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Abstract 
 

Human activity is having an increasing global 
impact on the environment, geology and ecosystems. 
There is an 80% probability that world population will 
increase to between 9.6 billion and 12.3 billion by 2100 
and could even reach 10 billion by 2056, 6 years earlier 
than projected. Historically, global production of food 
has outpaced consumption growth. This is evidenced by 
falling real prices of food, however this is now slowing, 
caused by constraints on supply and continued growth 
of demand. Paradoxically, as billions suffer food 
insecurity through lack of food, more than 2 billion 
people, approximately 30% of the world’s population, 
are overweight or obese and this percentage continues to 
grow. It is also estimated that the world will need to 
close a significant food-gap by 2050, primarily because 
of continued population growth and changing diets. 
Increases in temperature of over two degrees Celsius are 
projected to have a negative impact on global yields of 
major crops. Agri-food production, including 
manufacture, food preparation and cooking, accounts 
for approximately 30% of all greenhouse-gas emissions 
and livestock production accounts for approximately 
50% of this. The agricultural sector will increasingly be 
driven by these global changes, including a rising world 
population, rapid development of emerging economies, 
with western lifestyle aspirations, growing geopolitical 
instability around shortages of land, water and energy 
and ‘one health’ issues. However, a technological 
revolution is taking place, including breakthroughs in 
nutrition, genetics, informatics, satellite imaging, 
remote sensing, meteorology, precision farming and low 
impact agriculture. These changes will hopefully 
continue to drive major global investment in agricultural 
technologies. It is of vital importance that countries 
around the world recognize fully the opportunities and 
challenges and provide the appropriate framework 
support, investment and infrastructure. In this regard, 
increasing high quality livestock research will be 
essential to help address the looming food and 
environmental challenges and is a message that animal 
scientists and veterinarians around the world need to be 
making to governments and funding agencies. Farming 
practices globally will continue to change because of 
competing demands. Hence it is essential that the 
livestock sector benefits fully, both from continued 
improvements of current reproductive technologies and 
in the application of future reproductive technologies to 
meet these global challenges. 
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Introduction 
 

It has been proposed that the world is entering, 
or may have even entered, the anthropocene epoch from 
the holocene epoch, because human activity is having a 
significant global impact on the Earth's environment, 
geology and ecosystems (Zalasiewicz et al., 2015). In a 
recent EU report (Expo Milano, 2015, EU Scientific 
Steering Committee Recommendations) there was a 
summary of some of the key global issues. For example, 
it stated that nearly 1 billion people are chronically 
hungry. In comparison, because of over consumption of 
food, coupled with reduced physical activity, 
approximately twice as many people are overweight. 
Furthermore in Paris in December 2015, 195 countries 
agreed to try and keep global temperature rise to well 
below the 2°C above pre-industrial levels, and to even 
pursue efforts towards 1.5°C, since increases in 
temperature of over two degrees Celsius are expected to 
have a negative impact on global yields of major crops 
(Intergovernmental Panel on Climate Change (IPCC), 
2012; 2013; Climate and Global Production Shocks 
Report, 2015). Unfortunately however, the agricultural 
sector was largely absent from the talks in Paris (Benton 
and Bajželj, 2016). Hence the impact of enhanced 
human endeavor and activity, coupled with continued 
population growth, will result in increasing global 
challenges throughout the 21st century. This paper 
outlines a number of the global challenges, the impact 
of livestock production and possible mitigation 
strategies, including the development and benefit of new 
technologies. These are discussed together with possible 
strategies that countries, individually and in 
collaboration, could develop to meet the challenges, 
using examples of current programs in the UK and 
Brazil. 
 

The Global Challenges 
 

The focus of this review is on population 
growth, food security, climate change and livestock 
production. However the additional impact of other 
challenges, such as the links between animal and human 
health, zoonotic diseases, and the increase in antibiotic 
resistance, need to be recognized. 
 
Population growth 
 

World population at time of writing currently 
stands at around 7.5 billion, with a population growth of
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approximately 200,000 per day. At the dawn of 
agriculture, at approximately 8,000 B.C., the world 
population was estimated to be 5 million, with a growth 
rate of less than 0.05% to reach about 2 to 300 million 
by 1 A.D. A significant change occurred with the 
industrial revolution at approximately 1,800 A.D. with 
the second billion being achieved in only 130 years. 
Peak annual growth rate occurred in the 1960s when it 
was approximately 2.2%, but it is currently declining 
and is around 1.15% per year. The United Nations 
recently released population projections based on data 
until 2012. Analysis of these data reveals that, contrary 
to previous projections, and despite the decline in birth 
rate, the world population is unlikely to stop growing 
this century. Indeed there is an 80% probability that 
world population will increase to between 9.6 billion 
and 12.3 billion by 2100 and could even reach 10 billion 
by 2056, 6 years earlier than projected. Much of the 
increase is expected to happen in Africa, in part because 
of increased rates of fertility and a recent slowdown in 
the pace of fertility decline. Also, the ratio of working-
age people to older people is likely to decline 
substantially in all countries, even those that currently 
have young populations (Gerland et al., 2014). Current 
mean world figures from the World Bank indicate that 
the proportion of people over the age of 65 is currently 
greater than 8%, but this increases towards 20% for 
some countries in Western Europe. 

Recent figures from the United Nations 
Department of Economic and Social Affairs, Population 
Division show more women than ever now use family 
planning, with some poorer regions recording the fastest 
pace of growth since 2000. In 2015 an estimated 64% of 
either married women or women living with a partner 
aged between 15 to 49 years used family planning, 
compared with 36% in 1970. However, despite the 
success of the past 40 years it has been concluded that 
investment in family planning is needed to keep up with 
demand and meet the need of women who are unable to 
access services (see Population Council). Furthermore 
in a recent comment in the Lancet (World Abortions 
1990 to 2014, 2016) it was concluded that additional 
knowledge, regarding the incidence of induced abortion, 
is needed to motivate and inform efforts to help women 
avoid unintended pregnancies and to monitor progress 
toward that end. It was estimated that abortion rates 
have declined significantly since 1990 in the developed 
world, but not in the developing world. An important 
conclusion was that ensuring access to sexual and 
reproductive health care could help millions of women 
avoid unintended pregnancies and ensure access to safe 
abortion.  

In summary, despite the success in 
contraceptive use, world population continues to grow, 
resulting in increased demand for food and resources. 
The Food and Agriculture Organisation (FAO) food 
demand projections and World Resources  Institute 
(WRI; Ranganathan et al., 2016), estimate that the 
world will need to close at least a 60 percent “food gap” 
between the crop calories available in 2006 and 
expected caloric demand in 2050 (Foley, 2011). In 
conclusion, the food gap will stem primarily from 

continued population growth and changing diets. 
 

Food security 
 

Food security, as defined by the FAO, occurs 
when: all people, all of the time, have physical, social 
and economic access to sufficient, safe and nutritious 
food that meets their dietary needs and food preferences 
for an active and healthy life. Despite progress there are 
currently over 800 million people who are chronically 
hungry in the developing world, with more than 3 
million children dying each year from the causes of 
under- and mal-nutrition and an estimated 160 million 
under 5-year-old children who are stunted and will carry 
the burden of this through their lives. Globally we are 
far from being food secure (World Hunger and Poverty 
Facts and Statistics, 2015). Indeed it is estimated that 
around 2 billion more people suffer from either iron 
deficiency (World Health Organization - WHO, 2012) 
or other micronutrient deficiencies caused primarily by 
the lack of access to food and this is in most cases due 
to relative or absolute poverty. For example, limited 
access to food and rapid food price inflation can be a 
cause of civil unrest and drive human migration. 
Paradoxically, as billions suffer food insecurity through 
lack of food, more than 2 billion people, approximately 
30% of the world’s population, are overweight or obese 
and this percentage continues to grow (WHO, 2015). 
This is often associated with poverty and is a 
consequence of over-consumption of calories, the lack 
of access to appropriate nutrition, as well as a lack of 
physical activity. Furthermore, caloric over-
consumption progressively increases personal, public-
health and environmental costs and thereby increases 
the pressure not only on the global food supply, but also 
on national health systems. In summary, food and 
nutrition security is an issue for all societies. 
Importantly however, the FAO estimates that there is 
enough food in the world to provide every single person 
each day with approximately 2,770 kcal (FAO, 2012; 
World Hunger and Poverty Facts and Statistics, 2015).  

Historically, global production of food has 
outpaced consumption growth as evidenced by falling 
real prices of food. However, this “outpacing” is now 
slowing because of constraints on supply, alongside 
continued growth of demand (European Commission, 
2011). For example, more people are demanding more 
food that is more resource-intensive to produce such as 
meat. In addition, in most places there is considerable 
food wastage.  On the supply-side, historic yield growth 
has slowed or even plateaued in recent years and this 
has been the case for the UK. The acceptability of 
technological solutions to increasing yields is 
sometimes resisted, as has occurred in the EU 
(European Commission, 2011). In addition, there is 
increased competition for land, water and other natural 
resources, which may impact on global food production 
and climate change and is also threatening production 
growth in many areas. A further constraint is that 
reducing the environmental impact of agriculture, 
aquaculture and fisheries, including greenhouse gas 
emissions, while maintaining production will probably
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require changes in the way food is produced.  
How can changing diets, including the type, 

combination, and quantity of foods people consume, 
contribute to a sustainable food future? As discussed, 
global population is projected to grow to nearly 10 
billion people by 2050, with two-thirds of those people 
projected to live in cities. In addition, at least 3 billion 
people are expected to join the global middle class by 
2030. As nations urbanize and citizens become 
wealthier diets change, with people generally increasing 
both their calorie intake and the share of resource-
intensive foods, such as meat and dairy, in their diets. 
Over the last 40 years, the worldwide consumption per 
capita of milk has doubled, and meat consumption has 
more than tripled (Kearney, 2010).  

At the same time globalization, technological 
advances, business and economic changes, and 
government policies are transforming entire food 
chains. Multinational businesses are increasingly 
influencing what is grown and what people eat. 
Together, these are driving trends toward Western-style 
diets, which are high in calories, protein and animal-
based foods. Indeed in China meat consumption has 
increased nine fold (Kearney, 2010). Although some of 
this shift reflects health and welfare gains for many 
people, including increased longevity, the scale of this 
ongoing change in diet will make it harder for the world 
to achieve a number of the United Nations sustainable 
development goals, which include reducing hunger, 
improving healthier lives, improved water management, 
combating climate change, and protecting terrestrial 
ecosystems (Ranganathan et al., 2016). In summary 
given recent trends, demand is likely to rise more 
quickly than supply towards the middle of the 21st 
century increasing the pressure to convert more land for 
farming. The combination of these drivers suggests that 
emissions from the agri-food sector will continue to 
grow. Changing some farming practices could offset 
some of this increase, but achieving such changes will 
be a challenge and require continued collaborative 
research and development across continents. 
 
Climate change 
 

The negative impact of climate change, 
including an increase in temperature of over two 
degrees Celsius (Intergovernmental Panel on Climate 
Change - IPCC, 2012, 2013; Climate and Global 
Production Shocks Report, 2015), on global yields of 
major crops will probably be spread unevenly over the 
globe. It is projected that crop production in low 
latitudes will experience negative effects, whereas in 
northern latitudes impacts may vary. The areas where 
climate change is expected to threaten crop productivity 
the most (Wheeler and von Braun, 2013) include 
countries in Africa and South Asia, that are home to 
many of the world’s more than 800 million 
undernourished people (FAO, 2014). Food production 
of the globally most important commodity crops, maize, 
soybean, wheat and rice, comes from a relatively small 
number of major producing countries. The exposure of a 
large proportion of global production of the major crops 

is therefore concentrated in specific parts of the globe. 
This report stresses that extreme weather events, in 
these regions, will have the largest impact on global 
food production. Furthermore, simultaneous extreme 
weather events in two or more of these regions, creating 
a ‘multiple bread basket’ failure, would represent a 
serious production shock. However, understanding the 
underlying cause of extreme weather events in different 
production regions is currently under-researched.  

There is an urgent need to understand the 
dynamics of meteorological events, such as the El Niño, 
which may become even more extreme, in order to 
quantify the likelihood of production shocks in major 
food-producing regions. Indeed it is projected that a 
catastrophe is developing currently in Africa because of 
crop failure caused by the impact of El Niño. It has been 
estimated that 50 million people, across a number of 
countries, could require food-aid during the next 12 
months. Initial modeling by a US-UK Taskforce 
(Extreme Weather and Resilience of the Global Food 
System Report, 2015) suggests that what would be 
called an extreme food production shock in the late 20th 
century, will become more common in the future. The 
data suggest that a 1 in 200 year event for the climate in 
the late 20th century equates to a loss of approximately 
8.5% production, and over the next decades (2011 to 
2040), a 1 in 200 year event is about 15% larger in 
magnitude and equivalent to the loss of 9.8% of calorie 
production. Furthermore, according to the model an 
event that would have been called 1 in 100 years over 
the period from 1951 to 2010 may become as frequent 
as a 1 in 30 year event before the middle of the current 
century.  

Agriculture and the production of food is a 
very significant emitter of greenhouse gases, causing 
emissions of CO2 by agricultural machinery and the 
transportation of crops and animals, nitrous oxide from 
the use of fertilizers (synthetic and manure), and 
methane from livestock and flooded paddy fields for 
rice (Smith et al., 2014). Furthermore, the demand for 
food has led to a global expansion of farmland at a rate 
of about 10 million hectares per year during the last 
decade. Some of this cleared land was tropical 
rainforest, adding more emissions and reducing the 
capacity of land to absorb and store carbon. There have 
been a number of estimates of greenhouse gas emissions 
from agriculture and food production that vary 
depending on methodology. For example, the estimate 
of 30% by Bajželj et al. (2013) includes the 
manufacture, preparation and the cooking of food. A 
more recent study calculated that agriculture, forestry 
and other parts of the land use sector is responsible for 
just under a quarter (approximately 10 to 12 GtCO2eq 
per year) of anthropogenic greenhouse gas emissions, 
mainly from deforestation and agricultural emissions 
from livestock, soil and nutrient management (Smith et 
al., 2014). Furthermore, according to the Food and 
Agriculture Organization of the United Nations (FAO, 
2014), agri-food production and forestry was estimated 
to account for approximately 20% of all greenhouse-gas 
emissions in the world (25% in America, 12% in 
Europe, 15% in Africa, 4% in Oceania and 44% in
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Asia). Overall however, producing and cooking the food 
we eat results in approximately the same amount of 
emissions as those produced from personal travel, 
lighting, heating and air conditioning and domestic 
‘white goods’ combined. 

 
Livestock production  

 
The livestock sector supports about 1.3 billion 

producers and retailers worldwide, and contributes 40 to 
50% of agricultural gross domestic product (Herrero et 
al. 2016). These authors estimated that between 1995 
and 2005, the livestock sector was responsible for 
greenhouse gas emissions of 5.6 to 7.5GtCO2e per year 
which comprises approximately 50% of agricultural 
emissions. However, livestock accounts for up to half of 
the technical mitigation potential of the agriculture, 
forestry and land-use sectors. This will be through the 
application of management options that sustainably 
intensify livestock production, promote carbon 
sequestration in rangelands, reduce emissions from 
manures, and through reduction in the demand for 
livestock products. Although the mitigation potential of 
reductions in livestock product consumption is large, 
their economic potential is unknown at present (Herrero 
et al., 2016).  

Livestock, particularly ruminants, can eat a 
wider range of biomass than humans, although in the 
drive for greater efficiency, intensive systems of 
livestock production have evolved to compete with 
humans for high-energy crops such as cereals. In a study 
by Wilkinson (2011), feeds consumed by livestock were 
analyzed in terms of the quantities used and efficiency 
of conversion of grassland, human-edible crops and 
crop by-products into milk, meat and eggs, using the 
United Kingdom as an example of a developed livestock 
industry. It was concluded that by accounting for the 
proportions of human-edible and inedible feeds used in 
typical livestock production systems, a more realistic 
estimate of efficiency could be made by comparing 
systems. Therefore increasing efficiency in livestock 
production and reducing the share of animal products in 
human consumption are two possible strategies to curb 
the adverse environmental impacts of the livestock 
sector. In a recent study, Schrader et al. (2016) explored 
the opportunity for sustainable livestock production by 
modeling the impacts and constraints of a third strategy 
in which livestock feed components, that compete 
directly with human food crop production, are reduced. 
Thus animals are fed only from grassland and by-
products from food production. They show that a 
strategy focusing on feed components, which do not 
compete directly with human food consumption, offers 
a viable complement to strategies focusing on increased 
efficiency in production and/or reducing the share of 
animal products in human consumption (Schrader et al., 
2016).  

In conclusion, one of the key challenges in the 
livestock sector will be the development of 
technological advances in sustainable intensification. 
However, this approach will be only one mitigation 
route together with decreases in food waste and 

improvements in human diets (Bajželj et al., 2014). 
 

Agri-Food Technology Strategy 
 

Agricultural science and technology is one of 
the world’s fastest growing and exciting sectors within 
the global marketplace. As discussed, this market will 
be driven by global changes including a rising world 
population, rapid development of emerging economies 
with western lifestyle aspirations and growing 
geopolitical instability around shortages of land, water 
and energy. In parallel a technological revolution is also 
taking place, including breakthroughs in nutrition, 
genetics, informatics, satellite imaging, remote sensing, 
meteorology, precision farming and low impact 
agriculture. These changes will continue to drive major 
global investment in agricultural technologies. It is of 
vital importance that countries around the world 
recognize fully the opportunities and challenges and 
provide the appropriate framework support and 
investment. 

Recognizing these challenges, including the 
continuing reduction in food self-sufficiency in the 
United Kingdom, the UK Government launched ‘A UK 
Strategy for Agricultural Technologies’ (UK 
Government, 2013). In 2016 the strategy was expanded 
to incorporate the food production and retail sector, as 
well as primary agricultural production, and is overseen 
by the AgriFood Technology Council. This strategy is 
aimed at improving the integration of UK’s science and 
progressive food and farming businesses with the 
Government’s support for trade, investment and 
international development. The aim is to help unlock a 
new phase of global leadership in agricultural 
innovation. The vision of the strategy is that the UK 
becomes a world leader in agricultural technology, 
innovation and sustainability; exploits opportunities to 
develop and adopt new and existing technologies, 
products and services to increase productivity; and 
thereby contributes to global food security and 
international development.  

The mission of the strategy includes (1) 
additional investment from both government and 
industry in agricultural research and innovation, 
including the launch of four new research innovation 
centers (Agrimetrics, Crop Health and Protection, 
Livestock, Agricultural Engineering Precision) and 
investment in a significant number of applied research 
projects, supporting the speedier translation of research 
into practice i.e. from farm to fork through agri-food 
supply chains; (2) promoting the UK’s expertise and 
capacity in the agri-tech sector to stimulate investment, 
creating a new generation of spin-outs and start-up 
ventures, increasing export opportunities and new 
collaborations with emerging and developing 
economies; (3) take a global lead in agricultural 
informatics and in establishing the metrics and 
techniques by which progress towards sustainable 
intensification can be assessed; (4) encourage 
investment in change, including enhanced skills and 
knowledge transfer, exploitation of shared data and 
widespread adoption of best practice. In addition, the
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UK Government has just announced a £1.5 billion 
Global Challenges Research Fund, across the Research 
Councils, to support cutting-edge research that 
addresses the challenges faced by developing countries. 
There has also been a significant focus on skills given 
that it will be essential to have an increasingly skilled 
workforce to take full advantages of the rapid pace of 
technological progress, not only within the agricultural 
sector, but also across other sectors such as informatics 
and engineering.  

Brazil has also promoted programs to mitigate 
the environmental threats associated with the global 
challenges, as discussed, and to reduce food shortage 
within its boundaries. The Brazilian Agricultural 
Research Corporation (Embrapa) - Ministry of 
Agriculture, Livestock and Food Supply launched a 
number of programs aiming to reduce poverty and 
hunger and also to stimulate agricultural technologies 
supporting environmentally safe food production. The 
“Brazil Without Extreme Poverty” program, which aims 
to increase familiar agricultural production and to 
enhance/create markets for these products, and the 
“Low Carbon Agriculture Plan” (ABC Plan) are perhaps 
the most relevant and emblematic actions from the 
Brazilian government within the context of the global 
challenges. A relevant program, with the ABC Plan 
directly linked to livestock production, is the National 
Integrated Crop-Livestock-Forestry (ICLF) Policy, 
which targets the rehabilitation of degraded pastures and 
forests by the development of integrated systems.  

In conclusion, it is essential that the livestock 
sector can take full benefit of the funding initiatives that 
are being launched worldwide and continue to develop 
new reproductive technologies to be better placed to 
respond to the global challenges. 

 
Reproductive Technologies in the 21st Century 

 
In 2012 Murphy made a presentation to the 

Sociedade Brasileira de Transferência de Embriões 
(SBTE) on ‘The future of animal reproduction’. The 
accompanying review paper discussed a range of 
current technologies, including artificial insemination, 
including classical genetic selection approaches 
(Murphy, 2012). The review paper also stressed the 
major limitations to the use of these technologies in 
extensive production systems, together with the use of 
additional technologies including prostaglandins to 
regress corpora lutea, progestagens to mimic luteal 
function, regulation of follicular development with 
estrogens or GnRH, and synchronization of ovulation 
with either GnRH and/or estrogens (Bó et al., 2007; 
Lamb et al., 2010; Baruselli et al., 2011). Although 
these technologies have a number of benefits, there still 
remains substantial potential for improvement in the 
rate of successful pregnancy, despite these compounds 
being available for nearly 50 years.  

Other current technologies include the use of 
sexed semen and embryo transfer which has become 
more widespread, particularly in South America who 
leads the world (over 70%) in the number of in vitro 
produced embryos (Blondin, 2015). However, the 

success of this technology is still limited by the efficacy 
of the superovulation protocols, including the variability 
of the follicular reserve (Mapletoft and Bó, 2011; 
Ireland et al., 2011) and the variation between Bos 
taurus and Bos indicus breeds (Morotti et al., 2015; 
Sartori et al., 2016a), and in vitro embryogenesis 
protocols (Baruselli et al., 2015). The review paper of 
Sartori et al. (2016b), published in these proceedings, 
describes the development and magnitude of the 
reproductive technologies in use in Brazil, and also 
discusses the technical bottlenecks that limit the impact 
on animal production efficiency. Among the current 
limitations, special focus has been given to sub-optimal 
protocols for oocyte maturation and embryo culture 
leading to low blastocyst development rates (averaging 
25 to 50%), which compromise conception rates and 
successful pregnancy outcome. In addition, embryonic 
developmental competence is compromised further by 
inefficient freezing protocols. Once these bottlenecks 
are minimized, the impact of in vitro embryo production 
on livestock productivity is expected to increase 
significantly, particularly when used in combination 
with the development of DNA based strategies for 
donor selection as indicated below. 

Continuing, and indeed even an increase, in 
livestock research and development will be essential to 
help address the looming food and environmental 
challenges and is a message that animal scientists 
around the world need to be making to their 
governments and funding agencies. However, the 
message should also be one of optimism, given the 
untapped potential of our farm species. The potential 
yields of plant and animal farm species, including 
constraints and opportunities in the 21st century, has 
been reviewed and considered extensively (Sylvester-
Bradley and Wiseman, 2005). For livestock the 
opportunities include (i) increasing the proportion of 
twin births in cattle, (ii) more precise control of 
seasonality, litter size, lamb survival and puberty in 
sheep, (iii) increased fecundity in pigs, (iv) increased 
milk yield in dairy cows and sheep, (v) improving feed 
conversion efficiency, meat quality and growth in sheep 
and beef cattle. However, to obtain these benefits 
improved animal management, welfare and feeding 
strategies will be required (Sinclair and Webb, 2005; 
Webb et al., 2005; Garnsworthy and Thomas 2005). In 
all species the predicted trends for increased yields, 
accompanied by increases in efficiency, are projected to 
reduce environmental impact of animal agriculture, 
mainly through reductions in animal numbers required 
for a given output of meat and dairy (Garnsworthy, 
2004). However it is important to realize that a more 
systems based approach to production will be required, 
together with the incorporation of new physiological 
and genetic technologies. Furthermore, despite large 
genetic improvements in the quantitative traits of 
growth, production, and efficiency of farmed livestock 
over recent decades, current evidence suggests that little 
variation has been lost and that improvements should 
indeed be sustainable in the future (Hill, 2016).  

Traditional marker-assisted selection did not 
result in the widespread use of DNA information in
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animal breeding (Meuwissen et al., 2016). The main 
reason was that the traits of interest in livestock 
production are much more complex than expected and 
are determined by thousands of genes with small effects 
on phenotype (Haley et al., 1993). However, advances 
in genotyping and sequencing a little over a decade ago 
have resulted in the development and application of 
genomic selection, which is arguably the most important 
breakthrough in animal breeding since the development 
of best linear unbiased prediction in the 1940s (see 
Hickey et al., 2016).  

Genomic selection assumes that all markers 
might be linked to a gene affecting the trait and 
concentrates on estimating their effect, rather than 
testing its significance. Three technological 
breakthroughs resulted in the current widespread use of 
DNA information in animal breeding: (i) the 
development of genomic selection technology, (ii) the 
discovery of massive numbers of genetic markers 
(single nucleotide polymorphisms, SNPs), and (iii) 
high-throughput technology to genotype animals for 
hundreds or even thousands of SNPs in a cost-effective 
manner. The use of whole genome sequence data is 
anticipated to have a significant impact on dairy and 
beef cattle, pigs, and poultry breeding (Meuwissen et 
al., 2016). For example in sheep and goat breeding, 
rapidly reducing genotyping cost, coupled with a better 
understanding of how to maximize benefits of genomic 
selection should result in a dramatic rise in the adoption 
of these approaches (Rupp et al., 2016). In beef cattle 
the development of accurate genomic evaluations in 
beef populations are more difficult than in dairy 
populations because of the presence of multiple breeds, 
the poor extent of phenotyping, lack of the use of 
artificial insemination (Berry et al., 2016), and sheep 
and beef systems are generally lower-margin businesses 
and hence tend to be slower adopters of technology. 
However, the ongoing development of low cost sensors, 
such as ultra-wide band technology for estrous detection 
(Homer et al., 2013), and associated information 
technology for the generation and capture of phenotypes 
should have a positive impact. These types of 
technologies, coupled with international initiatives, 
suggest that the necessary framework is in place for 
further development of genomic predictions certainly 
for beef, and possibly even for sheep (Berry et al., 
2016).  

In addition and significantly, genome editing in 
livestock populations of cattle, sheep and pigs, has 
resulted already in viable zygotes and living animals. 
The idea of genome editing appears straight forward, in 
that base pairs at specific locations in the genome can be 
deleted, changed or added (Hickey et al. 2016). 
Importantly, these changes are permanent and if made 
in germ line cells, are heritable and advances in this 
technology are occurring regularly. From an animal 
breeding perspective, roles for genome editing include 
(i) fix favorable alleles for monogenic traits (e.g. disease 
resistance, myostatin, polledness), (ii) removal of 
recessive alleles that impact on fertility and (iii) increase 
the frequency of favorable alleles for polygenic traits 
(Hickey et al., 2016). These advances, coupled with 

increased understanding of epigenetic effects (Sinclair 
et al., 2007), will bring understanding, but both 
opportunities and challenges, that can potentially be 
included in livestock breeding programs. These include 
the need for a relatively inexpensive technology to 
sequence the epigenome on a large scale, and in large 
numbers of individuals, to accurately estimate 
epigenetic variance at a population level. Statistical 
methods also need to be developed to incorporate whole 
methylome information together with large environment 
and DNA sequence information. Practical 
implementation must be carefully evaluated to 
successfully incorporate epigenetic information in 
livestock breeding, including mate selection, in order to 
obtain genotypes that favor a certain epigenotype 
(González-Recio et al., 2015). In summary, 
multidisciplinary genetic and management/nutrition 
practices could result in the incorporation of favourable 
epigenotypes into populations, in addition to 
technologies such as genome editing.  

 
Conclusions 

 
The food security, world population and 

climate change challenges are clear. Food security for 
the majority of the world’s population is about nutrition 
for a healthy life, not calories to survive. Greater than 
50% of the world’s population are malnourished, either 
over- or under-weight, and the global economic burden 
of non-communicable diseases (Alleyne et al., 2013) is 
growing rapidly. Indeed it is viewed as one of the major 
challenges for sustainable development in the 21st 
century. For example, in many countries, poverty and 
obesity are correlated, with inadequate diets in the urban 
poor being a significant issue, alongside other 
developing world micronutrient and calorie deficiencies. 

As discussed, the IPCC challenge is to limit 
climate change to less than 2°C, which will require 
more sustainable consumption. As the emissions from 
agri-food are approximately 30% of global emissions, 
and are continuing to grow not shrink, the argument that 
demand is increasing and so we must grow more to 
meet this demand is increasingly recognized as being 
unsustainable. This will result in a stronger focus on the 
demand-side measures, such as dietary change and 
waste reduction. 

There has been much debate on dietary change 
and on livestock production. For example, there is 
ongoing discussion that humans should eat less meat, 
particularly as the average person, in more than 90% of 
the world’s countries and territories, consumed more 
protein than the estimated daily requirement 
(Ranganathan et al., 2016). Alternatively humans 
should eat more grass fed beef and sheep, in addition to 
eating less meat, and/or eat more chicken versus eating 
less red meat. The recent WRI report indicates that there 
is no current “protein crisis” as on average every region 
of the world consumes more protein than is required, 
although it is expected that “demand driven desire” for 
protein consumption will grow. It is clear that a 
significantly more sustainable, or even a reduction, in 
ruminant meat and dairy consumption will be
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indispensable for reaching the 2°C target, unless 
unprecedented advances in technology, such as the 
green revolution that occurred 50 years ago (Borlaug, 
2000), are repeated (Hedenus et al., 2014). 

There are three possible ways we could 
respond to this sobering conclusion: (i) we carry on as 
we are and miss the IPCC Paris targets, and therefore 
perhaps lock us into 4 to 5°C of global warming by the 
end of the century. (ii) We rely on research and 
innovation to find ways to significantly increase yields 
to reduce the rate of land conversion and develop 
carbon capture and storage. (iii) We recognize that 
demand for food is driving emissions and work to make 
changes meet the supply-side improvements halfway (T. 
Benton, 2016; University of Leeds). 

The first option is not a viable long-term 
strategy. The second option has possibilities, but there is 
little evidence of research budgets on the necessary 
scale that will be required being forthcoming, indeed 
globally research budgets have been decreasing in some 
countries. Furthermore there is a significant gap 
between mitigation potential and economic viability. 
Hence the third option seems, at least currently, the 
better way forward. 

It is clear that our habits globally, with 
specific exceptions, have changed rapidly in recent 
decades. More food is consumed per capita, generally 
food is cheaper with respect to income, there is 
significantly more choice and availability, and 
importantly there is significant waste. However, there 
is no reason why habits could not change again to 
achieve a more sustainable lifestyle? A positive start 
would be to reduce food waste. For example, on a 
global basis, about a third of food is lost in either 
fields and/or storage, or wasted in the supply chain and 
in our homes. Wasting food is not just a waste of 
valuable resources it also causes additional emissions 
when ending up in landfill sites. For example, food 
waste costs the average UK family, with children, 
approximately US $1,000 per year. 

One option is to reduce consumption of 
intensively produced meat and dairy. Raising livestock 
is a less efficient way of producing food than growing 
crops. Currently, a third of the crops we grow are fed to 
livestock to produce meat, and nearly half of the 
emissions from agri-food are related to meat production, 
more than the entire transport sector. If we used the land 
that is currently growing feed for animals to grow 
mainly food for humans, and consume only milk and 
meat from pasture/byproduct-fed animals, there is scope 
for very significant reduction in emissions. If we 
continue to consume increasing amounts of non-pasture 
fed animals, then the choice of meat is important 
because producing beef emits more than five times as 
much as chicken and pork, although as discussed 
previously, a robust assessment of feed efficiency is 
required (Wilkinson et al., 2011) in the context of 
obtaining more realistic estimates of emissions. 

Increasingly, people around the world eat more 
calories than are good for them and as stated previously, 
about two billion adults are either overweight or obese 
and this number continues to grow. In Europe, for 

example, the population consume around twice as much 
meat as is deemed healthy, whereas in the United States 
this number is three times. Hence a global switch 
towards more plant-based diets would reduce global 
mortality by up to 10% and food-related greenhouse gas 
emissions by as much as 70% by 2050 (Springman et 
al., 2016). It means that adjusting diets and attitude to 
waste has the potential to make the Paris targets more 
achievable. In a very recent modeling study, Herrero et 
al. (2016) concluded that the mitigation potential of 
reductions in livestock product consumption is large, 
but their economic potential is unknown at present.  

Finally, one further global challenge that will 
have increasing impact during the 21st century, and has 
not been discussed in detail in this review, is the link 
between animal health and human health, zoonotic 
diseases, and the increase in antibiotic resistance (see 
Wegener, 2012). The epidemiology of antimicrobial-
resistant microorganisms at the human–animal interface 
is complex, although it is estimated that the volume of 
antimicrobials used in food animals exceeds their use in 
humans worldwide. The One Health agenda (Gibbs, 
2014) is gaining significant traction worldwide when it 
comes to addressing zoonotic transmission of pathogens 
that are resistant to antimicrobials. There will be an 
increasing need to engage a wide range of stakeholders, 
not only researchers, but also farmers, veterinarians, 
food safety professionals, medical doctors, as well as 
environment and wildlife experts in monitoring and 
controlling activities and coordinating responses to this 
global challenge, that will definitely occur. 

It is clear that more research and investment 
are needed to increase the affordability and uptake of 
mitigation practices, to moderate consumption of 
livestock products where appropriate, and to avoid 
negative impacts on livelihoods, economic activities and 
the environment. Importantly however, limited take-up 
of new farming methods, together with high costs, 
means that a relatively small proportion of what is 
technically possible is currently economically viable. 
Continued advances in the use of current reproductive 
technologies, together with the development of new 
reproductive technologies will be essential. 

In conclusion, the future focus should be on the 
development of system-based approaches (Randolph et 
al., 2007), together with the cost effective and welfare 
friendly use of new technologies and farming practices. 
This strategy should ensure that the application of new 
technologies, that will certainly become available 
during the 21st century, should assist in maximizing the 
efficiency and sustainability of livestock production and 
reduce environmental impact. In this regard, it is worth 
remembering the comment that “It is not the strongest 
of the species who survive, nor the most intelligent; 
rather it is those most responsive to change” (attributed 
to L. C. Megginson when interpreting Charles Darwin’s 
Origin of Species, 1963). 
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