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Global demand for meat and dairy products has increased dramatically in recent decades
and, through a combination of global population growth, increased lifespan and improved
economic prosperity in the developing world will inevitably continue to increase. The pre-
dicted increases in livestock production will put a potentially unsustainable burden on global
resources, including land for production of crops required for animal feed and fresh water.
Furthermore, animal production itself is associated with greenhouse gas production, which
may speed up global warming and thereby impact on our ability to produce food. There is,
therefore, an urgent need to find methods to improve the sustainability of livestock produc-
tion. This review will consider various options for improving the sustainability of livestock
production with particular emphasis on finding ways to replace conventional crops as
sources of animal feeds. Alternatives, such as currently underutilised crops (grown on a mar-
ginal land) and insects, reared on substrates not suitable for direct consumption by farm ani-
mals, represent possible solutions. Coupled with a moderation of excessive meat
consumption in wealthier countries, such strategies may secure the long-term sustainability
of meat and milk production and mitigate against the adverse health effects of excessive
intake.

Meat: Milk: Livestock: Sustainability: Food security

When given the choice, most human subjects will include
at least some meat and dairy produce in their diet. While
a fully plant-based diet can provide all essential nutrients,
this usually requires consumption of a relatively diverse
combination of fruit and vegetables. In areas of the
world where protein–energy malnutrition and micronu-
trient deficiency are prevalent, diets are normally low in
animal products and reliant on a limited range of plant-
derived foods. It is perhaps unsurprising that as countries
achieve greater economic stability they aspire to a more
Western diet, containing greater quantities of meat and
dairy products.

Meat represents an energy-dense source of high-
quality protein, and is enriched in micronutrients such
as thiamine, niacin, vitamin B12, calcium, iron, zinc, po-
tassium and phosphorus(1). Milk and dairy products are
also an important source of protein and make major con-
tributions to intake of calcium, phosphorus, iron, vita-
min A and riboflavin(2). Overall, it may be argued that
maintaining a certain level of global livestock production

and consumption of animal products has considerable
potential to alleviate malnutrition and deliver economic
advantages to a given population(3). However, the exces-
sive level of consumption seen in many of the world’s
wealthiest countries not only places an unsustainable
burden on the environment, but also impacts on suscep-
tibility to a range of chronic diseases, including obesity,
diabetes, CVD and certain cancers(4). A major challenge
over the coming decades will be ensuring that the nutri-
tional benefits of consuming more meat and dairy pro-
ducts in countries with emerging economies is carefully
balanced against the negative effects this may have on
the environment and the incidence of chronic disease.

In general, as a country becomes wealthier, consump-
tion of animal products increases. Until recently, the
highest levels of meat production were associated with
North America, Europe and Australasia(5). However,
as shown in Fig. 1a–c, the past 20 years have seen
major changes in such production patterns. While the
USA is still the major producer of beef, this has remained
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relative static over the past 20 years. By contrast, produc-
tion in Brazil has almost doubled to levels approaching
those in the USA. In China, while production of beef
remains at about half that of the USA, this represents
a tripling of the amount produce two decades ago.
While China has dominated global pork production
over several decades, this has further doubled in the
past 20 years and is now responsible for 60 % of the
world’s pig production. Production of chicken has
increased dramatically across the world and notably
India, traditionally a very low consumer of meat pro-
ducts, is now one of the top ten world producers.

Most of this growth in global animal production has
been driven by improving economic status of the coun-
tries involved. However, other factors are also predicted
to impact on future trends. It is anticipated that the glo-
bal population will increase from a current value of ap-
proximately 7 billion to about 9 billion by the year
2050(6). Essentially all of this growth is likely to occur
in the developing world where consumption of animal
products is currently relatively low. For example, live-
stock product consumption in Kenya in 2005 represented
906·3 kJ/person per d (216·6 kcal/person per d) compared
with 900 in the USA(4). Improved nutrition, reduced in-
fant mortality and reduction in infectious diseases are
all likely to contribute to such increases in population
growth. However, such factors are also likely to

contribute to increased lifespan, which in itself requires
more food to feed an ageing population. If current trends
continue then increased economic prosperity, increased
population and extended lifespan will all contribute to
increased demand for meat and milk. There is now ser-
ious concern over the impact of such increases in live-
stock production on land and water use and on the
production of greenhouse gases which may directly con-
tribute to global warming(6–8).

Improved efficiency of farm animals

Historically, the increased demand for meat in North
America, Western Europe and other industrialised parts
of the world has been met by major advances in agricul-
tural practice. Through selective breeding, precise nutri-
tional strategies, changes in husbandry practices and
improvements in animal health, marked improvements
have been made in the efficiency of animal production.
While considerable improvements have been achieved
for all livestock species perhaps the most impressive
changes have been achieved in poultry(9). The impact
of selective breeding was graphically illustrated by
Zuidhof et al.(10) who compared the growth characteris-
tics of a broiler strain which had remained unselected
from 1957 with a current day commercial strain. At

Fig. 1. Top ten countries producing (a) cow’s milk, (b) beef, (c) chicken, (d) pork in 1992 (dark grey
bars) and 2012 (light grey bars). Data from FAO(5).
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age 42 d the modern strain had over 400 % higher growth
rate and 50 % reduction in feed conversion rate (g feed:g
bodyweight) compared with the historic strain. Major
improvements were also seen in body composition,
with yield of the major breast muscle (per kg body
weight) increasing by approximately 80 %. Similar
improvements in feed conversion have also been achieved
in pigs(11).

While dramatic improvements have been made in the
efficiency of animal growth this has been achieved, par-
ticularly in monogastric animals, through the use of
highly nutritious feed ingredients which often could be
fed directly to human subjects. Inevitably, such animals
will use energy derived from such feed for maintenance
and exercise, leading to losses in human-edible energy.
For ruminant animals the picture is more complicated
due to their ability to graze on plant material not suitable
for direct human consumption, frequently grown on land
that would not support the production of conventional
crops. However, in many parts of the world such diets
are frequently supplemented with high-value crops such
as wheat, soya and maize(12). On a total feed intake
basis, ruminant animals appear to be highly inefficient
at converting energy and protein taken in, into
human-edible energy and protein that can be consumed
as meat from such animals. However, if this is recalcu-
lated as human-edible energy/protein consumed against
that produced, then in animals which are largely grazed
on pasture land, the figure improves substantially.
Wilkinson(12) demonstrated that the feed conversion
ratio (feed intake per unit of fresh product) for produc-
tion of beef ranged from 13·2 to 40 for energy, and 8·3
to 26·3 for protein, depending on the production system
used. The highest values were seen in those animals fed
predominantly on fresh/preserved forage. However,
when the data were re-expressed in terms of the amount
of human-edible feed consumed by the animal these
figures reduced to 1·9–6·2 for energy and 0·92–3·0 for
protein. These values compare relatively well to those
estimated for production of pork (energy 6·3 and protein
2·6) and poultry (energy 3·3 and protein 2·3). It is of note
that the pig and poultry values depend on the husbandry
practices involved, with intensive housing inevitably im-
proving efficiency compared with outdoor free-range
production. Overall, it is clear that when using
human-edible crops for feed, it can require anywhere be-
tween 3 and 6 MJ human-edible feed to produce 1 MJ
energy in the form of meat. It is unsurprising that,
against a background of increasing demand for food,
the use of such natural resources has been called into
question. This also has to be viewed against the impact
of livestock farming on global warming. It has been esti-
mated that agriculture accounts for up to 22 % of total
greenhouse gas emissions of which 80 % is associated
with livestock production(13–15). This includes that asso-
ciated with deforestation, on farm fossil fuel use, that
associated animal manure and direct gas (particularly
methane) production by the animal themselves.
Considerable debate also surrounds the potential envir-
onmental impact of livestock production on water
use(16,17). While, it is clear that large variations exist

depending on the agricultural system to use to rear ani-
mals, against a background of climate change, this also
represents an important consideration when predicting
large increases in demand for meat and other animal
products.

How do we mitigate against the potential negative im-
pact of an almost inevitable increase in demand for ani-
mal products in the coming decades? The remainder of
this review will focus on two specific areas of potential
mitigation: (1) reducing the reliance of livestock produc-
tion on human-edible crops and (2) reducing meat con-
sumption within the developed world and minimising
the predicted increase in demand for such products in
the developing world.

Reducing the reliance of livestock production on
human-edible crops

As briefly alluded to earlier, one of the major factors
associated with our ability to continue to meet demand
for animal products has been the success of conventional
breeding to improve feed conversion efficiency, carcass
composition and milk production. It may be argued
that, as far as the conventional commercial breeds reared
in the developed world are concerned, we are approach-
ing the limit of what might be achieved by such techni-
ques. Indeed, there is some evidence that we are
already seeing negative impacts on reproduction and
health of such animals and, perhaps, the quality of the
meat produced. However, in terms of the developing
world, many of the breeds traditionally farmed, due to
their suitability to the climatic conditions, have not
been subjected to such breeding programmes and it
may be possible to achieve significant improvements in
feed efficiency(18).

Intensive rearing under restricted housing conditions
has also been widely used to increase efficiency of meat
production, particularly with regard to pigs and poultry.
In more recent years, in industrialised countries, public
perception of the impact such management systems on
animal welfare has created a significant market meat
derived from more conventionally-reared alternatives.
By contrast, intensive farming has developed rapidly in
emerging economies, particular in Asia, to meet the
rapid increase in demand for meat(18). It appears that
for the present time, intensive farming of highly selected
animals will remain a cornerstone of maximising the
efficiency of meat production.

Current intensive farming practices, particularly of
monogastric animals, are heavily reliant on the use of
human-edible crops as feed. There is considerable interest
in replacing such ingredients with less ‘valuable’ com-
modities such as fruit and vegetable waste(19),
by-products of the brewing or biofuels industries(20,21)

or locally grown forages and legumes(22). Potential pro-
blems with such novel feed sources relate to poor bio-
availability of nutrients or presence of anti-nutritional
factors. The addition of exogenous enzymes to animal
feeds to aid digestion and absorption of nutrients may
present a solution to such problems. As recently
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reviewed, such enzymes are currently used to aid diges-
tion of complex carbohydrates and break down phytate
which is known to impede the absorption of phosphate
and calcium(23). While such technology is now commonly
used to aid in the digestion and absorption of high-
quality human-edible feeds, there is considerable poten-
tial for their use in improving the nutritional value of
lower-quality plant material. This may ultimately im-
prove the nutritional value of agricultural and industrial
waste and currently underutilised crops which have the
potential to be grown under conditions unsuitable for
traditional food/feed crops.

Considerable attention has recently been turned to the
use of insects as feed for livestock. Insects represent a
natural part of the diet of both aquatic and terrestrial
wild animals from which domestic livestock have been
derived. They are poikilothermic, have been suggested
to have high feed conversion efficiency, have low green-
house gas emissions and can be grown at high densities,
thus reducing land use(24). As such their use as both a
human food and an animal feed has generated consider-
able interest. Their use as animal feed relies on the devel-
opment of production systems that utilise dietary
substrates which cannot be directly fed to livestock (or in-
deed human subjects). To date, the use of insect larvae
grown on animal excrement or household waste (includ-
ing animal-derived material) has been demonstrated to
be a potentially viable system in which to produce a high-
protein quality feed that can be used in both aquaculture
and monogastric farming(25–27). However, within the
Europe Union, where insects are regarded as ‘farmed
animals’, the feeding of substrates such as manure, cater-
ing waste or former foodstuffs containing meat and fish is
not allowed(28). As such, there is growing interest in the
potential for using plant waste, or plant species not suit-
able for direct livestock production, as a substrate for in-
sect production. The hope would be that the insects could
be a vehicle for concentration of valuable nutrients and
exclusion of anti-nutritional factors associated with
such material. For example, recent studies compared
the survival, development and composition of four differ-
ent insect species fed diets formulated from different
plant-based food by-products(29). The studies showed
that in general Argentinian cockroaches and black sol-
dier flies use feed more efficiently than yellow mealworms
or house crickets. They also suggested that on suitable
diets insects were more efficient at utilising protein than
conventional livestock and that their composition could
be altered through changes in their diet. While insects re-
present a promising option for producing high-quality
animal feeds, particularly as an alternative to wild caught
fish meal used in aquaculture, there are still a number of
unanswered questions and safety concerns(28). In particu-
lar, their ability to transmit pathogenic organisms,
accumulate toxic substances and the presence of anti-
nutritional factors within insect-derived feed all require
further investigation.

A more controversial way of improving production
efficiency and sustainability of farm animal production
is the use of growth promoters, metabolic modifiers
and anabolic agents. Attitudes to such agents varies

considerably around the world(23). The European
Union has banned their use while in other countries (in-
cluding North America and Australia) their use is
allowed but strictly regulated to minimise the likelihood
of potential hazardous residues accumulating in the tis-
sue of animals. Of more concern is the potentially un-
regulated use of such agents in other parts of the world
which may well increase as the demand for improved
efficiency increases. With the emergence of technology
which facilitates the production of genetically manipu-
lated farm animals, the production of transgenic animals
(particularly pigs) with improved feed efficiency is also
an active target for research(30).

Reducing meat consumption

While the strategies described earlier may help reduce the
burden of meat production on global food security it
remains uncertain whether production can meet the pre-
dicted demand for such products. As already described,
meat (and dairy products) represents an important
source of key nutrients and in those countries where mal-
nutrition remains a significant problem there may be
significant health benefits of increasing their consump-
tion. However, there is little doubt that in more affluent
countries excessive consumption of animal products is
contributing to the burden of chronic disease. If nothing
else, diets rich in dairy products and meat tend to be
energy-dense and almost certainly add to the excessive
consumption of energy and associated obesity. Beyond
this, there is little evidence that excessive consumption
of milk, poultry meat or fish have detrimental effects
on health(4). By contrast, excessive consumption of red,
and particularly processed, meat has been associated
with increased risk of both CVD(4) and colorectal can-
cer(4,31). While diets rich in such foods are often asso-
ciated with other unhealthy lifestyle factors (including
smoking, excessive alcohol consumption and physical in-
activity), even when confounding effects of these has
been excluded an independent effect of processed red
meat consumption has been described(32). Thus, in add-
ition to improving the sustainability of meat production,
it would appear prudent to mitigate against the excessive
consumption in many parts of the industrialised world.
Such interventions may also help prevent intakes in
countries within emerging countries increase to such in-
appropriate levels.

For most people in the Western world, complete elim-
ination of red meat from the diet would not appear
achievable. The consumption of such products is largely
regarded as pleasurable and socially desirable(33).
However, preliminary data from our group have demon-
strated a significant proportion of UK meat eaters are ac-
tively trying to reduce red and processed meat intake(34).
Of 1141 consumers surveyed over one-third indicated
they are trying to reduce their meat intake. Most indi-
cated that this was associated with a desire to lose weight,
or other perceived health benefits, with far fewer indicat-
ing concerns about the impact of meat production on the
environment. When questioned about strategies for
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achieving reduction most favoured meat-free days (or
meals), rather than alternatives such as meat replacers
or potential future options such as cultured meat or
insects. The potential for insects to replace meat in the
diet may be more acceptable in countries where there is
already a tradition for their consumption. However, it
remains to be seen whether replacements of such dietary
patterns with a more Westernised meat-rich diet will con-
tinue to be an aspiration of populations as wealth, and
with it food availability, increases.

Conclusions

Meat and dairy products represent energy and nutrient-
dense sources of nutrition which, when consumed to-
gether with a range of fruit and vegetables, can provide
a diet which is conducive to life-long health. However,
excessive consumption, particularly of processed red
meat, is associated with susceptibility to a range of
chronic diseases, in particular CVD and colorectal can-
cer. While milk and associated dairy products may con-
tribute to excessive energy intake and hence obesity, they
do not appear to have significant negative effects on
health. Thus, while many parts of the world would
benefit by increasing consumption of such animal pro-
ducts, a reduction in intake in the highest consumers in
more affluent parts of the world would have significant
benefits. There is increasing concern that increased de-
mand for animal products, associated with population
growth, increased lifespan and improving economic pros-
perity in the developing world, will put unsustainable
demands on the environment which may be further
impacted on by climate change. It therefore appears im-
perative that alternative husbandry techniques, including
adoption of novel and more sustainable animal feeds
should be combined with efforts to reduce meat con-
sumption in more affluent parts of the world. By a
combination of these interventions we may be able to
maintain a sustainable level of meat and milk
production.

Acknowledgements

The Author would like to thank Dr John Brameld and
Dr Tim Parr, University of Nottingham for their useful
discussions and valuable insight into the topics covered
in this review.

Financial Support

Our work on consumer attitudes to meat reduction was
funded by a UK government Innovate UK grant:
Consumer insight driven development of ingredients
and products to aid in reduction of meat consumption
(34825-241274).

Conflicts of Interest

None.

Authorship

The author was solely responsible for all aspects of prep-
aration of this paper.

References

1. Wyness L, Weichselbaum E, O’Connor A et al. (2011) Red
meat in the diet: an update. Nutr Bull 36, 34–77.

2. Kliem KE & Givens DI (2011) Dairy products in the food
chain. Their impact on health. Annu Rev Food Sci 2, 21–36.

3. Capper JL (2013) Should we reject animal foods to save the
planet? A review of the sustainability of global livestock
production. S Afr J Anim Sci 43, 233–246.

4. Salter AM (2014) Impact of consumption of animal pro-
ducts on cardiovascular disease, diabetes, and cancer in
developed countries. Anim Front 3, 20–27.

5. Food and Agriculture Organisation of the United Nations
(2015) FAOSTAT. http://faostat.fao.org/site/569/default.
aspx#ancor

6. Foresight (2011) The Future of Food and Farming:
Challenges and Choices for Global Sustainability. Final
Project Report. London: The Government Office for
Science.

7. Godfray HCJ, Beddington JR, Crute IR et al. (2010) Food
security: the challenge of feeding 9 billion people. Science
327, 812–818.

8. Herrero M & Thornton PK (2013) Livestock and global
change: emerging issues for sustainable food systems.
Proc Natl Acad Sci USA 110, 20878–20881.

9. Seigel PB (2014) Evolution of the modern broiler and feed
efficiency. Annu Rev Anim Biosci 2, 375–385.

10. Zuidhof MJ, Schneider BL, Carney VL et al. (2014)
Growth, efficiency, and yield of commercial broilers from
1957, 1978, and 2005. Poult Sci 93, 2970–2982.

11. Patience JF, Rossoni-Serao MC & Gutierrez NA (2015) A
review of feed efficiency in swine: biology and application.
J Anim Sci Biotech 6, 33.

12. Wilkinson JM (2011) Re-defining efficiency of feed use by
livestock. Animal 5, 1014–1022.

13. FAO (2006). Livestock’s Long Shadow: Environmental
Issues and Options. Rome: Food and Agriculture
Organization.

14. McMichael AJ, Powles JW, Butler CD et al. (2007) Food,
livestock production, energy, climate change, and health.
Lancet 370, 1253–1263.

15. O’Mara FP (2011) The significance of livestock as a con-
tributor to global greenhouse gas emissions today and in
the near future. Anim Feed Sci Technol 166–167, 7–15.

16. Hoekstra AY & Chapagain AK (2007) Water footprints of
nations: water use by people as a function of their con-
sumption pattern. Water Resour Manag 21, 35–48.

17. Ridoutt BG, Sanguansri P, Freer M et al. (2011) Water
footprint of livestock: comparison of six geographically
defined beef production systems. Int J Life Cycle Assess
17, 165–175.

18. Thornton PK (2010) Livestock production: recent trends,
future prospects. Philos Trans R Soc B 365, 2853–2867.

A. M. Salter26

https://doi.org/10.1017/S0029665116000276 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665116000276


P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

19. Esteban MB, Garcia AJ, Ramos P et al. (2007) Evaluation
of fruit–vegetable and fish wastes as alternative feedstuffs in
pig diets. Waste Manag 27, 193–200.

20. Loughmiller J (2008) Use of dried distillers grans with solu-
bles (DDGS) co-products in commercial pig feeding pro-
grammes. In Recent Advances in Animal Nutrition 2008
[PC Garnsworthy and J Wiseman, editors]. Nottingham:
Nottingham University Press.

21. Hazzledine M (2008) Nutritional and economic value of
biofuel co-products. In Recent Advances in Animal
Nutrition 2008 [PC Garnsworthy and J Wiseman, editors].
Nottingham: Nottingham University Press.

22. Martens SD, Tiemann TT, Bindelle J et al. (2012)
Alternative plant protein sources for pigs and chickens in
the tropics – nutritional value and constraints: a review. J
Agric Rural Dev Trop Subtrop 113, 101–123.

23. Brameld JM & Parr T (2016) Improving efficiency in meat
production. Proc Nutr Soc. Available at: http://dx.doi.org/
10.1017/S0029665116000161.

24. Van Huis A (2013) Potential of insects as food and feed in
assuring food security. Annu Rev Entomol 58, 563–583.

25. El Boushy AR (1991) House-fly pupae as poultry manure
converters for animal feed. Bioresour Technol 38, 45–49.

26. St Hilaire S, Cranfill K, Mcguire MA et al. (2007) Fish
offal recycling by the black soldier fly produces a foodstuff

high in omega-3 fatty acids. J World Aquacult Soc 38,
309–313.

27. Diener S, Zurbrugg C & Tockner K (2009) Conversion of
organic material by black soldier fly larvae: establishing op-
timal feeding rates. Waste Manag Res 27, 603–610.

28. EFSA Scientific Committee (2015) Risk profile related to
production and consumption of insects as food and feed.
EFSA J 13, 4257.

29. Oonincx DGAB, van Broekhoven S, van Huis A et al.
(2015) Feed conversion, survival and development, and
composition of four insect species on diets composed of
food by-products. PLoS ONE. Available at: http://journals.
plos.org/plosone/article?id=10.1371/journal.pone.0144601.

30. Whyte JJ & Prother RS (2011) Genetic modifications of pigs
for medicine and agriculture. Mol Reprod Dev 78, 879–891.

31. Bouvard V, Loomis D, Guyton KZ et al. (2015)
Carcinogenicity of consumption of red and processed
meat. Lancet Oncol 16, 1599–1600.

32. Pan A, Sun AM, Bernstein MB et al. (2012) Red meat con-
sumption and mortality. Arch Intern Med 172, 555–563.

33. Verbeke W & Vackier I (2004) Profile and effects of con-
sumer involvement in fresh meat. Meat Sci 67, 159–168.

34. Penny JC, Swift JA & Salter AM (2015). ‘Meat reducers’:
meat reduction strategies and attitudes towards meat alterna-
tives in an emerging group. Proc Nutr Soc 74, OCE5, E313.

Improving the sustainability of global meat and milk production 27

https://doi.org/10.1017/S0029665116000276 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665116000276

