
 

 

South African Journal of Animal Science 2023, 53 (No. 2)  

 

URL: http://www.sasas.co.za  
ISSN 0375-1589 (print), ISSN 2221-4062 (online)  
Publisher: South African Society for Animal Science http://dx.doi.org/10.4314/sajas.v53i2.11 

 

The broad-based eco-economic impact of beef and dairy production: A global 
review 

 
H.H. Meissner,1 J. N. Blignaut,2, 3, 4# H.J. Smith,2 C.J.L. du Toit5 

1 Milk SA, PO Box 1961, Brooklyn Square, 0075, South Africa 
2 Asset Research, Pretoria, South Africa 

3 School of Public Leadership, Stellenbosch University, Stellenbosch, South Africa 
4 South African Environmental Observation Network (SAEON), Pretoria, South Africa 

5 Department of Animal Science, University of Pretoria, Pretoria, South Africa 

 
(Submitted 18 July 2022; Accepted 13 March 2023; Published 19 May 2023) 

 

 

 

 

Abstract 
Cattle have been the focus of an intense debate between those concerned about, among other things, 
the possible negative effects on global warming, land degradation, food competition, and human health 
and those who are positive toward the possible role of cattle in maintaining global socio-economic and 
environmental sustainability. This paper reviews the pros and cons in view of a projected increase in 
demand for animal-based foods and therefore in cattle numbers. Analyses of cattle numbers and foods 
from various literature sources suggest gross overestimation towards 2050. Although cattle are 

responsible for a major portion of methane emissions, the atmospheric accumulation of methane from 
cattle could possibly be overestimated due to methane’s short atmospheric lifespan, recent calculations 
of enteric fermentation, and methane’s warming potential, and the role of cattle in carbon sequestration 
and being a sink. Since carbon sequestration has more potential than emission reduction in limiting 
global warming, photosynthetic capacity should be maximised. It is concluded that whereas concerns 
about animal welfare, zoonosis, and antimicrobial resistance should be addressed, the call for a 
reduction in global cattle numbers because of the perceived negative effects mentioned above may be 

unwarranted. A reduction in cattle numbers could limit the advantage of livestock-related carbon 
sequestration and therefore largely defeat the objective of limiting global warming.  
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Introduction 

Currently there is an intense debate between those against the use and expansion of animal -based 
protein, and those not unduly concerned about the use of such to combat global hunger. Typical 
concerns against animal-based protein relate to rising greenhouse gas (GHG) emissions (Steinfeld et 
al., 2006), land and resource use (FAO, 2009; Bryan, 2011; Eshel et al., 2014; Yitbarek, 2019), land 
degradation (Dregne, 2002; Steinfeld et al., 2006; Nkonya et al., 2016), negative effects due to animal 

welfare (Johnsen, 2009; Smith et al., 2013), antimicrobial resistance (AMR) (Ritchie & Roser, 2017; 
WHO, 2017), zoonosis (UNEP & ILRI, 2020), and general environmental and human health concerns 
(Simões, et al., 2021; Chen et al., 2013; Abete et al., 2014; Bouvard et al., 2015). These concerns are 
raised at a time when it has been projected that food requirements will increase by 50–70% towards 
2050 (Wmaran, 2012; Smith et al., 2013) and, from a livestock perspective, at least a doubling in 
demand for meat (FAO, 2009; Thornton, 2010) and even more for dairy (Yitbarek, 2019). These 

anticipated increases are due to the rise in the global population and the demand for animal -based 
protein increasing at the expense of staple foods as per capita income in transition and developing 
countries increase (FAO, 2009; Meissner et al., 2013a). The livestock sector is also well-positioned for 
this challenge since it occupies approximately 30% of the ice-free terrestrial surface of the earth and 
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80% of marginal land (Thornton, 2010). In 2010, it contributed more than 40% of the global value of 
agricultural output (Scollan et al., 2010; Salmon et al., 2020), employed 1.3 billion people, and 

supported 600 million smallholder farmers in transition and developing countries (Lowder et al., 2021).  
While most people recognise the importance of dealing with animal welfare, AMR, and zoonosis, 

many believe that the concerns raised above can be either offset or that the concerns are misplaced. 
These authors share the opinion that GHG emissions can be limited by production efficiency (Capper 
et al., 2009; Capper, 2021), dietary and supplementary means (Broucek, 2018; Eckard & Clark, 2018; 
Kinley et al., 2020), carbon sequestration (Franzluebbers, 2010; Poeplau et al., 2015; Conant et al., 

2017), grazing management (Teague et al., 2011; Wang et al., 2015; Blignaut et al. 2022) improved 
genetics and other means. They also do not regard animal needs as being in direct competition with 
human foods (Ederer et al., 2022) as herbivore livestock primarily use materials which cannot be 
digested by man (Mottet et al., 2017) and often, to that effect, occupy spaces which cannot be cultivated 
(Jones & Thornton, 2009; Mottet et al., 2017). In addition, they regard animal-based foods as vital to 
human development because of nutrient density and high bioavailability (Neumann et al., 2002; Semba 

et al., 2016; Beal et al., 2017; Day et al., 2022) and do not subscribe to the notion that animal-based 
foods are a threat to human health (Soedamah-Muthu et al., 2011; Hjerpsted & Tholstrup, 2016; 
Zeraatkar et al., 2019a; Zheng et al., 2022). 

Given the intense debate, and the importance thereof, concerning the matters highlighted above 
and others such as social, cultural, economic, and political impacts of livestock production, the question 
is whether an increased production for animal-based protein is attainable without negative 

consequences. In this paper, we focus on beef and dairy cattle, reviewing some of the most recent 
research on the contribution of cattle to the economy, social wellbeing, and food security as well as 
environmental concerns. 

 
Abundance and distribution of cattle  
Population statistics 

Between 1800 and 2006, cattle (non-cattle bovines not included) constituted 32–37% of herbivore 
livestock species and increased in number from approximately 420 million to 1.4 billion (Robinson et 

al., 2014; Smith et al., 2016). On a biomass basis, cattle constitute roughly 70% of herbivore livestock 
species which include cattle, buffalo, sheep, and goats (calculated from Smith et al., 2016), illustrating 
the overwhelming influence which cattle can have on land use, natural resources, and the environment. 

However, there is no consensus as to the global population of cattle (see Annexures 1 and 2). 
According to the FAO (Annexure 1), the global herd is increasing monotonously on a year -on-year 
basis. When considering individual country statistics and also consulting various sources, there are 

some marked discrepancies (Annexure 2), questioning the absolute numbers and the steadily 
increasing trend. These growth discrepancies are highlighted in Table 1. Not only does the growth rate 
vary much from year to year within a given country because of climatic extremes, disease, and demand 
but it also varies much among different countries. The countries listed in Table 1 are the ones with the 
largest herds. For example, the cattle population change in Brazil varies between -2.5% (2013) and 
+10% (2020). Russia saw an increase of 21.8% in 2013 and a decline in practically all the years 

thereafter. China’s herd also fluctuated between growth rates of -12.1% and +19.8%. These large 
discrepancies in both the absolute size of the global herd, as well as the relative change between years 
and countries, are disconcerting given the importance of cattle in a global context and the weight placed 
on the FAO statistics to determine policies with a global reach and significant local impact.  
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Table 1 The year-on-year percentage change in cattle populations 

Country 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Brazil -0.3% -2.5% 7.6% 2.8% 0.9% 1.4% -0.9% 3.6% 10.0% 

India -0.9% 2.1% -3.1% - - -0.5% 0.0% - - 

China 3.4% 5.6% 5.7% -11.2% -4.6% 0.5% -12.1% 19.8% 4.6% 

Russia -2.1% 21.8% -19.2% -4.6% 0.5% -0.5% -1.6% -1.1% -0.6% 

United States -1.6% 2.8% -3.6% 2.9% 1.0% 1.3% 0.6% -0.3% -0.3% 

EU* - 1.0% 1.9% 1.0% 0.0% -2.3% -1.5% -0.8% -0.9% 

Ethiopia - - -1.8% - - 2.4% 2.8% -1.8% - 

Argentina -1.4% 0.6% -1.5% 2.7% 0.6% 1.3% 0.7% 0.0% -1.3% 

Pakistan - - 6.4% - - 3.7% 3.8% - - 

Mexico - - 3.8% - - -6.2% 9.4% - - 

Australia 0.6% -0.4% 3.2% -6.2% -8.8% 4.8% -0.4% -9.2% -2.1% 

Bangladesh - - 5.3% - - 0.4% 0.8% - - 

Colombia - -7.9% 4.5% - - - - - - 

Sources: see Annexure 2 
EU* - EU excluding the UK 

 
Country trends  

Cattle numbers for countries with >20 million cattle are shown in Tables A1 and A2 (of Annexure 2) 
and the countries with the ten largest herds are shown in Figure 1. These ten herds comprise 
approximately 60% of the global cattle population. Brazil has the most cattle in the world and the number 

is increasing, largely driven by exports, with the total population recorded as 253 million in 2020 (World 
Data Atlas, 2020; Cattle Industry, 2021).  

 

 
Figure 1 Countries with the ten largest herds in the world 
Source: FAOSTAT (2021); *EU excluding the UK 

 
When considering the trend since 2009 (as depicted in Tables A1 and A2), the herds in some 

countries increased (such as Brazil, China, Ethiopia, Pakistan, and Colombia), while herd sizes 
remained unchanged in India, the USA, EU, Argentina, Mexico, and Bangladesh, and it declined in 
Australia, Russia, and Sudan. There is no marked difference between developed and transition or 
developing countries as there is representation of the trends of increase, constant, and decrease in all 
of these nations. In earlier publications (Scollan et al., 2010; Meissner, 2012), there were indications 
that increases in production in developed countries resulted primarily through increased eff iciency, 

whereas in developing countries, it resulted primarily through increasing numbers; the implication being 
that more pressure could be put on resources and degradation of land in developing countries (Weber 
and Horst, 2011; IUCN, 2017; ILRI et al., 2021). While this may be true for Ethiopia (Ethiopia NDC 
Report, 2021) and possibly a limited number of other developing countries, in general , the trends in 
Table 1 do not support the conclusions in these earlier publications. However, this does not negate the 
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interpretation that efficiency of beef production has not made vast strides in particular countries. For 
example, in 2007, beef production systems in the USA (Capper, 2011a) required 69.9% of the animals, 

81.4% of the feedstuffs, 87.9% of the water, and 69.0% of the land to produce 1 billion kg of beef 
compared to 1977; waste output was reduced to 81.9% manure, 82.3% CH4, and 88.0% N2O. Or in 
dairy, as another example, milk production in the USA increased by 24.9% between 2007 and 2017. 
This was achieved by 25.2% less cows, resulting in a reduction in methane emissions of 19.1% and 
18.5% in nitrous oxide (Capper & Cady, 2020). 

 
Socio-economy 

Contribution to agro-economy  
Livestock provide more than half of the value of agricultural output in developed countries through 

production and trade, but proportionally less in medium income and developing countries. As a group, 
the latter nevertheless amounts to approximately one third (Upton, 2004; Smith et al., 2013; Baltenweck 
et al., 2020); the world average being approximately 40% (Scollan et al., 2010; Salmon et al., 2020), 
with the world average having remained constant over time (Baltenweck et al., 2020). Specifically with 
respect to cattle, beef in developed countries accounted for 27% of total meat production in 2007 and 

19% in developing countries (Meissner, 2012). Recently, beef production remained constant, for 
example, between 2016 and 2021 at <70 million metric tons (Statista, 2021b). The constant value again 
casts doubt on the consistent increase in cattle numbers as estimated by FAOSTAT (2021). Beef’s 
share of total meat production has declined from 32% in 1990 to 21% in 2020. The bulk of production, 
and therefore consumption, now comes from pork and chicken (76%) (Blaustein-Rejto & Smith, 2021; 
Statista, 2021b). 

Globally, livestock is a substantial asset of more than $1.8 trillion (Ederer et al., 2022). In transition 
and developing countries, the impact of livestock is staggering (Smith et al., 2013). Livestock production 
and marketing are essential to the livelihoods of more than 1 billion poor people in Africa and Asia, 
which is one seventh of the global population. Beef production and marketing in West Africa supports 
70 million people; dairy supports 124 million people in South Asia, and 24 million in East Africa, whereas 
small ruminants support 81 million people in West Africa and 28 million in southern Africa. Estimations 

also show that more than 80% of poor people in Africa and up to 66% of poor people in India and 
Bangladesh keep livestock (FAO, 2009). 
 

Contribution to social wellbeing 
Livestock products in developed countries are sold in well-defined value chains with predicted and 

future markets and prices, whereas the value of livestock in poor and developing countries is much 
more than the market price of the product. This discrepancy also reflects the challenges that livestock- 

keepers face, such as constrained finances and access to information and services, as well as 
landlessness (Randolph et al., 2007). The following benefits to keeping livestock in developing countries 
can be listed:  

(1) Livestock are used to accumulate wealth and in pastoral communities and are often the only 
major asset (De Haan et al., 1997; Randolph et al., 2007; Abay & Jensen, 2020). Small and large 
animals constitute a “savings account” (Baltenweck et al., 2020) used to purchase agricultural inputs; 

invest in other income-generating activities; or pay for expenses such as education, weddings, medical 
bills, and funeral costs.  

(2) Livestock contribute to staple food production by providing manure, contribute to land 
preparation, and provide ready cash to buy planting materials or fertiliser or to hire labour for planting, 
weeding, or harvesting. The contribution of livestock can thus increase the area of land cultivated, the 
yields and productivity achieved, the feed produced from crop residues, and, through enhanced nutrient 

recycling, the sustainability of the farming systems (Randolph et al., 2007; Smith et al., 2013).  
(3) Although the use of draft power is generally decreasing globally, in regions such as sub-Saharan 

Africa, it continues to contribute substantially to food production. Draft power enables more land to be 
cultivated, allows farmers (especially women) to escape the burden of manual tillage, and permits land 
to be cultivated before the rains have softened the soil, thereby increasing timeliness of farming 
operations (FAO, 2011a; Smith et al., 2013).  

(4) Livestock can provide a buffer and additional income in times when harvests fail or other disasters 
strike.  

(5) In many societies, small ruminants are often owned by women, who may also control any income 
obtained from their sale.  

(6) Improving women’s access to inputs and services has the potential to reduce the number of 
malnourished people in the world by 100–150 million (FAO, 2011b).  
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(7) Livestock are an important asset for investment and insurance for hundreds of millions of rural 
poor, in situations where banks are often too remote and the banking systems too unreliable for 
safeguarding any savings a smallholder might accumulate (De Haan et al., 1997).  

The combined impacts of meeting nutritional needs, providing income, and reducing risks make 

livestock one of the most important components of global agriculture, but specifically for the poor.  

 
Food security 
World trade  

The rapid growth in global demand for livestock products that has occurred over the last quarter of 
a century, has been characterised as “the Livestock Revolution” (Upton & Otte, 2004) and is expected 
to continue. It is largely driven by increases in per capita income, population growth, and urbanisation 

of developing countries. Demographic changes, urbanisation, and economic growth in the developing 
world, particularly in emerging (transition) countries such as Latin America and Asia, are rapidly 
changing food consumption patterns (Guyomard et al., 2013). Developed countries achieved the food 
transition process in a time period of more than a century. Emerging and other developing economies 
are now following a similar consumption pattern but at a considerably accelerated rate; according to 
Popkin (2006), the transition is reduced to 20 years in emerging countries and 40 years in other 

developing countries. 
Table 2 shows export prospects of beef and dairy towards 2026 of major exporting countries, 

predicting a substantial growth in the market of 19.5% and 22.5%, respectively.  
 

Table 2 Key countries exporting beef, veal, and dairy products and exporting prospects  
Exports 2016 
(000 tonnes 

cwe)** 

Projected export growth 
2016–2026 (000 tonnes 

cwe)** 

Exports 2016 
(000 

tonnes)# 

Projected export 
growth 2016–2026 (000 

tonnes)# 

 

Beef and veal Dairy products 

Argentina  230 463 424 17 

Australia  1 913 300 195 108 

Canada  619 100 
  

Brazil  1 893 633 
  

EU^  462 -138 1 946 715 

India  1 655 275 
  

New Zealand  621 -91 2 418 548 

USA  1 413 188 885 145 

ROW* 
  

1 955 224 

Total 8 806 1 730 7 823 1 757 

^EU including the UK; *ROW = Rest of the world; **CWE = Carcass weight equivalent; #Dairy products are whole 
and skimmed milk powder  
Source: Calculated from Horizon – Market Intelligence (2017) 

 
Argentina, Australia, and Brazil are expected to be the dominating countries in beef and veal with 

substantial exports also from the USA and India, whereas the influence of Europe and New Zealand 
will decline. Although much of the trade occurs within developed countries, a major portion goes to 
transition and developing countries. In concert with import and export, meat production in transition and 
developing countries will continue to be dominated by China and Brazil, the former benefitting from 
economies of scale as production moves towards increasingly commercial enterprises, and the latter 

from resource abundance and a devalued currency (Horizon – Market Intelligence, 2017). 
In dairy, New Zealand and the EU dominate the market (Table 2). The EU is projected to show 

export growth in the four, main dairy export products, namely cheese, butter, skimmed milk, and whole 
milk powder (Horizon – Market Intelligence, 2017). Export expectations from other key exporting nations 
are more conservative. However, New Zealand is expecting to see whole milk powder exports rise by 
22% between 2016 and 2026, thereby maintaining a 53% share of the overall global market. The major 

share will go to China and south-east Asia and the growth is expected to continue. 
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Demand for meat and milk 
It has been projected that a doubling in meat production (FAO, 2009; Thornton, 2010; Yitbarek, 

2019), even more in beef production, per se (Cooke et al., 2020), and a quadrupling in milk production 

between 2003 and 2050 (Bryan, 2011; Yitbarek, 2019) will be required to meet the increasing demands 
of the global population by 2050. The question arises if the demand can be met as it will require sharp 
increases in cattle numbers and productivity. The projection for global numbers is an increase from 1.5 
billion in 2000 to 2.6 billion in 2050 (Rosegrant et al., 2009; Thornton, 2010), which would require an 
annual increase for developed countries of 0.6% between 2005 and 2030 and 0.2% between 2030 and 
2050 and a corresponding increase in developing countries of 2.0% and 1.3%, respectively (Rosegrant 

et al., 2009; Yitbarek, 2019). This is unrealistic since (1) the global cattle population in 2000 was still 
<1.3 billion as implied above and shown in Figure A1(A), and (2) if the cattle population numbers of 
FAOSTAT (2021) as depicted in Figure A1(A) in Annexure 1 are accepted, extrapolation from the linear 
regression equation indicates a cattle population of only 1.76 billion in 2050, and from the polynomial 
regression equation, only 1.47 billion. Taking into consideration inaccuracies such as country numbers 
and environmental influences, it seems unlikely that cattle numbers will exceed approximately 1.6 billion 

by 2050. 
In addition to the argument pertaining to the size of the global herd, beef production has largely 

stagnated at <70 million metric tonnes per annum between 2016 and 2021 (Statista, 2021b). It is 
accepted that productivity in terms of efficiency and carcass weight can increase. Carcass weight 
increased from 160 kg in 1961 to 215 kg in 2019 (FAOSTAT, 2021; 216 kg as calculated in Figure 
A1(B)) and it is projected to increase to 227 kg in 2050 (Nikos & Jelle, 2012: Yitbarek, 2019), which is 

unrealistic as most cattle in developing countries with the largest expected increase in cattle numbers, 
are not fattened, but slaughtered in a lean condition, even emaciated.  

Similarly, the required milk production is unrealistic since current production levels per cow in 
developed countries are becoming difficult to exceed without major implications to animal health and 
welfare, and high investments in genetic improvement and feed stocks will be requi red in developing 
countries. Production levels in selected developing countries (Bangladesh, India, Jamaica, Peru, 

Senegal, Tanzania, and Thailand) vary between 250 and 3 000 kg/cow/year (Knips, 2005), and for the 
continents (Capper, 2011b), it ranges: sub-Saharan Africa (excluding South Africa) at 250, South Asia 
at 1 000, Near East and North Africa at 1 300, Central and South America at 1 700, South East and 
East Asia at 2 800, Russian Federation at 3 000, Eastern Europe at 3 900, Oceania at 4 400, western 
Europe at 6 100, EU27 at 7 300 (Eurostat, 2021b), and North America at 8 800 ℓ/cow/lactation. 

The per capita demand must be considered in the context of the dichotomy of abundance in the 

developed world and low consumption in the developing/poor countries, although vast changes are 
expected with increasing affluence as poor countries rise during the transition phase (Delgado, 2003; 
FAO, 2009; Smith et al., 2013). For example, the per capita demand for meat in China increased 
dramatically from 3.6 kg in 1961 to 52.4 kg in 2002 (Scollan et al., 2010). In developed countries, the 
demand for meat and milk (including other dairy products) was predicted to increase from 78 kg and 
202 kg per capita per annum from 2002 to 83 kg and 203 kg, respectively , per capita per annum in 

2015. The corresponding figures for developing countries were 28 kg meat and 44 kg milk per capita 
per annum from 2002 to 32 kg meat and 55 kg milk per capita per annum in 2015. In general, the annual 
demand for meat is expected to increase by between 6 and 23 kg per person worldwide by 2050, and 
the absolute increase will be greatest in Latin America, the Caribbean, East and South Asia, and the 
Pacific, with demand doubling in sub-Saharan Africa. As argued above, these demands will have to be 
met primarily by pork and chicken, as beef (and also sheep and goat meat) production is unlikely to 

increase to the projected requirement. In fact, the demand for beef may already be declining in Europe: 
EU consumption of beef reached a high in 1985 at 25 kg per capita per year, but from then has steadily 
declined to 16 kg (carcass equivalent). This is low compared to other major beef consuming countries 
in the world (e.g., 35 kg in Australia, 37 kg in the USA, 41 kg in Brazil, and 59 kg in Argentina) (Hocquette 
et al., 2018). 

The dichotomy of developed versus developing countries is best illustrated by the per capita demand 

for meat at the extremes of developed and developing countries, such as 125 kg meat in the US, 146 
kg in Denmark (Scollan et al., 2010), 59–60 kg (beef alone) in Argentina (Arelovich et al., 2011; 
Hocquette et al., 2018), 13.3 kg/annum in sub-Saharan Africa (FAO, 2009), and 3.5 kg/annum in 
Ethiopia (Yitbarek, 2019). Excluding Ethiopia, these figures equate to per capita consumption of 165 
g/day, 200 g/day, 80 g/day, and 20 g/day, respectively (Meissner et al., 2013a), reflecting a tenfold 
difference from highest to lowest. To put these numbers in perspective, recommendations for meat 

intake from an essential nutrient intake point of view range from 50–100 g per capita per day (McMichael 
& Ainslie, 2010) to 100–110 g per capita per day according to the World Cancer Research Forum (IMS, 



256 Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 

 

2012), and 150 g per capita per day (Smith, 2012). Therefore, to meet the demand for animal protein 
and associated nutrients, production as far as possible (given the limitations in livestock production 
increases, and imports to developing/poor countries), should in fact be escalated and not reduced. 
 

Contribution to human health 
Diets of many people in poor and middle-income countries, and even those of some populations in 

rich countries, tend to be low in high-quality protein, iron, vitamin A, zinc, calcium, and other nutrients 
(Murphy & Allen, 2003; Semba et al., 2016; Beal et al., 2017). While there is considerable variation 
across different types of animal source foods (meat- or dairy- or egg-based), the majority are dense in 
energy, multiple and essential micro- and macronutrients, and amino acids (Neumann et al., 2002; 

Liday et al., 2022), some of which are rarely found in plant source foods (e.g., vegetables, grains, 
legumes, and nuts), such as vitamins B12 and D. Plant source foods do contain essential 
micronutrients, but for some, such as iron, the captured form makes it less readily absorbable by the 
human body (Murphy & Allen, 2003). For others, such as carotenoids (for production of vitamin A), large 
food quantities are needed to meet the requirement (Neumann et al., 2002; Murphy & Allen, 2003). 
Most animal source foods also contain high-quality proteins, comprising all essential amino acids 

(Neumann et al., 2002). Diets without animal source foods must typically include a wider variety of foods 
and in larger quantities to provide all required amino acids (Young & Pellett, 1994) and may require 
supplements for certain vitamins. 

Infants, young children, adolescents, and pregnant and lactating women have higher nutrient 
requirements per kg bodyweight and are more vulnerable to nutrient deficiencies and associated 
negative health outcomes if they consume insufficient amounts of key micronutrients (Neumann et al., 

2002; Murphy & Allen, 2003; Ferrara et al., 2017). As animal source foods tend to be dense in many 
nutrients, relatively small amounts can be eaten to meet multiple requirements , making these helpful 
additions to the diets of vulnerable people groups, particularly young children (from 6 months of age) 
(WHO, 2014). There is also some evidence of associations between animal source food consumption 
and reduced risks of stunting (Neumann et al., 2003; Neufeld et al., 2021) and improved micronutrient 
status, growth, and/or cognitive performance (Neumann et al., 2003; Iannotti et al., 2017). It should, 

however, be noted that it is difficult to make unequivocal conclusions in studies such as these as 
numerous other impacting factors cannot always be controlled. The same applies to an analysis of 
evidence on health implications of animal source foods discussed in the next paragraph. The most 
acceptable way is to rely on studies using collective investigations with a meta-analysis methodology, 
and reviews. 

Considering that recent studies show an association between consumption of unprocessed red meat 

and processed meat and adverse health consequences, including increased risk for cancer (Bouvard 
et al., 2015), all-cause (Schwingshackl et al., 2017), cardiovascular mortality (Abete et al., 2014), and 
stroke (Chen et al., 2013), dietary guidelines have generally endorsed limiting meat intake (Health 
Canada, 2019; Public Health England, 2019; U.S. Department of Health and Human Services, 2019). 
There are many contradictory studies though, for example, Larsson & Orsini (2014), Zeraatkar et al. 
(2019b) and Iqbal et al. (2021), which did not find significant associations between unprocessed red 

meat and mortality or major cardiovascular disease (CVD). Iqbal et al. (2021) did, however, find that a 
higher intake of processed meat was associated with higher risk of mortality and major CVD. This is 
also supported by Larsson & Orsini (2014) and Wang et al. (2016). Regarding cancer, Han et al. (2019) 
and Zeraatkar et al. (2019b) reported that diets restricted in red meat have little or no effect on cancer 
mortality and incidence, and in an overall conclusion, Zeraatkar et al. (2019a) stated: “The magnitude 
of association between red and processed meat consumption and all-cause mortality and adverse 

cardiometabolic outcomes is very small, and the evidence is of low certainty”.  This statement has 
recently been supported by Lescinsky et al. (2022) in a Burden of Proof study and by Zheng et al. (2022) 
in a biomarker-calibrated study.  

A summary of association results between the intake of milk and dairy products and human health 
reveals the following: the assumption that saturated fat can lead to increased plasma cholesterol which 
is associated with risk of CVD (Pedersen et al., 2011), and since full-fat dairy products contain saturated 
fat, most dietary guidelines recommend the consumption of low-fat dairy products. However, the 

evidence for a link between dairy consumption (including full-fat products) and CVD shows neutral, or 
even a modest beneficial, effect (Astrup et al., 2010; Soedamah-Muthu et al., 2011). Kratz et al. (2013) 
concluded that the observational evidence does not support the hypothesis that dairy fat or high-fat 
dairy products contribute to obesity or cardiometabolic risk and suggests that high-fat dairy consumption 
within typical dietary patterns is inversely associated with risk of obesity. This is supported by Feeney 
et al. (2017), who showed that higher intake of dairy (milk and yogurt) was associated with a lower body 

mass index, %body fat, waist circumference, and waist-to-hip ratio, as well as lower systolic and 
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diastolic blood pressure. Results furthermore suggest minimum or no risk for CVD and intake of cheese 
(Hjerpsted & Tholstrup, 2016) and even a non-linear relationship with maximum cheese intake at ~40 

g/d for maximum protection (Chen et al., 2017). Thus, it can be concluded that even at relatively high 
intakes, there is little evidence that milk has any significant adverse effects on health and may even be 
protective against CVD, metabolic syndrome, and colorectal cancer. Whereas other dairy products 
certainly contribute to consumption of saturated fatty acids, evidence for either negative or positive 
effects on health are limited (Salter, 2013; Godos et al., 2020). 

Deductions from the discussion on meat and dairy products per se are that their contribution to the 

risk of metabolic diseases is low, and over-consumption resulting in obesity should rather be the 
concern (Wilson et al., 2005; Popkin, 2006; Salter, 2013). Eating energy-dense diets, in particular rich 
in carbohydrates and sugar, and excess animal source foods, combined with sedentary lifestyles, has 
resulted in obesity mostly in developed countries, but also in developing countries due to energy –protein 
imbalances. A highly likely outcome over time is that a significant number of obese individuals will 
become insulin resistant and develop metabolic syndrome (Wilson et al., 2005; Salter, 2013), a cluster 

of risk factors that predispose the individual to both CVD and type 2 diabetes.  

 
Environment 
Greenhouse gas emissions 

Methane emissions and the biogenic carbon cycle 
All food production systems have an environmental impact. Livestock production has been singled 

out as a major cause of climate change (global warming) (Steinfeld et al., 2006; IPCC, 2007). The 
concern is primarily associated with ruminant livestock being a comparatively large source of methane 
(CH4) emissions, which is perceived to have a much higher warming contribution (52%) than carbon 

dioxide (CO2, 13%) and nitrous oxide (N2O, 35%) (Van Hooijdonk & Hettinga, 2015). The main source 
of ruminant CH4 is enteric fermentation. Enteric CH4 contributes approximately 6% to global 
anthropogenic GHG emissions and 40% to all livestock emissions (Gerber et al., 2013). Methane is 
also an attractive amelioration target for short-term gains in global warming abatement, since it has a 
much shorter lifetime than CO2 in the atmosphere of 8–12 years (Muller & Muller, 2017; Allen et al., 
2018) and therefore all countries must target CH4 reduction. 

For mitigation purposes, it is more relevant to express GHG emissions (and CH4) in relation to the 
amount of product produced, that is, to consider the contribution to food security at the same time. It 
also provides a measure of efficiency and partly reflects the amount of product produced in relation to 
the number of non-producing animals (Meissner et al., 2013b). For beef cattle, the proportion of non-
producing animals (including cows and heifers) is high compared to dairy cattle, where the cow is also 
the producing animal. Greenhouse gas emissions in kg CO2 equivalent (e)/kg product in life cycle 

assessments for developed countries at the farm gate (De Vries & De Boer, 2010) are: beef = 14–32 
and milk = 0.84–1.4, and when grass burning, slaughtering, and processing in the case of beef are 
added, it is 25–35 kg CO2 e/kg; for milk, the numbers increase to 1.3–1.5 kg CO2 e/kg after processing. 
The number for sub-Sahara Africa is ~2.7 kg CO2 e/kg milk, illustrating the effect of low and inefficient 
production systems (Capper, 2011b). Within the context of the anticipated increases in demand in the 
future, it is imperative that efficient systems should be followed with high levels of production and 

turnover, while not compromising the natural resources and the environment. 
Factors which need to be considered when considering CH4 emissions of cattle and which have 

mostly not been taken into account as yet, relate to the IPCC acceptance of the global warming potential 
(GWP) of CH4, the generally accepted amount of CH4 produced in enteric fermentation, and accounting 
in GHG emission calculations for the contribution of the animal itself as being a carbon sink and not 
merely a source of emissions. Being comparatively new in the literature, these require more detailed 

discussion. 
In GWP, the conventional calculation (GWP100) accepts the GWP of CH4 as being 28 to 34 times 

the warming potential of CO2 (EPA, 2018). Recently, this has been contested (Muller & Muller, 2017; 
Allen et al., 2018; Lynch et al., 2020). Muller & Muller (2017) contested this on account of a much lighter 
molecular weight of CH4 compared to CO2, a half-life of CH4 in the atmosphere of 8.6 years, and an 
exponential decaying rate, which together indicate that half of its effect is realised in the first 8.6 years 

and three quarters after approximately 17.2 years, whereafter it filters progressively towards infinity 
(Figure 2). This results because CH4 is removed from the atmosphere by chemical reactions, primarily 
with the hydroxyl radical and by chemical reactivity with soil. Photosynthesis through the biogenic 
carbon pathway plays a significant role (Figure 3). In contrast, for CO2, the primary mechanisms for 
removal from the atmosphere involve absorption into the oceans and biomass, which can last up to 
1000 years. Because of the regular removal of CH4, and if more CH4 is not added to the atmosphere 
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than that removed, the net result is a shifting warming effect, but on average at much lower levels than 
that which is acceptable in GWP100. The approach of Allen et al. (2018), Lynch et al. (2020), and Smith 
et al. (2021) is not dissimilar, emphasising the changing nature of the warming effect. These authors 
use a finite period of 20 years to capture the decaying nature of CH4 and calculated, using the equation 

of Smith et al. (2021):  
E*t = 128 x ECH4(t) – 120 x ECH4(t-20),     (2) 

that if a cut-off point of 20 years is considered where ECH4 is CH4 emissions for time t and time t-
20, then the warming potential can be as low as 128–120 = 8 times that of CO2. This approach has 
become known as GWP* and has progressively been applied in life cycle analysis (LCA) and other 
calculations (e.g., Cady, 2020; Ridoutt, 2021a, b; Blignaut et al., 2022). It is recognised that these 

arguments and calculations as yet are not well accepted in the scientific community, but they do suggest 
that there is sufficient evidence that calculations through GWP100 may be overestimated. 

 

 
Figure 2 The persistence of carbon dioxide and methane in the atmosphere as a function of time 
Note: The chart begins when a pulse of the gas is injected into the atmosphere. The legacy effect of methane is 
miniscule compared to that of carbon dioxide.  
Source: Muller & Muller (2017) 

 

 
Figure 3 The biogenic carbon pathway 

 
The biogenic carbon pathway (Figure 3) illustrates the integral role of cattle in drawing CO2 from the 

atmosphere through photosynthesis, the carbon of which is sequestered into plants and roots and is 
then captured in the soil. Methane from the cow is oxidised in the atmosphere by hydroxyl oxidation 
and other substances to CO2. In contrast to the CH4–CO2 relatively stable relationship in the biogenic 

carbon pathway which has evolved over millions of years between rangelands and herbivores (Figure 
3), the entrance of CH4 into the atmosphere from fossil fuel origin, peat, and CH4 trapped beneath ice 
masses in the polar regions – and now being released due to global warming – is ‘new’ to the 
atmosphere and results in accumulation because the rate of removal is exceeded (Mitloehner, 2020). 
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With respect to enteric CH4, from results of calorimetry trials on a wide range of forages and forages 
plus supplements in Australia, Charmley et al. (2016) regressed methane production on gross energy 

intake (GEI). These Australian forages correspond to forages and forages plus supplements used in 
many countries in the world. The prediction equation has a R2 of 0.93 and the estimate of methane 
production was 6.3% of GEI. This resulted in a mean relationship of metabolizable energy (ME) equal 
to 0.905 digestible energy (DE) instead of the usually accepted relationship of ME = 0.82DE (Hales, 
2019). The results of Charmley et al. (2016) are supported by a dataset from calorimetry trials with dairy 
cattle and growing steers used in comparing model predictions (Kass et al., 2022), where enteric 

methane was only 4.75% of digestible organic matter (DOM) at dietary DOM of 55% and 2.2% at a 
DOM of 84%. 

The last pathway accounts for the GHG emissions inclusive of the contribution of the animal being 
a carbon sink and not just a source of emissions. Currently, carbon accounting focuses almost 
exclusively on enteric and manure-based CH4 emissions. The fact that livestock production also 
contributes to the sequestration of carbon is largely ignored. It is assumed that, in addition to enteric 

emissions, the carbon absorbed by the animal in the form of feedstock is oxidised and returned to the 
atmosphere. An important omission in carbon footprint assessments is the carbon cycles within the 
animal to enable physiological functions of maintenance, pregnancy, lactation, and growth. The within-
animal pool (Figure 3) completes the carbon cycle and needs to be considered as well (Mitloehner, 
2020; Blignaut et al., 2022). This within-animal carbon pool should be considered as a virtual carbon 
sink (Atkinson et al., 2011; Chen et al., 2020; Blignaut et al., 2022). 

The arguments above provide significant evidence that, on average, the GWP of CH4 in the 
atmosphere may be lower than until recently accepted if the implications of GMP* are accepted. Global 
cattle CH4 emissions (if Tier 2 calculated), should also be much lower towards 2050 than accepted in 
the literature for LCA calculations due to the cattle number arguments  above; the lower enteric CH4 
production, as shown by Charmley et al. (2016) and Kass et al. (2022); proof of a virtual carbon sink 
(Atkinson et al., 2011; Chen et al., 2020; Blignaut et al., 2022); and proof that in many countries, the 
same productivity is maintained with less cattle than in the past (Capper, 2011a, b; Capper & Cady, 

2020). In fact, the evidence of a slowing down (even reduction) of cattle numbers towards 2050 as 
suggested earlier, may even result in a cooling down of the cattle-induced CH4 in the atmosphere, if the 
predicted outcomes of GWP* and the reasoning of Mitloehner (2020) about fossil and other earth 
sources of CH4 as being new to the atmosphere, are accepted.  

 

Nitrous oxide 
The relationship between cattle and nitrous oxide (N2O) is primarily indirect through their feed stocks. 

Nitrous oxide is emitted in comparatively small quantities from cattle manure and primarily following 
chemical N fertilisation and pesticide application of crops, cover crops, and cultivated pastures. As 
chemical fertilisers, N application to agricultural crops has increased dramatically, from 10 Tg N/ha in 
1961 to 77 Tg N/ha in 2016 (Elrys et al., 2020; Martínez-Dalmau et al., 2021). Nearly half of the N 
fertiliser supplied is not used by crops and is lost to the ecosystem through volatilisation, runoff , or 
leaching (Billen et al., 2013). These losses may lead to environmental pollution, such as the release of 

GHGs, negative infiltration of aquatic water bodies (Martinez-Dalmau et al., 2021), soil acidification, and 
biodiversity reduction. For example, due to the low N-use efficiency of the crops and the extreme 
mobility of the reactive forms of N in either the gas or the soluble phase, the excess N applied has a 
high risk of being lost to the environment (Sahrawat, 1982; Tubiello et al., 2013). 

Nitrogen is released into the atmosphere during the processes of de-nitrification (reduction of NO3
- 

to N2 by soil microbes) under anaerobic conditions, and nitrification (oxidation from NH4
+ to NO3

-) under 

aerobic conditions. The atmospheric level of N pollution by 2050 is expected to be in the range of 102–
156% higher than in 2010, with the agricultural sector accounting for 60% of this increase (Bodirsky et 
al., 2014; Martinez-Dalmau et al., 2021). The lifespan of N2O in the atmosphere is 110–120 years and 
its GWP is 298 times that of CO2 at GWP100, i.e., exactly as calculated by the IPCC over the 100-year 
period. Thus, although N2O concentration in the atmosphere is only 1/1 000 of CO2, it is 5–6% of all 
GHG in the atmosphere and increasing at a rate of 0.25% per year (Crutzen et al., 2008). In 2018, N2O 

emissions from agriculture to the atmosphere were 7.718 Gg (FAO, 2018). Thus, its warming effect is 
substantial and increasing. In addition, N2O is one of the ozone-depleting substances in the atmosphere 
(Ravishankara et al., 2009). 

The implications are that agricultural practices need to limit N fertilisation and other chemical 
substance applications. Currently, the status is that developing countries remain in the phase of 
increasing N pollution (e.g., India), certain countries are in the transition phase (e.g., China), while 

others are in a phase of reducing pollution (e.g., the USA and the EU) (Zhang et al., 2015; Martinez-
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Dalmau et al., 2021). To limit pollution by N2O, practices of conservation and regenerative agriculture 
(CA and RA) in crop production should be implemented, which are discussed in the following sections. 
In these practices, cattle play a significant role. One aspect is the supply of organic N through manure 
as substitute for chemical N fertilisation. 

 

Soils and carbon stocks 
Livestock production can be a direct (or on-site) force, such that increasing the number and 

frequency of grazing animals may lead to changes in soil health. Excessive or poor grazing 
management causes soil compaction and erosion, decreased soil fertility and water infiltration, and a 
loss in soil organic matter content and water storage capacity. On the other hand, the total absence of 
grazing also reduces biodiversity because of the invasion of less desirable plant species and bush 

encroachment. Good grazing practices and trampling can stimulate grass tillering, improve seed 
germination and biodiversity, and improve soil health (De Haan et al., 1997). 

Soil is involved in the biogeochemical cycles of C and N, and thus is key to climate regulation, either 
by emitting GHGs or by sequestering C. By sequestration, soil can store vast amounts of C: globally 
the few first meters of mineral soils contain 1 500–2 400 Pg of organic C (Ciais et al., 2013; Stockmann 
et al., 2013). This is approximately three to four times the amount of C in vegetation (450–650 PgC) 
and 2–3 times the amount in the atmosphere (∼829 GtC) (Bispo et al., 2017). 

Fargione et al. (2018) quantified the potential of natural climate solutions (defined as conservation, 
restoration, and improved land management interventions on natural and agricultural lands) to increase 

carbon storage and avoid GHG emissions in the US. They showed the potential as being 1.2 ± 0.3 Pg 
CO2 e per year, which is the equivalent of 21% of the total net annual emissions of the US. In a similar 
study, Griscom et al. (2017) estimated that natural climate solutions can provide 37% of cost-effective 
CO2 mitigation required by 2030 for a >66% chance of holding global warming to below 2 oC. Even 
though the potential of soil carbon accumulation is dependent on soil type (much less in sandy than in 
clay soils) and accumulation does reach a plateau (Miles, 2022), the potential for carbon removal from 
the atmosphere and storage in soil over the short to medium term is clearly substantial. In this, 

agricultural practices need to play a significant role. The role of cattle (and other herbivores) is through 
its essential link in the biogenic carbon cycle which channels carbon through the plant to the soil (Figure 
3). 

 

Associations with rangeland 
Rangelands contain a broad variety of plant species for wild and domestic herbivores. Of this, 

grasslands, shrublands, and savannahs are the most important in livestock production and cover 

approximately half of the world’s terrestrial surface with some of the most diverse ecosystems on Earth. 
Humans have always played an important role in maintaining, cultivating, and managing these areas 
through planned fires, hunter-gathering, and pastoralism. Livestock play a key role in reducing biomass 
loads, moving around nutrients, trampling and breaking crusted soil surfaces, improving soil infiltration, 
and increasing diversity. Not only is carbon stored in vegetation above the earth’s surface, but there 
are also significant amounts in roots and tubers below ground and in the soil itself (Sacande et al., 

2020). 
Taken together, grasslands cover 3.67 million km2, which is 46% of all global rangeland types and 

it co-evolved with herbivores, soil biota, and predators (Retallack, 2013). The grasslands are one of the 
world’s most extensive terrestrial biomes, covering more than 40% of the terrestrial surface of the earth 
(Hewins et al., 2018) and are central to the survival of modern-day livestock herbivores, their associated 
pastoralists, and commercial farmers, in addition to a diverse community of large wild mammals 

(Marshall et al., 2018; Bond et al., 2019), the African continent being a prominent example where 
countless wild herbivores still graze, such as in the Serengeti–Masai Mara complex. Although cattle 
habituate most biomes, the grasslands are the major home of cattle on all continents. India and some 
neighbouring countries are unique since significant numbers are kept in urban areas because of social, 
cultural, and religious orientations. 

The grassland biome is also an extremely important resource for soil carbon sequestration, even 

more than forests (Bond & Zaloumis, 2016; Silveira et al., 2020). Furthermore, it is important because 
many arid and semi-arid grass species have co-evolved with herbivores (Hendrickson & Olson 2006; 
Weber & Horst, 2011), thereby indicating the important role which cattle as the major herbivore in 
contemporary times must play in the quest to mitigate climate change, and to use and protect 
grasslands, and of course, other rangelands that they inhabit.  

There is a growing amount of evidence that GHG emissions associated with rangelands are primarily 

due to poor grazing management, resulting in either inadequate use or bare ground and soil erosion 
(Schuman et al., 2002; Gosnell et al., 2020), and that managing grazing effectively can, in fact, 
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contribute to CO2 removal from the atmosphere by enhancing soil carbon sequestration (Teague et al., 
2011; Stanley et al., 2018). In this context, Hewins et al. (2018) demonstrated that moderate grazing 

enhanced soil organic carbon (SOC) in the upper 15 cm by 12%, compared with no grazing. One 
explanation is that plants put more carbon below ground because of grazing than plants not grazed by 
increasing root mass up to three times more in grazed grasslands than in ungrazed grasslands (Nickel, 
2021). The response of plant roots to grazing is to produce more roots and exudate through the roots 
which feed the microbial population, thereby also improving soil health.  

Effective grazing management requires some form of rotation as it is generally accepted that 

perennial (even annual) grasses require recovery periods after grazing to produce and develop new 
tillers and root systems and replace nutrients lost in grazed tissue (Fynn et al., 2017). Rotational grazing 
requires multi-paddocks through which livestock herbivores (cattle) are rotated in one or more cycles 
during a season. While there are differences of opinion regarding the intensity of grazing (Chamane et 
al., 2017; Franke et al., 2022; Hawkins et al., 2017; 2022), relatively high to ultra-high density, quick 
rotation systems have shown increasing interest. These systems may advance photosynthesis and 

promote soil cover if correctly applied (Savory & Butterfeld, 2016; Fynn et al., 2017; Gosnell et al., 2020; 
Teague & Kreuter, 2020; Spratt et al., 2021). They may also enhance root and soil microbial mass as 
an additional benefit, but this depends on the biome (Franke et al., 2022). 

The grazing management system adopted should ensure high forage plant biomass (dead litter or 
living plants) as permanent soil cover, which is highly effective in reducing soil erosion; livestock 
consuming grazed forages under appropriate management will result in more carbon sequestration than 

emissions (Teague et al., 2016; Shresta et al., 2020; Teague & Kreuter, 2020). Regeneratively grazed 
pastures maintain dense, diverse stands of living plants, which in addition to preventing erosion, can 
improve soil fertility and reduce nutrient runoff due to increased water infiltration (Park et al., 2017). 
Perennial pasture under regenerative management also improves water quality (Dinnes et al., 2002); 
promotes healthy soils that can absorb heavy rains, thereby mitigating nutrient and sediment runoff, 
downstream flooding, and drought (Basche & DeLonge, 2019; Spratt et al., 2021); and increases soil 
water storage capacity through organic matter accrual (Rawls et al., 2003). It is clear that the benefits 

of cattle to carbon sequestration by effective grazing management is of a magnitude that can exceed 
GHG reductions by reducing cattle numbers as proposed by Ripple et al. (2014), which therefore should 
be the preferred policy because of all the benefits to the environment and society at large, as described 
above. 

The improper utilization and management of rangelands and consequent land degradation, 
however, continues unabated in some parts of the world, especially in arid, semi-arid, and sub-tropical 

rangelands of Africa (Liniger & Mekdaschi Studer, 2019). Climate change and weather variability in the 
past decades have worsened the situation. Restoration efforts in these mostly complex situations are 
difficult and call for the research and development of well-adapted livestock and grazing management 
practices (Savory & Butterfeld, 2016; Ng’ang’a et al., 2020) to improve the natural resources, income, 
and livelihood of agro-pastoralists. 

 

Associations with crops 
In mixed farming systems, crop and livestock production are done on the same farm. The full 

integration of livestock with cropping systems, usually referred to as Integrated Crop–Livestock 
Systems (IC–LS), has been a foundation of agriculture for hundreds of years (FAO, 2010). Regionally, 
the mixed farming systems of the Organisation for Economic Co-operation and Development (OECD) 
countries and Asia provide by far the largest share of these practices, but also in sub-Saharan Africa, 
West Asia and North Africa and Central and South America, mixed farming is the main system for 

smallholder farmers (De Haan et al., 1997). 
According to the FAO (2010), mixed production systems currently generate close to 50% of the 

world’s cereals and most of the staples consumed by poor people. They also produce the bulk of 
livestock products in the developing world (75% of the milk and 60% of the meat) and employ many 
millions of people on farms, formal and informal markets, processing plants, and other components of 
long value chains. 

In recent decades, the integration of livestock with conservation agriculture cropping systems was 
perhaps among the most significant innovations in these mixed production systems to ensure economic 
and ecological sustainability and resilience, while providing ecosystem services, such as increased 
biological diversity, nutrient cycling, and improved soil health. It also enhances forest preservation and 
contributes to adaptation and mitigation of climate change. Within the economic and production 
dimension, sustainable IC–LS enhance livelihood diversification and, potentially, efficiency through 
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optimization of production inputs including labour, offer ing resilience to economic stresses, and 
reducing risks.  

Resource use in mixed farming can be highly self-reliant as nutrients and energy flow from crops to 
livestock and back. By definition, such a closed, fully integrated IC–LS offers positive incentives to 

compensate for environmental effects ("internalize the environmental costs"), making them less 
damaging or more beneficial to the natural resource base (De Haan et al., 1997).  

As discussed above, one of the most significant solutions to the problem of global warming and 
climate change is to draw down, or sequester, atmospheric CO2 back into soil and other biotic pools 
through photosynthesis. This is a critical intervention to increase SOC levels beyond a threshold level 
of ~1.2% in the surface layer and 1.1–1.5% in the root zone (Lal, 2009), which will improve soil health, 

increase agronomic productivity, and protect the quality of water resources. Over-tilled or degraded 
soils generally contain much lower levels of SOC and cannot perform these essential ecosystem 
functions and services. Further indicators are an improvement of 1% carbon in the upper 30 cm of the 
soil, which will coincide with the addition of 25 kg atmospheric N; for each 1% increase in soil organic 
matter (SOM), soil water holding capacity will be increased by 16–250 kℓ/ha/year (the variation depends 
on soil type and land area) (Hudson, 1994). 

In croplands, no-till practices therefore offer promising options towards adaptation and mitigation of 
climate change. The addition of innovative and diverse cropping systems through crop rotations, 
sequences, associations, and cover crops in RA and CA practices can have further benefits. However, 
the integration of livestock through the inclusion and grazing of cover crops on the croplands has been 
proven as one of the most significant contributions in IC–LS. Kaye & Quemada (2017) reported that 
cover crop effects on GHG fluxes mitigated warming by ~100–150 g CO2e/m2/year, which is higher than 

mitigation from transitioning to no-till. The most important factors were soil carbon sequestration and 
reduced fertiliser use, with an additional advantage if legumes were used in cover crop systems. 
Maximum benefits can be obtained if the full range of RA tenets are included. Lal (2020) commented: 
“RA comprises system-based conservation agriculture (CA), which includes no-till farming in 
conjunction with residue mulching, cover cropping, integrated nutrient and pest management, complex 
rotations, and integration of crops with trees and livestock.” The multiple benefits achieved through the 

integration of the different tenets of RA are supported by research and farmer experiences across the 
world (Branca et al., 2011; Kassam et al., 2018; Mitchell et al., 2019; Hancock Natural Resource Group, 
2020; Kassam, 2020; Larbodière et al., 2020). Some of the different tenets of RA systems are shown 
in Figure 4.  

 

 
Figure 4 Basic tenets of regenerative agriculture designed to draw carbon dioxide from the 

atmosphere  

 
As mentioned above and shown in Figure 4, in mixed farming systems, livestock integration (or IC–

LS) through crops (and trees where applicable) is a key component of RA systems. Grazing certain 
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crops (e.g., cover crops) or crop residue with cattle (and other livestock) adds to the benefits of the 
described RA practices. In this regard, two reviews are of significance. Teague et al. (2016) concluded: 

“Incorporating forages and ruminants into regeneratively managed agroecosystems can elevate soil 
organic C, improve soil ecological function by minimizing the damage of tillage and inorganic fertilizers 
and biocides, and enhance biodiversity and wildlife habitat, and to ensure long-term sustainability and 
ecological resilience of agroecosystems, agricultural production should be guided by policies and 
regenerative management protocols that include ruminant grazing.” Brewer & Gaudin (2020) concurred 
by arguing that livestock re-integration holds notable potential to increase cropland SOC through 

controls on landscape net primary productivity, allocation of biomass below ground, efficient recycling 
of residual crop nutrients, an increase in photosynthetic capacity , and soil biological activity related to 
a suite of soil ecosystem services. In integrated crop–cattle systems with crop residues and multi-
species cover crops, more cattle numbers than normal can be used in comparatively high-density 
rotational management practices because of high plant biomass, to the benefit of photosynthesis, soil 
health, productivity, and economic outcomes of the enterprise. 

  

 
Greenhouse gas emissions from intensive beef production systems 

Intensification of production has been explored as one way of limiting the increasing pressure on 
natural resources to improve productivity and efficiency of global beef production systems (Greenwood, 
2021). Practices, such as feedlotting, that improve growth efficiency and take-off rates of cattle, 
contribute to sustainability and food security (Pelletier et al., 2010; Capper & Hayes, 2012; Greenwood, 
2021), and since feedlot finishing reduces time spent in finishing, it is expected that emissions from 

enteric fermentation and manure from this production phase will be less than in less -intensive systems, 
such as from pastures. This has been substantiated by Phetteplace et al. (2001), who showed that 
pasture-finished beef (19.2 kg CO2-e/kg) from managed grazing systems emitted more greenhouse 
gases compared to feedlot-finished beef (14.8 kg CO2-e/kg) when evaluated from an equal live-weight 
production basis. Apart from turnover rate, other reasons are higher quality (concentrate) diets and 
increased growth rates, which reduce overall ruminant methane and manure nitrous oxide emissions 
(Lovett et al., 2005; Casey & Holden, 2006; Hyslop, 2008), and metabolic modifiers which may reduce 

enteric methane by up to 15% (Cooprider et al., 2011). 

As in other production systems, the feedlot phase is but one of the phases in the system. According 

to the USDA (2015), 70% of the carbon footprint in a production system is produced during the cow–
calf phase, followed by 13% during the stocker or backgrounding phase (primarily on pasture), and 17% 
of the carbon footprint is produced during the feedlot finisher phase. This implies that (a) the overall 
gain in emission reduction by feedlotting compared to other production systems is comparatively small, 
and (b) that efforts of mitigation should primarily target the cow–calf and stocker phase, where carbon 
sequestration provides the major opportunity as discussed above, while not neglecting emission 

reduction per se. In many instances, cattle reproduction rates are less than optimal, resulting in more 
animals in the cow–calf phase that of necessity consume lower quality, forage-based diets, which will 
result in higher daily methane yields per animal (Yan et al., 2006; Van der Westhuizen et al., 2020; 
Greenwood, 2021). If, however, grazing intensity can be manipulated such as with high intensity grazing 
discussed above, the quality of the diet during the cow–calf phase can be improved. Phetteplace et al. 
(2001) found that transition to intensive grazing during the cow–calf phase, as opposed to less 

management-intensive grazing, can reduce emissions, and DeRamus et al. (2003) reported that best 
management (rotational) practices in grazing systems could reduce enteric methane emissions by as 
much as 22% compared to continuous grazing. As a further adjunct, more intensive finishing systems, 
such as with concentrate supplementation and feedlotting, can help to maintain beef production and 
reproduction rates during periods of drought or when forage availability is inadequate by reducing the 
stocking load on the rangeland and supplying the required nutrients, in addition to reducing enteric 

methane. 

Observations and conclusions 
The purpose of this investigation was to evaluate the risk to the global socio-economy and the 

environment if cattle production increases towards 2050, according to projected needs and demands 
of the global economy. The following observations and conclusions are pertinent: 

• Estimations of global and country cattle numbers vary considerably between literature sources. 
In addition, expectations of numbers towards 2050 are unrealistic, which are of concern as 
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projections of needs, future production, and trade will not realise. Projections indicate 
stagnation and possibly a decrease in cattle foods, at least per capita.  

• Livestock provide over half of the global agricultural output and current world trade is healthy. 

Cattle, in addition to being a source of food, provide several essential socio-economic services 
in the developing world that cannot be replaced. 

• Consumption of animal-based foods is rapidly increasing in developing and transition countries  
and yet, is still much below consumption in developed countries. The low consumption in poor 
countries is a major reason for nutritive imbalances, stunting, and low cognitive development 

as animal-based foods are nutrient dense in contrast to plant-based foods, which alone can 
rarely meet nutrient requirements. 

• Although the literature is contradictory, there are very few meta-analysed studies that show 
negative relationships between animal-based foods and cardiovascular diseases and cancer. 
It is rather a case of quantity resulting in obesity and insulin resistance. 

• Methane emissions by cattle are much lower than previously accepted because global cattle 
numbers are much lower than estimated, the global warming potential of CH4 has apparently 
been over-estimated, the relationship with the biogenic carbon pathway has not been 
understood, and how it is affected by the physiological function of the animal is undetermined. 
Furthermore, the effect of additional soil carbon resulting from the manure is generally ignored.   

• Nitrous oxide is a dangerous polluter in the atmosphere. In agriculture, it is primarily derived 

from chemical fertilisation during crop and pasture cultivation, which is also damaging to soil 
health. These practices should be limited and organic sources, such as animal (cattle) manure 
and compost, should be used. 

• Grasslands constitute 46% of rangeland surfaces, have co-evolved with herbivores, and are 

the largest source of photosynthesis and carbon sinks into soil, even larger than forests. The 
implication is that this resource and its herbivore grazers (cattle being the prime example) need 
to be protected against degradation at all costs through well-adapted livestock grazing systems 
in different contexts.  

• Photosynthesis, carbon sequestration, and soil health should be emphasised in rangeland 
management, using quick rotation and comparatively high-density grazing practices with cattle 

where feasible; and in integrated crop–livestock systems, by introducing multi-species cover 
crops and livestock grazing, and/or employing feedlotting as an alternative. This will 
accommodate more animals per unit of land for the benefit of healthy ecosystems, productivity, 
and economic returns.  

• Livestock forms an integral part of regenerative agriculture systems leading to multiple 

environmental, social, and economic benefits, with soil health at the centre. The research and 
development of well-adapted and adopted livestock and grazing management practices using 
CA principles in different local contexts are key. 

• Finally, there is very little evidence of socio-economic and environmental risk if cattle production 
is to be increased towards 2050, provided a number of influencing factors are addressed, such 

as resource degradation and the implementation and scaling out of sound grazing management 
practices. For the developing world, an increase in cattle foods will be mostly beneficial. 
However, cattle number and production trends do not predict an increase, which points to 
further increases in pork and chicken to meet future demands for animal-based foods.  
 

Acknowledgements 

The authors are grateful to L van der Elst for the editorial assistance rendered. 

 
Authors’ contributions 
HHM initiated and conceptualised the manuscript and was responsible for most of the writing, JNB was jointly 
responsible for the data compilation and the socio-economic component, HJS was jointly responsible for the 

environmental component, and CJLduT was jointly responsible for the livestock component and its relevant data 
manipulation.  

 
Conflict of interest 

None 
 
Funding 
None  

 

  



 
Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 265 

 

 

 

 

References 
Abay, K.A. & Jensen, N.D. 2020. Access to markets, weather risk, and livestock production decisions: Evidence 

from Ethiopia. Agric. Econ. 51(4), 577–593. https://doi.org/10.1111/agec.12573 
Abete, I., Romaguera, D., Vieira, R.A., De Munain, A.L & Norat, T. 2014. Association between total, processed, 

red and white meat consumption, and all-cause, CVD and IHD mortality: A meta-analysis of cohort studies. 
Br. J. Nutr. 112, 762–775. https://doi.org/10.1017/S000711451400124X 

Allen, M.R., Shine, K.P., Fuglesvedt, J.S., Millar, R.J., Cain, M., Frame, D.J. & Macey, A.H. 2018. A solution to the 
misrepresentations of CO2-equivalent emissions of short-lived climate pollutants under ambitious mitigation. 
NPJ Clim. Atmos. Sci. 1, 16. https://doi.org/10.1038/s41612-018-0026-8 

Arelovich, H.M., Bravo, R.D. & Martinez, M.F. 2011. Development, characteristics, and trends in beef cattle 

production in Argentina. Anim. Front. 1, 37–45. 
Astrup, A., Dyerberg, J., Elwood, P., Hermansen, K., Hu, F.B., Jakobsen, M.U., Kok, F.J., Krauss, R.M., Lecerf, 

J.M., LeGrand, P., Nestel, P., Riserus, U., Sanders, T., Sinclair, A., Stender, S., Tholstrup, T. & Willett, W.C. 
2010. The role of reducing intakes of saturated fat in the prevention of CVD: Where does the evidence stand 

in 2010? Am. J. Clin. Nutr. 93, 684–688. 
Atkinson, G., Hamilton, K., Ruta, G. & Van der Mensbrugghe, D. 2011. Trade in ‘virtual carbon’: Empirical results 

and implications for policy. Glob. Envir. Change. 21, 563–574. 
https://doi.org/10.1016/j.gloenvcha.2010.11.009 

Baltenweck, I., Enahoro, D., Frija, A. & Tarawali, S. 2020. Why is production of animal source foods important for 
development in Africa and Asia? Anim. Front. 10(4), 22–29. 

Basche, A.D. & DeLonge, M.S. 2019. Comparing infiltration rates in soils managed with conventional and 
alternative farming methods: A meta-analysis. PLoS ONE. 14(9), e0215702. 

Beal, T., Massiot, E., Arsenault, J.E., Smith, M.R. & Hijmans, R.J. 2017. Global trends in dietary micronutrient 
supplies and estimated prevalence of inadequate intakes. PLoS ONE. 12(4), e0175554. 

Billen, G., Garnier, J. & Lassaletta, L. 2013. The nitrogen cascade from agricultural soils to the sea: Modelling 
nitrogen transfers at regional watershed and global scales. Philosop. Trans. R. Soc. B. Biol. Sci. 368, 

20130123. 
Bispo, A., Andersen, L., Angers, D.A., Bernoux, M., Bossard, M., Cecillon, L., Comans, R.H.J., Harmsen, J., 

Jonassen, K., Lame, F., Lhuillery, C., Maly, S., Martin, E., Mcelnea, A.E., Sakai, H., Watabe, Y. & Eglin, 
T.K. 2017. Accounting for carbon stocks in soils and measuring GHGs emission fluxes from soils: Do we 

have the necessary standards? Front. Envir. Sci. 5(41), 1–12. 
Blaustein-Rejto, D. & Smith, A. 2021. We’re on track to set a new record for global meat consumption. MIT Technol . 

Rev. http://www.technologyreview.com/2021/04/26/1023636/sustainable-meat-livestock-production-clim. 
Blignaut, J., Meissner, H., Smith, H. & Du Toit, L. 2022. An integrative bio-physical model to determine the 

greenhouse gas emissions and carbon sinks of a cow and her offspring in a beef cattle operation: A system 
dynamics approach. Agric. Syst. 195, 103286. https://doi.org/10.1016/j.agsy.2021.103286. 

Bodirsky, B.L., Popp, A., Lotze-Campen, H., Dietrich, J.P., Rolinsky, S., Weindl, I., Schmitz, C., Muller, C., Bonsch, 
M., Humpenoder, F., Biewald, A & Stevanovic, M. 2014. Reactive nitrogen requirements to feed the world 

in 2050 and potential to mitigate nitrogen pollution. Nat. Commun. 5, 1–7. 
Bond, W.J., Stevens, N., Midgley, G.F. & Lehmann, C.E.R. 2019. The trouble with trees: Afforestation plans for 

Africa. Trends. Ecol. Evol. 34, 963–965. 
Bond, W.J. & Zaloumis, N.P. 2016. The deforestation story: Testing for anthropogenic origins of Africa’s flammable 

grassy biomes. Philosoph. Trans. R. Soc. B Biol. Sci. 371, 20150170. 
Bouvard, V., Loomis, D., Guyton, K.Z., Grosse, Y., El Ghissassi, F., Benbrahim-Tallaa, L., Guha, N., Mattock, H. & 

Straif, K. 2015. Carcinogenicity of consumption of red and processed meat. Lancet Onc. 16, 1599–1600. 
https://doi.org/10.1016/S1470-2045(15)00444-1. 

Branca, G., McCarthy, N., Lipper, L. & Jolejole, C.M. 2011. Climate Smart Agriculture: A Synthesis of Empirical 
Evidence of Food Security and Mitigation Benefits from Improved Cropland Management. FAO Working 
Paper No. LAC3/10.  

Brewer, K.M. & Gaudin, A.C.M. 2020. Potential of crop-livestock integration to enhance carbon sequestration and 

agroecosystem functioning in semi-arid croplands. Soil. Biol. Biochem. 149, 107936. 
https://doi.org/10.1016/j.soilbio.2020.107936. 

Broucek, J. 2018. Options to methane reduction abatement in ruminants: A review. J. Anim. Plant. Sci. 28, 348–
364. 

Bryan, S. 2011. Global meat consumption to rise 73 percent by 2050. FAO12/14/2011. FAO, Rome. 
Cady, R.A. 2020. A Literature Review of GWP*: A proposed method for estimating global warming potential of 

(GWP*) of short-lived climate pollutants like methane. Global Dairy Platform, Illinois, USA. 
info@GlobalDairyPlatform.com.  

Capper, J.L. 2011a. The environmental impact of beef production in the United States: 1977 compared with 2007.  
J. Anim. Sci. 89, 4249–4261. 

Capper, J.L. 2011b. Replacing rose-tinted spectacles with a high-powered microscope: The historical versus 
modern carbon footprint of animal agriculture. Anim. Front. 1, 26–32. 

Capper, J.L. 2021. Integrating improved health, welfare, and productivity to improve sustainability. In: Proceedings 
of the 52nd Annual SASAS Congress, 10–12 August, Pretoria, South Africa. 

Capper, J.L. & Cady, R.A. 2020. The effects of improved performance in the U.S. dairy cattle industry on 
environmental impacts between 2007 and 2017. J. Anim. Sci. 98(1), 1–14. 

http://www.technologyreview.com/2021/04/26/1023636/sustainable-meat-livestock-production-clim
https://doi.org/10.1016/j.soilbio.2020.107936
mailto:info@GlobalDairyPlatform.com


266 Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 

 

Capper, J.L., Cady, R.A. & Bauman, D.D. 2009. The environmental impact of dairy production: 1944 compared 
with 2007. J. Anim. Sci. 89, 2160–2167. 

Capper, J.L. & Hayes, D.J. 2012. The environmental and economic impact of removing growth-enhancing 

technologies from U.S. beef production. J. Anim. Sci. 90, 3527–3537. doi:10.2527/jas2011-4870. 
Casey, J. & Holden, N., 2006. Greenhouse gas emissions from conventional, agri-environmental scheme, and 

organic Irish suckler-beef units. J. Environ. Quality 35, 231–239. 
Cattle Industry. 2021. View Trends, Analysis, and Statistics. https://www.reportlinker.com/market-

report/Livestock/136903/Cattle. 
Chamane, S., Kirkman, K.P., Morris, C. & O’Connor, T. 2017. What are the long-term effects of high-density, short-

duration stocking on the soils and vegetation of mesic grassland in South Africa? Afr. J. Range. Forage. 
Sci. 34, 111-121. doi:10.2989/10220119.2017.1364295 

Charmley, E., Williams, S.R.O., Moate, P.J., Hegarty, R.S., Herd, R.M., Oddy, V.H., Reyenga, P., Staunton, K.M., 
Anderson, A. & Hannah, M.C. 2016. A universal equation to predict methane production of forage-fed cattle 
in Australia. Anim. Prod. Sci. 56, 169–180. 

Chen, G-C., Lv, D.B., Pang, Z. & Liu, Q.F. 2013. Red and processed meat consumption and risk of stroke: A meta-

analysis of prospective cohort studies. Eur. J. Clin. Nutr. 67, 91–95. https://doi.org/10.1038/ejcn.2012.180 
Chen, G-C., Wang, Y., Tong, X. & Szeto, I.M.J. 2017. Cheese consumption and risk of cardiovascular disease: A 

meta-analysis of prospective studies. Eur. J. Nutr. 56, 2565–2575. 
Chen, S., Chen, B., Feng, K., Liu, Z., Fromer, N., Tan, X., Alsaedi, A., Hayat, T., Weisz, H., Schellenhuber, H.J. & 

Hubacek, K. 2020. Physical and virtual carbon metabolism of global cities. Nat. Comm. 11, 182. 
https://doi.org/10.1038/s41467-019-13757-3. 

Ciais, P., Sabine, C., Bala, G. & Peters, W. 2013. Carbon and other biogeochemical cycles. In Stocker, T.F., Qin, 
D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (eds). 

Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK; 
New York, 465–570. 

Conant, R.T., Cerri, C.E.P., Osborne, B.B. & Paustian, K. 2017. Grassland management impacts on soil carbon 

stocks: A new synthesis. Ecol. Appl. 27, 662–668. 
Cooke, R.F., Daigle, C.L., Moriel, P., Smith, S.B., Tedeschi, L.O. & Vendramini, J.M.B. 2020. Cattle adapted to 

tropical and subtropical environments: Social, nutritional, and carcass quality considerations. J. Anim. Sci. 
98(2). doi:10.1093/jas/skaa 014  

Cooprider, K.L., Mitloehner, F.M., Famula, T.R., Kebreab, E., Zhao, Y. & Van Eenennaam, A.L. 2011. Feedlot 
efficiency implications on greenhouse gas emissions and sustainability. J. Anim. Sci. 89, 2643 – 2656. 

Crutzen, P.J., Mosier, A.R., Smith, K.A. & Winiwarter, W. 2008. N2O release from agro-biofuel production 
negates global warming reduction by replacing fossil fuels. Atmosph. Chem. Phys. 8, 389–395. 

Day, L., Cakebread, J.A. & Loveday, S.M. 2022. Food proteins from animals and plants: Differences in the 
nutritional and functional properties. Trends Food Sci. Technol. 119, 428-422. 10.1016/j.tifs.2021.12.020.  

De Alba, J. 1987. Criolla cattle of Latin America – Animal genetic resources. FAO, Rome. 
http://www.fao.org/3/ah806e/AH806E06.htm. 

De Haan, C., Steinfeld, H., Blackburn, H.D. & Commission of the European Communities & World Bank, 
1997. Livestock & the environment: Finding a balance. [Brussels, Belgium]: European Commission 
Directorate-General for Development, Development Policy Sustainable Developmentm, and Natural 
Resources. 

DeRamus, H., Clement, T., Giampola, D. & Dickison, P. 2003. Methane emissions of beef cattle on forages: 
Efficiency of grazing management systems. J. Environ. Quality 32, 269–277. 

De Vaccaro, L.P. 1977. Dairy cattle breeding in tropical South America – FAO. From Animal Breeding: Selected 
articles from the WORLD ANIMAL REVIEW. http://www.fao.org/3/x6500e/x6500E14.htm. 

De Vries, M. & De Boer, I.J.M. 2010. Comparing environmental impacts for livestock products: A review of life cycle 
assessments. Livest. Sci. 28, 1–11. 

Delgado, C.L. 2003. Rising consumption of meat and milk in developing countries has created a new food 
revolution. J. Nutr. 133, 3907S–3910S. 

Dinnes, D.L., Karlen, D.L., Jaynes, D.B., Kaspar, T.C., Hatfield, J.L., Colvin, T.S. & Cambardella, C.A. 2002. 
Nitrogen management strategies to reduce nitrate leaching in tile-drained Midwestern soils. Agron. J. 94, 
153–171. 

Dregne, H.E. 2002. Land degradation in the drylands. Arid. Land. Res. Manag. 16, 99–132. 

Eckard, R.J. & Clark, H. 2018. Potential solutions to the major greenhouse gas issues facing Australasian dairy 
farming. Anim. Prod. Sci. 60, 10–16 

Ederer, P., Tarawali, S., Baltenweck, I. & Blignaut, J.N. 2022. Affordability of meat for global consumers and the 
need to sustain investment capacity for livestock farmers. In: Proceedings of the Conference on The Societal 

Role of Meat – What the Science Says, Dublin, Ireland, 19-20 October 2022. 
Elrys, A.S., Metwally, M.S., Raza, S., Alnaimy, M.A., Shaheen, S.M. Chen, Z & Zhou, J. 2020. How much nitrogen 

does Africa need to feed itself by 2050? J. Environ. Manag. 268:110488. 
doi:10.1016/j.jenvman.2020.110488. 

EPA. 2018. Draft inventory of U.S. greenhouse gas emissions and sinks: 1990–2016. U.S. Environment Protection 
Agency. https://www.epa.gov/sites/production/files/2018-01/documents/2018_complete_report.pdf (EPA 
430-P-18). 

https://www.reportlinker.com/market-report/Livestock/136903/Cattle
https://www.reportlinker.com/market-report/Livestock/136903/Cattle
http://www.fao.org/3/ah806e/AH806E06.htm
http://www.fao.org/3/x6500e/x6500E14.htm


 
Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 267 

 

 

 

 

Eshel, G., Shepon, A., Makov, T. & Milo, R. 2014. Land, irrigation water, greenhouse gas, and reactive nitrogen 
burdens of meat, eggs, and dairy production in the United States. PNAS. 111(33), 11996–2001. 

Ethiopia NDC Report. 2021. Update of the National Determined Contribution to be submitted to the UNFCCC. 
Government of the Federal Democratic Republic of Ethiopia, April 2021 – Draft. 

Eurostat. 2021a. Bovine population – annual data. APRO-MT-LSCATL. 
Eurostat.2021b. Milk and milk product statistics – European Commission. http://ec.europa.eu/eurostat/statistics-

explained/index.php/Milk_and_milk_product_statistics.  
FAO (Food and Agriculture Organisation of the United Nations). 2009. The State of Food and Agriculture – 

Livestock in the balance. Rome: FAO. 
FAO (Food and Agriculture Organisation of the United Nations). 2010. An international consultation on integrated 

crop-livestock systems for development: The way forward for sustainable production intensification. 
Integrated Crop Management Vol. 13-2010. Rome: FAO. 

FAO (Food and Agriculture Organisation of the United Nations) 2011a. World livestock 2011—Livestock in food 
security. Rome: FAO. 

FAO (Food and Agriculture Organisation of the United Nations). 2018. FAOStat Database Collections. 
http://www.fao.org/faostat/en/#country. 

FAO (Food and Agriculture Organization of the United Nations). 2011b. The fate of food and agriculture: Women 
in agriculture—Closing the gender gap for development. Rome: FAO. 

FAOSTAT. 2021. Crops and livestock products. https://www.fao.org/faostat/en/#data/QCL. 
Fargione, J.E., Bassett, S., Boucher, T. & Bridgham, S.D. 2018. Natural climate solutions for the United States. 

Sci. Adv. 4(1869), 1–14. 
Feeney, E.L., O’Sullivan, A., Nugent, A.P., McNulty, B., Walton, J., Flynn, A. & Gibney, E.R. 2017. Patterns of dairy 

food intake, body composition, and markers of metabolic health in Ireland: Results from the National Adult 
Nutrition Survey. Nutr. Diabetes. 7, e243. https://doi.org/10.1038/nutd.2016.54. 

Ferrara, P., Corsello, G., Quattrocchi, E., Dell'Aquila, L., Ehrich, J., Giardino, I. & Pettoello-Mantovani, M. 2017. 
Caring for infants and children following alternative dietary patterns. J. Pediatr. 187, 339–341. 

Franke, A.C., Kotzé, E. & Mathye, M.C. 2022. Regenerative agricultural practices – saviour or scam. In: 
Proceedings of the South African Large Herds Conference, Champagne Sports Resort, 6–8 June. 

Franzluebbers, A.J. 2010. Achieving soil organic carbon sequestration with conservation agricultural systems in 
the south-eastern United States. Soil. Sci. Soc. Am. J. 74, 347–357. 

Fynn, R.W.S., Kirkman, K.P. & Dames, R. 2017. Optimal grazing management strategies: evaluating key concepts.  
Afr. J. Range. Forage. Sci. 34(2), 87–98. 

Gerber, P., Steinfeld, H., Henderson, B., Mottet A., Opio, C., Dijkman, J., Falucci, A. & Tempio, G. 2013. Tackling 
climate change through livestock: A global assessment of emissions and mitigation opportunities. Rome: 

FAO. 
Godos, J., Tieri, M., Ghelfi, F., Titta, L., Marventano, S., Lafranconi, A., Gambera, A., Alonzo, E., Sciacca, S., 

Buscemi, S., Ray, S., Del Rio, D., Galvano, F. & Grosso, G. 2020. Dairy foods and health: An umbrella 
review of observational studies. Int. J. Food. Sci. Nutr. 71(2), 138-

151. doi:10.1080/09637486.2019.1625035 
Gosnell, H., Charnley, S. & Stanley, P. 2020. Climate change mitigation as a co-benefit of regenerative ranching: 

Insights from Australia and the United States. Inter. Focus. 10, 20200027. 
http://dx.doi.org/10.1098/rsfs.2020.0027. 

Greenwood. P.L. 2021. An overview of beef production from pasture and feedlot globally as demand for beef and 
the need for sustainable practices increase. Animal 15: 100295 – 100311 

Griscom, B.W., Adams, J., Ellis, P.W., Houghton, R.A., et al., 2017. Natural climate solutions. PNAS. 114(44), 
11645–11650. http://www.pnas.org/cgi/doi/10.1073/pnas.1710465114. 

Guyomard, H., Manceron, S. & Peyraud, J-L. 2013. Trade in feed grains, animals, and animal products: Current 
trends, future prospects, and main issues. Anim. Front. 3(1), 14–18. https://doi.org/10.2527/af.2013-0003 
Hal-01210543. 

Hales, K.E. 2019. Relationships between digestible energy and metabolizable energy in current feedlot diets. 

Transl. Anim. Sci. 3, 945–952, https://doi.org/10.1093/tas/txz073. 
Han, M.A., Zeraatkar, D., Guyatt, G.H. & Vernooij, R.W.M. 2019. Reduction of red and processed meat intake and 

cancer mortality and incidence: A systematic review and meta-analysis of cohort studies. Ann. Intern. Med. 
https://doi.org/10.7326/M19-0699. 

Hancock Natural Resource Group. 2020. The Promise of Regenerative Agriculture: Environmental and Operational 
Benefits of Conservation Tillage and Cover Cropping. https://regenerationinternational.org/why-
regenerative-agriculture. 

Hawkins, H-J., Short, A. & Kirkman, K.P. 2017. Does Holistic Planned Grazing™ work on native rangelands? Afr. 

J. Range. Forage. Sci. 34(2), 59-63. doi:10.2989/10220119.2017.1367328 
Hawkins, H.-J., Venter, Z.-S. & Cramer, M.D. 2022. An holistic view of Holistic Management: What do farm-scale, 

carbon, and social studies tell us? Agri. Ecosys. Environ. 323, 107702.  
Health Canada. 2019. Canada’s Dietary Guidelines for Health professionals and Policy Makers. https://food-

guide.canada.ca/static/assets/pdf/CDG-EN-2018.pdf. 
Hendrickson, J. & Olson, B. 2006. Understanding plant responses to grazing. In Launchbaugh, K. (ed.). Targeted 

Grazing: A Natural Approach to Vegetation Management and Landscape Enhancement. Centennial, ASI, 
32–39. http://www.sheepusa.org/get_page/pageID/249. 

http://www.fao.org/faostat/en/#country
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1038/nutd.2016.54
https://doi.org/10.1080/09637486.2019.1625035
http://dx.doi.org/10.1098/rsfs.2020.0027
http://www.pnas.org/cgi/doi/10.1073/pnas.1710465114
https://regenerationinternational.org/why-regenerative-agriculture
https://regenerationinternational.org/why-regenerative-agriculture
https://food-guide.canada.ca/static/assets/pdf/CDG-EN-2018.pdf
https://food-guide.canada.ca/static/assets/pdf/CDG-EN-2018.pdf
http://www.sheepusa.org/get_page/pageID/249


268 Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 

 

Hewins, D.B., Lyseng, M.P., Schoderbek, D.F., Alexander, M., Willms, W.D., Carlyle, C.N., Chang, S.X. & Bork, 
E.W. 2018. Grazing and climate effects on soil organic concentration and particle-size association in 
northern grasslands. Sci. Rep. 8, 1336. https://doi.org/10.1038/s41598-018-19785-1 

Hjerpsted, J. & Tholstrup, T. 2016. Cheese and cardiovascular disease risk: A review of the evidence and 
discussion of possible mechanisms. Crit. Rev. Food Sci. Nutr. 56, 1389–1403. 

Hocquette, J-F., Ellies-Oury, M-P., Lherm, M., Pineau, C., Deblitz, C. & Farmer, L. 2018. Current situation and 
future prospects for beef production in Europe — A review. Asian-Australas. J. Anim. Sci. 31, 1017–1035. 

Horizon – Market Intelligence. 2017. Meat and Dairy – Our Prospects in the Global Market Place. Agriculture and 
Horticulture Development Board, UK. 

Hudson, B.D. 1994. Soil organic matter and available water capacity. J. Soil. Water. Conser. 49, 189–194. 
Hyslop, J. 2008. Simulated global warming potential and ammonia emission figures for a range of suckler herd 

breeding strategies and beef cattle finishing systems. In: Rowlinson, P., Steele, M. & Nefzaoui, A. (Eds.), 
Livestock and Global Climate. Cambridge: Cambridge University Press. 

Iannotti, L.L., Lutter, C.K., Stewart, C.P. & Gallegos Riofrio, C.C. 2017. Eggs in early complementary feeding and 
child growth: A randomized controlled trial. Paediatr. 140(1), e20163459. 

ILRI, IUCN, PAO, WWF, UNEP & ILC. 2021. Rangelands Atlas. Nairobi Kenya: ILRI. 
IMS. 2012. Message from the IMS President, IMS Sustainable Meat Committee. http://www.meat-ims.org. 
IPCC (International panel on climate change). 2007. Climate Change 2007: Agriculture. 

http://www.ipcc.ch/pdf/assessment-report/as4/wg3/-chapter8.pdf. 

Iqbal, R., Dehghain, M., Mente, A., Rangarajan, S., Wielgosz, A., Avezum, A., Seron, P., AlHabib, K.F., Lopez-
Jaramillo, P., Swaminathan, S., Mohammadifard, N., Zatońska, K., Bo, H., Varma, R.P., Rahman, O., 
Yusufali, A.H., Lu, Y., Ismail, N., Rosengren, A., Imeryuz, N., Yeates, K., Chifamba, J., Dans, A., Kumar, 
R., Xiaoyun, L., Tsolekile, L., Khatib, R., Diaz, R., Teo, K. & Yusuf, S. 2021. Associations of unprocessed 

and processed meat intake with mortality and cardiovascular disease in 21 countries. [Prospective Urban 
Rural Epidemiology (PURE) Study]: A prospective cohort study. Am. J. Clin. Nutr. 114 (3), 1049-1058. 
https://doi.org/10.1093/ajcn/nqaa448 

IUCN. 2017. IUCN Programme 2017-2020. Approved by the IUCN World Conservation Congress, Sept 2016. WCC 

– 6th – 001.pdf. 
Johnsen, A.K. 2009. ASAS Centennial Paper: Farm animal welfare science in the United States. J. Anim. Sci. 87, 

2175–2179. 
Jones, P.G. & Thornton, P.K. 2009. Croppers to livestock keepers: Livelihood transitions to 2050 in Africa due to 

climate change. Environ. Sci. Pollut. Res. 12(4), 427–437. 
Kass, M., Ramin, M., Hanigan, M.D. & Huhtanen, P. 2022. Comparison of Molly and Karoline models to predict 

methane production in growing and dairy cattle. J. Dairy. Sci.105, 3049-3063.  
Kassam, A. (ed). 2020. Advances in Conservation Agriculture. Volume 1 – Systems and Science, Volume 2 – 

Practice and Benefits. Cambridge: Burleigh Dodds. 
Kassam, A., Friedrich, T. & Derpsch, R. 2018. Global spread of Conservation Agriculture. Int. J. Environ. Stud. 

76(1), 29–51. https://doi.org/10.1080/00207233.2018.1494927 
Kaye, J.P. & Quemada, M. 2017. Using cover crops to mitigate and adapt to climate change: A review. Agron. 

Sust. Develop. 37, 4. https://doi.org/10.1007/s13593-016-0410-x 
Khan, U.N., Dahlin, A., Zafar, A.H., Saleem, M., Chaudhry, M.A. & Philipsson, J. 1999. Sahiwal cattle in Pakistan: 

Genetic and environmental causes for variation in bodyweight and reproduction and their relationship to 
milk production. Anim. Sci. 68, 97–108. 

Kinley, R.D., Martinez-Fernandez, G., Matthews, M.K., De Nys, R., Magnusson, M. & Tomkins, N.W. 2020. 
Mitigating the carbon footprint and improving productivity of ruminant livestock agriculture using a red 
seaweed. J. Clean. Prod. 259, 120836. 

Knips, V. 2005. Developing Countries and the Global Dairy Sector Part 1: Global Overview; Part II: Country Case 

Studies. Pro-Poor Livestock Policy Initiative. PPLPI Working Paper No 30 & 31, A Living from Livestock. 
Rome: FAO. 

Kratz, M., Baars, T. & Guyenet, S. 2013. The relationship between high-fat dairy consumption and obesity, 
cardiovascular, and metabolic disease. Eur. J. Nutr. 52(1), 1–24. 

Lal, R. 2020. Regenerative agriculture for food and climate. J. Soil. Water. Conser. 76(6). 
https://doi.org/10.2489/jswc.2020.0620A 

Lal, R. 2009. Agriculture and Climate Change: An Agenda for Negotiation in Copenhagen for Food, Agriculture, 
and the Environment. The Potential for Soil Carbon Sequestration. IFPRI, Focus 16, Brief 5. 

Larbodière, L., Davies, J., Schmidt, R., Magero, C., Vidal, A., Arroyo Schnell, A., Bucher, P., Maginnis, S., Cox, N., 
Hasinger, O., Abhilash, P.C., Conner, N., Westerberg, V. & Costa, L. 2020. Common ground: Restoring 
land health for sustainable agriculture. Gland, Switzerland: IUCN. 
https://doi.org/10.2305/IUCN.CH.2020.10.en. 

Larsson, S.C. & Orsini, N. 2014. Red meat and processed meat consumption and all-cause mortality: A meta-
analysis. Am. J. Epidemiol. 179 (3), 282-289. doi:10.1093/aje/kwt267 

Lescinsky, H., Afshin, A., Ashbaugh, C., Bisignano, C., Brauer, M., Ferrara, G., Hay, S.I., He, J ., Iannucci, V., 
Marczak, L.B., McLaughlin, S.A., Mullany, E.C., Parent, M.C., Serfes, A.L., Sorensen, R.J.D., Aravkin, A.Y., 

Zheng, P. & Murray, C.J.L. 2022. Health effects associated with consumption of unprocessed red meat: A 
Burden of Proof study. Nature Medicine. 28, 2075–2082. https://doi.org/10.1038/s41591-022-01968-z.  

Liday, J., Cakebread, A. & Loveday, S.M. 2022. Food proteins from animals and plants: Differences in the nutritional 
and functional properties. Trends. Food. Sci. Technol. 119, 428–442. 

http://www.meat-ims.org/
http://www.ipcc.ch/pdf/assessment-report/as4/wg3/-chapter8.pdf
https://doi.org/10.2305/IUCN.CH.2020.10.en
https://doi.org/10.1038/s41591-022-01968-z


 
Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 269 

 

 

 

 

Liniger, H.P. & Mekdaschi Studer, R. 2019. Sustainable rangeland management in Sub-Saharan Africa – 
Guidelines to good practice. TerrAfrica; World Bank, Washington D.C.; World Overview of Conservation 

Approaches and Technologies (WOCAT); World Bank Group (WBG), Washington DC, USA and Centre for 
Development and Environment (CDE), University of Bern, Switzerland. 

Lovett, D., Stack, L., Lovell, S., Callan, J., Flynn, B., Hawkins, M. & O’Mara, F. 2005. Manipulating enteric 
methane emissions and animal performance of late lactation dairy cows through concentrate 

supplementation at pasture. J. Dairy Sci. 88, 2836–2842. 
Lowder, S.K., Sanchez, M.V. & Bertini, R. 2021. Which farms feed the world and has farmland become more 

concentrated? World. Dev. 142, 105455. 
Lynch, J., Cain, M., Pierrehumbert, R. & Allen, M. 2020. Demonstrating GWP: A means of reporting warming-

equivalent emissions that captures the contrasting impacts of short- and long-lived climate pollutants. 
Environ. Res. Let. 15, 044023. https://doi.org/10.1088/1748-9326/ab6d7e. 

Marshall, F., Reid, R.E.B., Goldstein, S., Storozum, M., Wreschnig, A., Hu, L., Kiura, P., Shahack-Gross, R. & 
Ambrose, S.H. 2018. Ancient herders enriched and restructured African grasslands. Nature. 561, 387–390. 

Martínez-Dalmau, J., Berbel, J. & Ordóñez-Fernández, R. 2021. Nitrogen Fertilization. A review of the risks 
associated with the inefficiency of its use and policy responses. Sustain. 13, 5625. 
https://doi.org/10.3390/su13105625 

McMichael, A.J. & Ainslie, J.B. 2010. Environmentally sustainable and equitable meat consumption in a climate 

change world. In D’Silva, J. & Webster, J. (eds). The Meat Crisis: Developing More Sustainable Meat 
Production and Consumption. London: Earthscan LTD. 

Meissner, H.H. 2012. Beef production and consumption; Sustainability towards 2030. In World Nutrition Forum – 
2012, Singapore, 10–13 October; Biomin: NutriEconomics® - Balancing Global Nutrition & Productivity. 

Meissner, H.H., Scholtz, M.M. & Engelbrecht, F.A. 2013b. Sustainability of the South African livestock sector 
towards 2050. Part 2: Challenges, changes, and required implementations. S. Afr. J. Anim. Sci. 43, 298–
319. 

Meissner, H.H., Scholtz, M.M. & Palmer, A.R. 2013a. Sustainability of the South African livestock sector towards 

2050. Part 1: Worth and impact of the sector. S. Afr. J. Anim. Sci. 43, 282–297. 
Miles, N. 2022. Soil fertility and soil health – to balance or build. In: Proceedings of the South African Large Herds 

Conference, Champagne Sports Resort, 6-8 June 2022. 
Mitchell, J.P., Reicosky, D., Kueneman, E.A., Fisher J. & Beck, D. 2019. Conservation agriculture systems. CAB 

Rev. 14, 001. 
Mitloehner, F. 2020. The Environmental Impact of Livestock, Facts and Fiction. 11th Annual GDP / IMP Marketing 

Communications Meeting, as part of “Dairy’s Role in a Responsible and Sustainable Food System”. 
Info@GlobalDairyPlatform.com. 

Mottet, A., De Haan, C., Falcucci, A., Tempio, G., Opio, C & Gerber, P. 2017. Livestock: On our plates or eating at 
our table? A new analysis of the feed/food debate. Glob. Food. Sec. 14, 1–8. 
http://dx.doi.org/10.1016/j.gfs.2017.01.001. 

Muller, R.A. & Muller, E.A. 2017. Fugitive methane and the role of atmospheric half -life: An overview. Geoinform. 

Geostat. 5, 3. https://doi.org/10.4172/2327-4581.1000162 
Murphy, S.P. & Allen, L.H. 2003. Nutritional importance of animal source foods. J. Nutr. 133, 3932S–3935S. 
Neufeld, L.M., Hendriks, S. & Hugas, M. 2021. Healthy diet: A definition for the United Nations Food Systems 

Summit 2021. Scientific Group for the UN Food Systems Summit, January. 

Neumann, C.G., Bwibo, N.O., Murphy, S.P., Sigman, M., Whaley, S., Allen, L.H., Guthrie, D., Weiss, R.E. & 
Demment, M.W. 2003. Animal source foods improve dietary quality, micronutrient status, growth, and 
cognitive function in Kenyan School children: Background, study design, and baseline findings. J. Nutr. 
133(11), 3941S–3949S. 

Neumann, C.G., Harris, D.M. & Rodgers, L.M. 2002. Contribution of animal source foods in improving diet quality 
and function in children in the developing world. Nutr. Res. 22, 193–220. 

Ng’ang’a, S., Smith, G., Mwungu, C., Alemayehu, S., Girvetz, E. & Hyman, E. 2020. Cost-benefit analysis of 
improved livestock management practices in the Oromia lowlands of Ethiopia. Washington, DC: Crown 

Agents USA and Abt Associates, with the International Center for Tropical Agriculture (CIAT), Prepared for 
USAID.  

Nickel, R. 2021. Livestock’s role in a changing climate. The grazing of livestock stores carbon in the soil. Successful 
Farming, 14 January.  

Nikos, A. & Jelle, B. 2012. World agriculture towards 2030/2050: The 2012 revision, Global Perspective Studies. 
Rome: FAO Agricultural Development Economics Division, FAO. 

Nkonya, E., Mirzabaev, A. & Von Braun, J. 2016. Economics of Land Degradation and Improvement – A Global 
Assessment for Sustainable Development. Springer Open International Publishing. 

Otte, M.J. & Chilonda, P. 2002. Cattle and small ruminant production systems in Sub-Saharan Africa: A systematic 
review. Rome: Livestock Information Sector Analysis and Policy Branch, FAO Agriculture Department, FAO. 

Park, J.Y., Ale, S., Teague, W.R. & Jeong, J. 2017. Evaluating the ranch and watershed scale impacts of using 
traditional and adaptive multipaddock grazing on runoff, sediment, and nutrient losses in North Texas, USA. 

Agri. Ecosys. Environ. 240, 32–44. 
Pedersen, J.I., James, P.T., Brouwer, I.A., Clarke, R., Elmadfa, I., Katan, M.B., Kris-Etherton, P.M., Kromhout, D., 

Margetts, B.M., Mensink, R.P., Norum, K.R., Rayner, M. & Uusitupa, M. 2011. The importance of reducing 
SFA to limit CHD. Br. J. Nutr. 106, 961–963. 

https://doi.org/10.1088/1748-9326/ab6d7e
https://doi.org/10.3390/su13105625
mailto:Info@GlobalDairyPlatform.com
http://dx.doi.org/10.1016/j.gfs.2017.01.001


270 Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 

 

Pelletier, N., Pirog, R. & Rasmussen, R. 2010. Comparative life cycle environmental impacts of three beef 
production strategies in the Upper Midwestern United States. Agric. Syst. 103: 380 – 389. 

Phetteplace, H., Johnson, D. & Seidl, A. 2001. Greenhouse gas emissions from simulated beef and dairy 

livestock systems in the United States. Nutrient Cycl. Agroecosys. 60, 99–102. 
Poeplau, C. & Don, A. 2015. Carbon sequestration in agricultural soils via cultivation of cover crops – A meta-

analysis. Agri. Ecosys. Environ. 200, 33–41. 
Popkin, B.M. 2006. Global nutrition dynamics: The world is shifting rapidly toward a diet linked with non-

communicable diseases. Am. J. Clin. Nutr. 84, 289–298. 
Public Health England. 2019. The Eatwell Guide. http://www.gov.uk/government/publications/the-eatwell-guide. 
Randolph, T.H., Schelling, E., Grace, D., Nicholson, C.F., Leroy, J.L., Cole, D.C., Demment, M.W., Omore, A., 

Zinsstag, J. & Ruel, M. 2007. Invited Review: Role of livestock in human nutrition and health for poverty 

reduction in developing countries. J. Anim. Sci. 85, 2788–2800. 
Rathway, N.J. 1985. Genus Bos: Cattle breeds of the World. MSO-AGVET. New Jersey: Merck & Co., Inc.  
Ravishankara, A.R., Daniel, J.S. & Portmann, R.W. 2009. Nitrous Oxide (N2O): The dominant ozone-depleting 

substance emitted in the 21st century. Science. 326, 123. https://doi.org/10.1126/science.1176985 

Rawls, W.J., Pachepsky, Y.A., Ritchie, J.C., Sobecki, T.M. & Bloodworth, H. 2003. Effect of soil organic carbon on 
soil water retention. Geoderma. 116(1–2), 61–76. 

Retallack, G.J. 2013. Global cooling by grassland soils of the geological past and near future. Ann. Rev. Earth. 
Planet. Sci. 41, 69–86. https://doi.org/10.1146/annurev-earth-050212-124001 

Ridoutt, B. 2021a. Climate neutral livestock production – A radiative forcing-based climate footprint approach. J. 
Clean. Prod. 291, 125260. https://doi.org/10.1016/j.jclepro.2020.125260 

Ridoutt, B. 2021b. Short communication: Climate impact of Australian livestock production assessed using the 
GWP* climate metric. Livestock Sci. 246: 104459. https://doi.org/10.1016/j.livsci.2021.104459 

Ripple, W.J., Smith, P., Haberl, H., Montzka, S.A., McAlpine, C. & Boucher, D.H. 2014. Ruminants, climate change, 
and climate policy. Nat. Clim. Change. 4, 2–5. 

Ritchie, H. & Roser, M. 2017. How do we reduce antibiotic resistance from livestock? Our World in Data. 
https://ourworldindata.org/antibiotic-resistance-from-livestock. 

Robinson, T.P., Wint, G.R.W., Conchedda, G., Van Boeckel, T.P., Ercoli, V., Palamara, E., Cinardi,G., D'Aietti,L., 
Hay, S.I. & Gilbert, M. 2014. Mapping the global distribution of livestock. PLoS ONE. 9(5), e96084. 
https://doi.org/10.1371/journal.pone.0096084 

Rosegrant, M.W., Fernandez, M., Sinha, A., Alder, J., Ahammad, H., de Fraiture, C., Eickhour, B., Fonseca, J., 

Huang, J., Koyama, O., Omezzine, A.M., Pingali, P., Ramirez, R., Ringler, C., Robinson, S., Thornton, P., 
van Vuuren, D. & Yana-Shapiro, H. 2009. Looking into the future for agriculture and AKST (Agricultural 
Knowledge Science and Technology). In: McIntyre, B.D., Herren, H.R., Wakhungu, J. & Watson, R.T. (eds). 
Agriculture at a Crossroads. Washington: Island Press, 307–376. 

Sacande, M., Parfondry, M. & Cicatiello, C. 2020. Restoration in Action against Desertification. A manual for large-
scale restoration to support rural communities’ resilience in Africa's Great Green Wall. Rome: FAO. 
https://doi.org/10.4060/ca6932en 

Sahrawat, K.L. 1982. Nitrification in some tropical soils. Plant. Soil. 65, 281–286. 

Salmon, G.R., MacLeod, M., Claxton, J.R., Pica Ciammara, U., Robinson, T., Duncan, A. & Peters, A.R. 2020. 
Exploring the landscape of livestock ‘facts’. Global Food Security 25, 100329.  
doi:10.1016/j.gfs.2019.100329. 

Salter, A.M. 2013. Impact of consumption of animal products on cardiovascular disease, diabetes, and cancer in 

developed countries. Anim. Front. 3(1), 20–27. 
Savory, A. & Butterfeld, J. 2016. Holistic Management: A common sense revolution to restore our environment, 

3rd ed. Washington: Island Press. 
Schuman, G.E., Janzen, H.H. & Herrick, J.E. 2002. Soil carbon dynamics and potential carbon sequestration by 

rangelands. Environ. Poll. 116, 391–396. https://doi.org/10.1016/S0269-7491(01)00215-9 
Schwingshackl, L., Schwedhelm, C., Hoffman, G., Lampousi, A., Knüppel, S., Iqbal, K., Bechthold, A., Schlesinger, 

S. & Boeing, H. 2017. Food groups and risk of all-cause mortality: A systematic review and meta-analysis 
of prospective studies. Am. J. Clin. Nutr. 105, 1462–1473. https://doi.org/10.3945/ajcn.117.153148 

Scollan, N., Moran, D., Kim, E.J. & Thomas, C. 2010. The environmental impact of meat production systems. 
Report to the International Meat Secretariat, 2 July. www.meat-ims.org. 

Semba, R.D., Shardell, M., Sakr Ashour, F.A., Moaddel, R., Trehan, I., Maleta, K.M., Ordiz, M.I., Kraemer, K., 
Khadeer, M.A. Ferrucci, L. & Manary, M.J. 2016. Child stunting is associated with low circulating essential 

amino acids. eBioMed. 6, 246–252. 
Shahbandeh, M. 2021. Number of cattle worldwide from 2012 to 2021 (in million head). Cattle population worldwide 

2012–2021. Statista. http://www.statista.com/statistics/263979/global-cattle-population-since-1990. 
Shrestha, B.H., Bork, E.W., Scott X., Chang, S.X., Carlyle, C.N., Ma, Z., Döbert, T.F., Kaliaskar, D. & Boyce, M.S. 

2020. Adaptive multi-paddock grazing lowers soil greenhouse gas emission potential by altering 
extracellular enzyme activity. Agron. 10, 1781. https://doi.org/10.3390/agronomy10111781 

Silveira, F.A.O., Arruda, A.J., Bond, W.J., Durigan, G., Fidelis,A., Kirkman,K., Oliveira,R.S. & Overbeck, G.E. 2020. 
Myth-busting tropical grassy biome restoration. Res. Ecol. 28(5), 1067–1073. 

https://doi.org/10.1111/rec.13202 
Simões, J., Moran, D., Edwards, S., Bonnet, C., Lopez-Sebastian, A., & Chemineau, P. 2021. Sustainable livestock 

systems for high-producing animals. Animal. 15:100371. https://doi.org/10.1016/j.animal.2021.100371 

http://www.gov.uk/government/publications/the-eatwell-guide
https://doi.org/10.1016/j.jclepro.2020.125260
https://doi.org/10.1016/j.livsci.2021.104459
https://ourworldindata.org/antibiotic-resistance-from-livestock
http://www.meat-ims.org/
http://www.statista.com/statistics/263979/global-cattle-population-since-1990
https://doi.org/10.1016/j.animal.2021.100371


 
Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 271 

 

 

 

 

Smith, F.A., Hammond, J.I., Balk, M.A., Elliot, S.M., Lyons, S.K., Pardi, M.I., Tome, C.P., Wagner, P.J. & Westover, 
M.L. 2016. Exploring the influence of ancient and historic megaherbivore extirpations on the global methane 

budget. PNAS. 113, 874–879. wws.pnas.org/cgi/doi/10.1073/pnas.1502547112. 
Smith, J., Sones, K., Grace, D., MacMillan, S., Tarawali, S. & Herrero, M. 2013. Beyond meat, milk and eggs: Role 

of livestock in food and nutrition security. Anim. Front. 3, 6–13. 
Smith, M.A., Cain, M. & Allen, M.R. 2021. Further improvement of warming-equivalent emissions calculation. Clim. 

Atmosph. Sci. 4, 19. https://doi.org/10.1038/s41612-021-00169-8 
Smith, R. 2012. Beef okay for heart health. Feedstuffs Foodlink. http://www.FeedstuffsFoodLink.com. 
Soedamah-Muthu, S.S., Ding, E.L., Al-Delaimy, W.K., Hu, F.B., Engberink, M.F., Willett, W.C. & Geleijnse, J.M. 

2011. Milk and dairy consumption and incidence of cardiovascular diseases and all-cause mortality: Dose-

response meta-analysis of prospective cohort studies. Am. J. Clin. Nutr. 93, 158–171. 
Spratt, E., Jordan, J., Winsten, J. & Huff, P. 2021. Accelerating regenerative grazing to tackle farm, environmental, 

and societal challenges in the upper Midwest. J. Soil. Water. Conser. 76(1), 15A–23A. 
http://doi.org/10.2489/jswc.2021.1209A 

Stanley, P.L., Rowntree, J.E., Beede, D.K., Delonge, M.S. & Hamm, M.W. 2018. Impacts of soil carbon 
sequestration on life cycle greenhouse gas emissions in Midwestern USA beef finishing systems. Agric. 
Sys. 162, 249-258.  

Statista. 2021a. Number of bovine livestock in Brazil from 2008 to 2019. Brazil: Bovine ending stocks 2008–2019. 

Statista Research Dept., July 2. en.support@statista.com. 
Statista. 2021b. Production of meat worldwide from 2016 to 2021, by type (in million metric tons). 

http://www.statista.com/statistics/237632/production-of-meat-worldwide-since-1990. 
Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M. & de Haan, C. 2006. Livestock’s long shadow: 

Environmental issues and options. Rome: United Nations, FAO. 
Stockmann, U., Adams, M.A., Crawford, J.W., Field, D.J., Henakaarchchi, N., Jenkins, M., Minasny, B., Mcbratney, 

A.B., Courcelles, V.D.R.D., Singh, K., Wheeler, I., Abbott, L., Angers, D.A., Baldock, J., Bird, M., Brookes, 
P.C., Chenu, C., Jastrow, J.D., Lal, R., Lehmann, J., O’Donnell, A.G., Parton, W.J., Whitehead, D. & 

Zimmermann, M. 2013. The knowns, known unknowns, and unknowns of sequestration of soil organic 
carbon. Agric. Ecosys. Environ. 164, 80–99. https://doi.org/10.1016/j.agee.2012.10.001 

Teague, W.R., Apfelbaum, S., Lal, R., Kreuter, U.P., Rowntree, J., Davies, C.A., Conser, R., Rasmussen, M., 
Hatfeld, J., Wang, T., Wang, F. & Byck, P. 2016. The role of ruminants in reducing agriculture’s carbon 

footprint in North America. J. Soil. Water. Conser. 72(2), 156–164. https://doi.org/10.2489/jswc.71.2.156 
Teague, W.R., Dowhower, S.L., Baker, S.A., Haile, N., De Laune, P.B. & Conover, D.M. 2011. Grazing man-

agement impacts on vegetation, soil biota and soil chemical, physical and hydrological properties in tall 
grass prairie. Agric. Ecosys. Environ. 141, 310–322. 

Teague, W.R. & Kreuter, U.P. 2020. Managing grazing to restore soil health, ecosystem function, and ecosystem 
services. Front. Sust. Food. Sys. 4, 534187. http://doi.org/10.3389/fsufs.2020.534187 

Thornton, P.K. 2010. Livestock production: Recent trends, future prospects. Philosoph. Trans. R. Soc. B. 365, 
2853–2867. 

Tubiello, F.N., Salvatore, M., Rossi, S., Ferrara, A., Fitton, N. & Smith, P. 2013. The FAOSTAT database of 
greenhouse gas emissions from agriculture. Environ. Res. Let. 8, 015009. 

UNEP & ILRI. 2020. Preventing the next pandemic - Zoonotic diseases and how to break the chain of transmission. 
Nairobi: United Nations Environment Programme. 

https://wedocs.unep.org/bitstream/handle/20.500.11822/32316/ZP.pdf  
Upton, M. 2004. The role of livestock in economic development and poverty reduction. Pro-Poor Livestock Policy 

Initiative: Working Paper no 10. Rome: FAO. 
Upton, M. & Otte, J. 2004. The impact of trade agreements on livestock producers. Research Report: Pro-Poor 

Livestock Policy Initiative. University of Reading, UK. 
USDA. 2021. Cattle. Released January 29, 2021, by the National Agricultural Statistics Service (NASS), 

Agricultural Statistics Board, United States Department of Agriculture (USDA). 
USDA NASS. 2015. January 1 Cattle inventory. 

http://usda.mannlib.cornell.edu/usda/nass/CAtt//2010s/2015/Catt-01-30-2015.pdf  
U.S. Department of Health and Human Services, USDA 2015–2020. 2019. Dietary Guidelines for Americans, 8th 

ed. https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf 
Van der Westhuizen, H.C., Mohlapo, T.D., De Klerk, J. D. & Majola, S.E. 2020. Reproduction performance of 

beef cattle before and after implementing a sustainable grazing system in a semi-arid grassland of 
southern Africa. SA J. Agric Ext. 48, 112 – 121. 

Van Hooijdonk, T. & Hettinga, K. 2015. Dairy in a sustainable diet: A question of balance. Nutr. Rev. 73(Suppl. 1), 
48–54. https://doi.org/10.1093/nutrit/nuv040 

Vikaspedia. 2019. 20th Livestock Census. India Ministry of Fisheries, Animal Husbandry & Dairying, 
https://pib.gov.in/PressReleasePage.aspx?PRID=1588304. 

Wang, T., Teague, R. & Bevers, S. 2015. GHG Mitigation potential of different grazing strategies in the United 
States southern Great Plains. Sustain. 7, 13500–13521. https://doi.org/10.3390/su71013500 

Weber, K.T. & Horst, S. 2011. Desertification and livestock grazing: The roles of sedentarization, mobility, and rest. 
Pastora. 1(19), 1–11. http://www.pastoralismjournal.com/content/1/1/19 

WHO. 2014. World health assembly global nutrition targets 2025: Stunting policy brief [Internet]. Geneva: World 
Health Organization. http://www.who.int/nutrition/topics/globaltargets_stunting_policybrief.pdf . 

http://www.feedstuffsfoodlink.com/
mailto:en.support@statista.com
http://www.statista.com/statistics/237632/production-of-meat-worldwide-since-1990
https://wedocs.unep.org/bitstream/handle/20.500.11822/32316/ZP.pdf
http://usda.mannlib.cornell.edu/usda/nass/CAtt/2010s/2015/Catt-01-30-2015.pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
https://pib.gov.in/PressReleasePage.aspx?PRID=1588304
http://www.pastoralismjournal.com/content/1/1/19
http://www.who.int/nutrition/topics/globaltargets_stunting_policybrief.pdf


272 Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 

 

WHO. 2017. Guidelines on use of medically important antimicrobials in food-producing animals. Geneva: World 
Health Organization. https://apps.who.int/iris/bitstream/handle/10665/258970/9789241550130-eng.pdf. 

Wilson, P.W., D’Agostino, R.B., Parise, H., Sullivan, L. & Meigs, J.B. 2005. Metabolic syndrome as a precursor of 

cardiovascular disease and type 2 diabetes mellitus. Circ. 112, 3066–3072. 
Wmaran, N. 2012. Can we sustain welfare standards in a food hungry world? BSAS Annual Conference: “Healthy 

food from healthy animals”. AVTRW Lecture, University of Nottingham, UK, 24-25 April. 
World Cattle Population. 2019. World cattle population in 2014 and 2017. Livestock Development for Sustainable 

Livelihood of Small Farmers. https://www.researchgate.net/figure/World-cattle-population-in-2014-and-
2017_tb11_332947789 

World Data Atlas. 2020. Number of cattle and buffaloes by country, 2020. 
https://knoema.com/atlas/topics/Agriculture/Live-Stock-Production-Stocks/Number-of-cattle-and-buffaloes-

by-country. 
Yan, T., Mayne, C.S. & Porter, M.G. 2006. Effects of dietary and animal factors and methane production in dairy 

cows offered grass silage-based diets. Int. Congress Series. 1293, 123–126. 
Yitbarek, M.B. 2019. Livestock and livestock product trends by 2050: Review. Int. J. Anim. Res. 4(30), 1–20. 

https://escipub.com/international-journal-of-animal-research/ 
Young, V.R. & Pellet, P.L. 1994. Plant proteins in relation to human protein and amino acid nutrition. Am. J. Clin. 

Nutr. 59(5), 1203–1212S. 
Zeraatkar, D., Han, M.A., Guyatt, G.H., Vernooij, R.W.M., El Dib, R., Cheung, K., Milio, K., Zworth, M., Bartoszko, 

J.J., Valli, C., Rabassa, M., Lee, Y., Zajac, J., Prokop-Dorner, A., Lo, C., Bala, M.M., Alonso-Coello, P., 
Hanna, S.E. & Johnston, B.C. 2019a. Red and processed meat consumption and risk for all-cause mortality 
and cardiometabolic outcomes: A systematic review and meta-analysis of cohort studies. Ann. Intern. Med. 
171(10), 703–710. https://doi.org/10.7326/M19-0655 

Zeraatkar, D., Johnston, B.C., Bartoszko, J., Ceung, K., Bala, M.M., Valli, C., Rabassa, M., Sit, D., Milio, K., 
Sadeghirad, B., Agarwal, A., Zea, A.M., Lee, Y., Han, M.A., Vernooij, R.W.M., Alonso-Coello, P., Guyatt, 
G.H. & El Dib, R. 2019b. Effect of lower versus higher red meat intake on cardiometabolic and cancer 
outcomes: A systematic review of randomised trials. Ann. Inter. Med. 171(10), 721–731. 

https://doi.org/10.7326/M19-0622 
Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P. & Shen, Y. 2015. Managing nitrogen for 

sustainable development. Nature. 528, 51–59. 
Zheng, C., Pettinger, M., Gowda, G.A.N., Lampe, J.W., Raftery, D., Tinker, L.F., Huang, Y., Navarro, S.L. O’Brien, 

D.M., Snetselaar, L., Liu, S., Wallace, R.B., Neuhouser, M.L. & Prentice, R.L. 2022. Biomarker-calibrated 
red and combined red and processed meat intakes with chronic disease risk in a cohort of postmenopausal 
women. J. Nutr. 152, 1711-1720. https://doi.org/10.1093/jn/nxac067. 

  

https://apps.who.int/iris/bitstream/handle/10665/258970/9789241550130-eng.pdf
https://www.researchgate.net/figure/World-cattle-population-in-2014-and-2017_tb11_332947789
https://www.researchgate.net/figure/World-cattle-population-in-2014-and-2017_tb11_332947789
https://knoema.com/atlas/topics/Agriculture/Live-Stock-Production-Stocks/Number-of-cattle-and-buffaloes-by-country
https://knoema.com/atlas/topics/Agriculture/Live-Stock-Production-Stocks/Number-of-cattle-and-buffaloes-by-country
https://escipub.com/international-journal-of-animal-research/


 
Meissner et al., 2023. S. Afr. J. Anim. Sci. vol. 53 273 

 

 

 

 

Annexure 1: Growth in the cattle population, production, and yield over time according to the FAO (2021) 
 

According to the FAO, the number of cattle increased steadily from ~950 million animals to more than 1,4 billion 
from 1960 to 2020 (Figure A1(A); FAOSTAT, 2021). The polynomial relationship has a higher R2 (0.9727) than the 
linear relationship (R2 = 0.9485), which suggests that the cattle numbers have been increasing at a declining rate. 
Likewise for the yield growth (Figure A1(B)) that increased from approximately 160 kg/carcass to 220 kg/carcass 

with the polynomial function having a higher R2, suggesting an increase at a decreasing rate. The combined impact 
of the yield increase and the increase in the herd has led to an increase in production (Figure A1(B)) from 
approximately 28 million tonnes to 68 million tons, an average growth rate of 1,57% per year. 

 

 
Figure A1 Global cattle statistics: Stocks and animals slaughtered (Panel A) and carcass yields and 
production (Panel B) between 1961 and 2019 and its linear and polynomial relationships  
Source: Data from FAOSTAT (2021) 

 
Regression equations: 
Panel A:  
Linear: Stocks (million)(Y) = 8.327 (years post 1960)(X) +1014; Polynomial: -0.087X2 +13 57X + 961 
Linear: Animals slaughtered (million)(Y) = 0.616 (years post 1960) (X) + 31.98; Polynomial: -0.004X2 +0.893X 

+29.16  
Panel B:  
Linear: Production (million tons) (Y) = 2.019 (years post 1960) (X) + 191; Polynomial: -0.015X2 +2.902X +182 
Linear: Carcass weight (kg) (Y) = 0.903 (years post 1960) (X) + 171; Polynomial: Y = -0.016X2 + 1.859X + 162  
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Annexure 2: Cattle population of Brazil, India, China, and Russia from various sources 
 
The cattle population according to various sources for Brazil, India, China, and Russia is depicted in Table A1. 

 

Table A1 Cattle population (million) of selected countries and global totals, as compiled from various 
sources 

Country Reference 2009 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Brazil 

WDA1  203 208 213 219 226 232 238 244 253 

FAOSTATS2  205  187   218  214   

Statista3      218  214 215  

WCP4     212   215    

India 

FAOSTATS 196  195   186  185   

Vikaspedia5   191       193  

WCP     189   185    

China 

WDA   91.4 89.9 90.1 90.6 88.3 90.4 89.2 91.4 95.6 

FAOSTATS 82.6  103   84.5  63.4   

WCP     114   83.2    

Russia 

WDA   19.7 19.3 18.9 18.5 18.2 18.2 18.1 18 17.9 

FAOSTATS 21  28.7   19  18.3   

WCP     19.9   18.8    
1 – WDA (World Data Atlas) (2020); 2 – FAOSTATS (2020); 3 – Statista (2021a); 4 – WCP (World Cattle 
Population) (2019); 5 – Vikaspedia (2019) 
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Table A2 Other countries with comparatively large cattle populations (>20 million head); averages of 
different sources  

Country 2009 2012 2013 2014 2015 2016 2017 2018 2019 2020 

United States 94.7 90.1 92.6 89.3 91.9 92.8 94.0 94.6 94.3 94.0 

EU*  77.8 78.6 80.1 80.9 80.9 79.0 77.8 77.2 76.5 

Ethiopia 50.9  55.0 54.0  59.5 60.9 62.6 61.5  

Argentina 54.5 52.2 52.5 51.7 53.1 53.4 54.1 54.5 54.5 53.8 

Sudan    41.9   30.7    

Pakistan 33.0  36.0 38.3  42.8 44.4 46.1   

Mexico 32.3  31.2 32.4  33.9 31.8 34.8   

Australia 27.9 28.4 28.3 29.2 27.4 25.0 26.2 26.1 23.7 23.2 

Tanzania    24.5   26.4    

Bangladesh 23.0  22.8 24.0  23.8 23.9 24.1   

Colombia  21.6 19.9 20.8   22.5    

Nigeria    20.0   20.8    

Total    506.2   514.7    

World-A  1 002 1 005 1 009 969 979 985 990 989 988 

World-B  1 427 1 432 1 439 1 452 1 470 1 478 1 494 1 511  
*EU excluding the UK 
Sources: De Vaccaro (1977); Rathway (1985); De Alba (1987); Khan et al. (1999); Otte & Chilonda (2002); 

Arelovich et al. (2011); FAOSTATS (2018); World Cattle Population (2019); Abay & Jensen (2020); World Data 
Atlas (2020); Cattle Industry (2021); Ethiopia NDC Report (2021); Eurostat (2021a); USDA (2021); World-A – 
Shahbandeh (2021); World-B – FAOSTAT (2021) 

 


