

	Developing a one health approach by using a multi-dimensional matrix
	1 First dimension
	2 Second dimension
	3 Third dimension
	4 Fourth dimension
	5 Using the one health matrix
	6 Humans and domesticated food animals/populations and microbes
	7 Domesticated plants (Crops)/populations
	8 Environments and ecosystems/populations and microbes
	9 Political, social, and economic factors
	10 Discussion
	Author statement
	Declaration of Competing Interest
	References


