Lean, green, mean, obscene…?
What is efficiency? And is it sustainable?
Animal production and consumption reconsidered.

Tara Garnett

Elin Röös

David Little

Food Climate Research Network

SLU

University of Stirling

Environmental Change Institute & The Oxford

The Swedish University of

Institute of Aquaculture

Martin Programme on the Future of Food,

Agricultural Sciences

The University of Oxford

Lean, green, mean, obscene…? What is efficiency? And is it sustainable?

1. Introduction
“Food systems need to become more efficient. We need to
produce food in ways that use fewer resources and generate
fewer negative environmental impacts. This drive towards
efficiency is essential if we are to achieve more sustainable
food systems.”
Such is the typical conclusion of numerous policy documents and industry
statements, based on academic papers published in agricultural science and life
cycle assessment journals.
It is a well-rehearsed observation that the food system today is undermining the
environment upon which future food production depends. We know too that given
current trends, our problems are set to grow, not just because our population is
growing, meaning more mouths to feed, but also because our food demands are
changing. As people on average become richer, they demand and can afford not
just more food, but more of the foods that they like, notably those of animal origin.
The rearing of animals for flesh, eggs and milk generates some 14.5% of total global
GHG emissions, occupies 70% of agricultural land and is the main cause of the
environmental problems such as biodiversity loss and water pollution.1,2 Moving from
land to water, there are major concerns about the depletion of wild fish stocks and
the negative effects of over fishing on aquatic ecosystems. Aquaculture production
bridges and is linked to concerns in both the terrestrial and aquatic domains: it is a
user of land based resources, but its production has been underpinned in recent years
on wild fish stocks used as feed inputs.
While there is general agreement that action is needed to address the environmental
problems caused by the food system, what such ‘action’ should be is the subject
of substantial attention and debate within the policy, academic, business and NGO
communities. One word that comes up time and again in discussions about the way
forward is ‘efficiency.’

But what is efficiency? What are we being efficient with
and efficient for?
While environmental efficiency is an often stated policy and business goal, for others
the concept is problematic and the assumed link with environmental sustainability
contested. There are different views about what efficiency means, what it should be
applied to, its relationship with a range of environmental goals, and whether, as a
concept, it adequately encapsulates the multiple objectives we may have for the food
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system. Indeed, the way stakeholders use, critique or reinterpret the term reveals much
about what people ultimately want.
This paper seeks to shed light on the various meanings that environmental efficiency
holds for different stakeholders, by exploring their use and understanding of the
word in relation to terrestrial and aquatic livestock production (TAL). It begins by
defining the concept in its narrowest sense before moving on to discussing
mainstream uses, criticisms and counter uses (Section 2). It then (Section 3) considers
how these different takes on the term manifest themselves in discussions about
efficiency in relation to the inputs to the system, the negative impacts arising, and
the desired outputs. It concludes (Section 4) with an attempt to distil some of the
key concerns, implicit as well as explicit, that people have about the word before
suggesting a new complementary (rather than replacement) concept, that may
add focus to future discussions.

2. What is efficiency? A definition and
some critical perspectives
2.1. Efficiency: classical usages
Efficiency, classically defined, is a ratio. The Oxford English Dictionary provides the
following definition:
“The ratio of the useful work performed by a machine or in a process to the total
energy expended or heat taken in.”
Efficiency is therefore relative: it expresses the relationship between inputs and
outputs.
The word is used in many different technical and commercial contexts, including the
agricultural domain, as a way of viewing the relationship between inputs (such as
labour, time, capital) to outputs. Inputs in the agricultural sector may include land,
nutrients (nitrogen, phosphorus), agrochemicals, water, energy, labour or capital.
The output is considered in mainstream usages to be food (or fibre or bioenergy –
not discussed here), usually expressed in terms of mass, monetary value, caloric
energy or protein.
A very common way of expressing efficiency in the animal production sector is the
feed conversion ratio – the mass of feed inputs in relation to the mass (or food energy
value) of outputs – meat, milk and so forth (Table 1). Variants may include protein
conversion ratios (mass of feed protein: food protein) which calls for caution when
comparing numbers from different studies, all the more so when output is expressed in
different terms e.g. live animals, carcass weight or edible meat.
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Table 1: Feed conversion rations for a selection of animals and animal
products
Beef

Pig

Poultry

Godfray et al 20103
– feed required to
produce 1 kg of
meat, kg of cereal
per animal

8

4

1

Galloway et al
20074 – total global
feed to meat

20

3.8
(nonrum)

3.8
(nonrum)

Galloway et al
20075 – feed from
arable land to meat

3

3.4
(nonrum)

3.4
(nonrum)

Wilkinson, 20116 – kg
feed (dry-matter)
per kg meat

7.8–
27.5

3.6

2.0

Pelletier et al, 20097
– amount of feed
used to raise 1 kg of
salmon
van Huis et al, 20138

Dairy

Egg

1.1

2.2

Fish

Insects

1.1–1.5

0.9–1.7

2.2. Environmental efficiency: uses, counter-uses, criticisms
With the evolution of environmental life cycle thinking and its application to food,
the idea of environmental efficiency was born. Using this expanded concept, the
efficiency of a system is now to be viewed not just in terms of how much useful output
(meat, milk and so forth) it produces in relation to the inputs but in relationship to its
undesirable outputs, such as GHG emissions, soil and water pollution.
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Both inputs and outputs can generate negative impacts. Inputs can cause harm
because of the way they are extracted or produced (nitrogen fertiliser), because they
reduce availability for other uses (water) or because they cause damaging wastes. The
production of outputs can have impacts that are mediated by, but also independent of,
the inputs that are used (e.g. GHG emissions in the case of ruminants).
Thus, actions to improve environmental efficiency are geared at producing more
output and less negative impact per unit of input. Environmental efficiency is thus
a measure not just of the desired outputs relative to inputs but also of the desired
outputs relative to undesired outputs or impacts.
The relationships among all these are influenced by ‘practical’ factors such as
technology and management and geographic and climatic conditions – but also by the
desires that drive the food system and our ultimate goals as a society – that is, what is
wanted from and for the system.
The mainstream view, generally advanced by policy makers, the food industry and
many academics drawn from agricultural sciences, argue strongly for more ‘efficient’
animal production systems on the grounds that global consumption of animal
products is growing rapidly. Such growth is not only inevitable but also positive in so
far as it drives economic growth and wider availability of nutrient-rich animal source
foods among low-income nutritionally deprived communities. The sector’s major
environmental impact is to be addressed by improving breeding, feeding, nutrient,
housing and land management systems so as to achieve greater outputs of food for a
given level of inputs. Technological innovations in the areas of genetics and precision
farming (for instance) have a strong role to play. This ‘more for less’ take on efficiency
is sometimes known as ‘sustainable intensification’ (SI) although some argue that SI
can and should be more richly defined.9
A second approach, often held by environmental and animal welfare non-governmental
organisations, as well as a growing number of academics generally from northern and
western Europe, argues that while it may be necessary to produce food in ways that
generate fewer environmental impacts per unit of product, production side measures
alone will not sufficiently reduce emissions, or address other environmental concerns.
We need to change the ultimate driver of inefficient production – our demand for
animal products. Plant based diets are more ‘efficient;’ they deliver more food energy
value and protein per unit of environmental impact than those rich in meat. Some
stakeholders go further; they argue that diets rich in animal products contribute to
chronic diseases and that a shift to more plant based diets will benefit our health (an
argument that is refuted by others and discussed further in 3.3.a Food and nutrition
below). Diets high in animal products are also associated with overweight and obesity
– in short, to overconsumption – which together with its twin, food waste, represents
the ultimate inefficiency.
A third approach also found among those in the environment movement as well as the
international development community (and overlapping with the second perspective)
argues that the main problem with ‘efficiency’ is that it is simplistic and reductive. The

9
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concept fails to encompass differences in the qualities of resources used as inputs, the
types and multiplicity of outputs generated and their irreducible interconnectedness.
This perspective brings in not only difficult questions about the need for more
holistic perspectives (and what that means) but also socio-ethical dimensions of food
provisioning. These include people’s livelihoods and their relationship with land and
water, and our treatment of the animals we rear.

3. Efficiency: inputs, impacts and outputs
These different takes on efficiency colour and are coloured by differing views about
the desirability of the various inputs to TAL production; differing values assigned to the
outputs (reflecting differing priorities); and differences in the weight given to particular
environmental impacts, as well as to any trade-offs that arise between the quantity
or quality of outputs and impacts. Ultimately, stakeholders may reject the whole idea
of measuring progress towards sustainability in relative rather than absolute terms –
which is what efficiency does. This section explores these disagreements by taking a
closer look at each of the terms of the ratio: inputs, impacts, and outputs.

3.1. Efficiency in relation to inputs
What are the inputs to the production system? This subsection looks at just three
very commonly recognised ones; feed, land and water, in some detail (3.1a, b and c).
But it also highlights (3.1.d.) that there are many other inputs to the system as well.
These may not be classed as such by different stakeholders because they are taken
for granted; alternatively, their use, or the legitimacy of their use may be contested.
Additionally we have chosen to discuss an input such as nitrogen in relation to the
impacts they generate (3.2), a decision that shows how blurred are the boundaries
between categories. In other words, the first term of the efficiency ratio may not be as
simple as at first appears.

3.1.a Feed, feed conversion and trophic levels
Is eating animals inefficient?
If efficiency is defined as the ratio of feed energy in to food energy out then from
one perspective, all animal production is inherently inefficient. We eat animals that
eat plants; arguably we could omit a whole trophic level and eat plants directly. Far
less land and far fewer inputs would be needed if humans only consumed plants.
Land unsuited to crop cultivation could be put to bioenergy production, afforested
or rewilded – that is, left to revert to its natural, uncultivated state. Agricultural
byproducts could be converted into bioenergy or even, with sufficient investment, into
human food. The charge of fundamental inefficiency sits at the heart of much antimeat advocacy.
Others reject this view as overly simplistic given the multiplicity of animal types and
production systems, as well as practical considerations regarding people’s differing
access to particular foods, the nutritional value of animal products, the suitability
of different lands for particular forms of food production and the role of livestock
production in the recycling of nutrients.
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Thus from a second perspective, a ruminant feeding on unfertilised, unirrigated, natural
grass and producing meat or milk or traction power is perfectly efficient – it creates
something from nothing, providing the ultimate free lunch. This standpoint highlights
the metabolic miracle that is the cow’s rumen, pointing out that the animal is reared
on land unsuited to other food- producing purposes and consumes no human-edible
food. What is more, the cow produces not only meat or milk but also other goods such
as leather (and sheep, wool), phosphorus (in the form of bonemeal) as well as glues.
The animal’s positive role in shaping and maintaining landscapes and their species
diversity may also be highlighted.
A third standpoint does not reject animal production – but rejects what it defines
as inefficient production. This perspective sees the pasture-reared cow as a leaky
bag of wind while the intensively reared chicken is now the paragon of efficiency.
With its metabolism, far less feed energy (and associated land) is required to
produce meat than the grass-fed cow. Although intensively reared poultry rely
strongly on edible feed grains, the conversion efficiency is about two and the
foods obtained (meat, eggs) are not only in demand but are rich in protein and
micronutrients. The feathers can be processed into a high protein feed ingredient
or burned and used to produce energy, while the concentrated piles of manure
that are generated can be anaerobically digested to produce energy and a nitrogenrich fertiliser.
These three views on the efficiency with which animals consume feed to provide
food are founded on different views about the value and legitimacy of different feed
sources, their uses and counter- uses, as well as the way they are metabolised by
different animals. All are also influenced, however subtly, by the values people bring
to their assumptions about counterfactual uses for land or resources, their attitudes
to humanity’s place in the natural environment, and about the malleability of the
economic status quo. Some of the main differences in perspective are discussed in the
sub sections that follow.
Animals and their consumption of human edible feed
Three sorts of questions tend to be debated here. First, could the feed consumed by
animals be eaten directly by humans – for example human edible grains, or fishmeal
from edible fish? Second, how efficiently does the animal convert that food into edible
products – i.e. milk, flesh, eggs? And third, does the conversion of plant feed into
animal product (milk, meat etc.) deliver desired nutrients more effectively to humans
than if the plants were to be consumed directly by humans?
Today farmed animals consume about 36% of all cereals produced, or 42% of all coarse
grains – these include barley, oats, sorghum, millet, maize, rye and so forth.10 In the
context of a rising human population and constraints on good quality arable land,
the use of formulated feedstuffs based on human edible foods is seen, by industrial
farming’s critics, to undermine rather than enhance food security by competing with
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the food grain market and pushing up prices, and also contributing to indirect land use
change. Monogastrics, which consume 78% of feed grains produced, are particularly
vilified.11
However the livestock industry and its advocates point out that recent decades have
seen huge increases in the efficiency with which feed grains are converted to animal
product.12 Breeding efforts have produced animals that portion more of their food
energy into outputs that we want (muscle, milk, eggs), and less into those we do not
(fat, or expenditure on overall body maintenance); confined housing systems that
that make it possible to control and monitor animals; and carefully calibrated feed
formulations help increase feed conversion efficiency. These feeds may themselves be
the product of breeding programmes geared at improving nutritional value (e.g. higher
in protein, or with fewer anti nutritional compounds). They are highly digestible and so
less energy is expended in digesting them, a process that in ruminants also generates
methane. The outcome of this breed-feed-housing combination is that fewer GHG
emissions are generated per given quantity of food output produced than animals
reared in more extensive systems – and feed conversion efficiencies are extremely
high. In the case of intensively reared chicken it can take as little as 1.8 kg of feed
to produce 1 kg of (live) chicken.13 This, it is pointed out, represents nutritional value
for money, since animal products are rich not only in protein but also in bioavailable
micronutrients (discussed above in Section 3). They also point out that while feed
grains could be fed directly to humans, their quality may be poor. For example feed
grade wheat has a lower gluten content, making it less suitable for producing the
airy loaves to which we have now become accustomed. And while wheat is used as
an animal feed the bulk is in fact made up of coarse grains such as maize, barley and
sorghum. Maize is valued as a food staple in some countries, but not in others. As for
sorghum and barley, when circumstances are straitened these are foods that are eaten
by, and considered fit for humans, but people tend to move on to more popular or
prestigious grains such as wheat or rice as soon as they can afford to, even though the
nutritional profiles of all these grains are very similar.
As to the argument that feeding grains to animals pushes up prices and undermines
food security, a counter-view holds that demand for feeds stimulates technical
improvements, leading both to arable yield increases and to greater animal breeding
efficiencies. There is evidence to suggest, for example, that the growth in demand for
animal feed is unlikely to affect grain prices significantly in coming years,14 although
of course much depends on the assumptions underpinning these economic models.
And while apologists for industrial animal agriculture may articulate all the arguments
outlined above, it is increasingly accepted that alternative feed sources are needed,
especially since the main feedstuffs used are often produced in locations distant
from where livestock production is growing most rapidly. Efforts are underway to
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develop feeds derived from materials that include grass, insects, yeasts or algae, that
currently compete less with direct human demand and in some cases are being used
commercially.15,16,17
Within the fish sector, the issues are somewhat different in that the use of human
edible feeds often replaces the use of wild-fish based feed inputs, such as fishmeal and
fish oil. The role of fishmeal is now declining but nevertheless 17-30% of all wild fish
captured is still converted into fishmeal, to feed farmed animals, with aquaculture the
main user today.18,19,20
Commentators often highlight the intuitive illogicality of turning fish into fish, incurring
both fossil fuel and feed conversion energy costs, and often harmful environmental
and ethical consequences. Overfishing is a perennial concern and many fish stocks
are over-exploited; this not only reduces the stability of wild fish stocks but also has
knock on effects for seabirds and mammals.21 The fishing of species used for fishmeal
in commercial production can also, it is argued, undermine the food security of
subsistence oriented fisherfolk.
But others counter this position by arguing that the use of fishmeal actually makes
more fish available for human consumption than would otherwise be the case.
Fishmeal can be made from ‘industrial’ fish such as sand eels that are not usually eaten
by humans. The non edible is thereby converted into the edible (albeit incurring some
energy costs), an argument similar to ‘cows make milk from grass’ discussed in the
next sub-section).
But fishmeal is also made from human-edible fish such as anchovy. The fishmeal
industry’s response here is that while technically these can be consumed by humans
there is often little in demand for them, or else the market may be located distant
from source. It is costly and logistically difficult to store fish whole for human sale
and far easier to process them into a more stable product, fish meal.22 What is more,
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fishmeal is also made from fish-guts and other byproducts from wild and farmed fish;
when these and other ingredients (including some arable grains), are added to the
formulation, one finds – and industry points out – that aquaculture in fact produces
1.92 tonnes of harvestable product for every tonne of whole wild fish caught.23
However it is worth noting that the availability of fish meal may also reflect inefficient
carcass utilisation – better filleting might increase the proportion available for direct
human consumption, reducing the quantity that can be processed into fishmeal.
Whatever the position held, the fact is that in recent years the price of fishmeal has
increased dramatically, reflecting scarcity, the tightening of quotas and regulations
and, to a lesser extent, increased direct human consumption of some of the pelagic
fish traditionally reduced to fishmeal.24 The consequences are twofold. First fishmeal
tends to be reserved for high value aquaculture production rather than for lower value
terrestrial livestock. Second, the aquatic sector is now actively seeking out and using
alternative, cheaper protein sources. Even carnivorous species such as shrimp and
salmon now consume diets that can contain up to 50% plant protein.25 It could be
argued that it is preferable to use soy than wild fish.26 But the ‘merits’ of soy depend
on what alternative possible scenario are envisaged: from one standpoint, feeding soy
represents an improvement on a business-as-usual situation in which marine resources
are overexploited; from another, the mainstreaming of soy compares unfavourably with
an alternative scenario in which fish are reared at relatively low levels of intensity using
byproducts, or in unfed (extensive) systems.
Non-human edible feeds: grass, byproducts and their counterfactual uses
It is often argued that systems in which animals consume grass grown on land unsuited
to cropping, and/or byproducts such as plant stovers, rice bran husks, food wastes
and, more controversially, meat and bone meal (MBM) for omnivores, are more truly
efficient, despite higher feed conversion ratios and – discussed below – their higher
carbon footprints. Since there is no competition for resources between humans
and animals this ‘ecological leftovers’ approach27 achieves perfect feed conversion
efficiency, in that ‘nothing’ is transformed into something, and a problem into a
solution. If we did not rear animals on grass or byproducts, additional arable land
would need to be cultivated to obtain an equivalent amount of nutrition, whether
measured in terms of calories, protein or specified micronutrient. This might entail
land use change and associated environmental impacts and of course there may be
environmental costs associated with inputs such as fertiliser.

23
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However, a vegan perspective might challenge this notion of cyclical perfection.
For a start, how much of these feeds (grass, byproducts) does an animal consume
as compared with other feed inputs; and how efficiently does it convert them into
edible products? Might an alternative use be considered? Could byproducts, currently
deemed inedible, be processed and transformed into human edible food, given
technological investment?
As to the first question, animals differ in their ability to consume grass and byproducts
and in line with the no-free lunch principle; resource effectiveness carries a metabolic
cost. Thus while ruminants can digest coarse and fibrous products (even pigs can
consume some silage), this undertaking entails greater energy expenditure than the
consumption of highly digestible feeds. Additionally the microorganisms in their guts
(which aid this digestive process) respire methane.
There are also practical limitations. For a start, certain approaches to closing the
resource loop, such as by feeding meat and bone meal to monogastrics (traditionally
omnivores), is limited by regulations in many parts of the world.28 An even more
fundamental challenge to the ‘something from nothing’ argument is that it ignores
counterfactual possibilities. Even rough grazing land potentially has alternative uses. It
could be left to rewild, so delivering biodiversity and carbon sequestration benefits.29
Or it could be used to grow energy crops -scrubby trees or even potentially grass –
options that are increasingly technically viable.30 The feasibility and environmental
merits of these alternative land uses will depend on factors such as transport
infrastructure (for example the energy needed to harvest and transport biomass with
low energy density), cost and technological ability. But the value of using land for one
thing over another also depends on what society decides it wants and needs and the
extent to which its views are (or are not) effectively communicated via market signals
and a governance framework.
Much also hinges on how one defines a ‘byproduct’ and how this definition
alters across societies and over time. The ‘hierarchy of waste’ concept, based on
environmental resource use efficiency has a bearing on how one might approach this
question. This hierarchy prioritises the use of human edible food for humans over
animals, and then for animals over industrial uses (see Figure 1). But its theoretical
simplicity is complicated by multiple cultural, economic, technological and practical
factors. As noted above, consumption norms (influenced by culture and affluence)
shape our views on what we consider to be edible.
The definition of a byproduct can change over time too. For example whey has
traditionally been fed to pigs, but it is increasingly processed into foods for humans
and marketed as a highly nutritious product and an aid to weight loss. It could be
argued that it is more ‘efficient’ for us to drink whey directly than use it as a pig
feed. Equally, the merits of using byproducts to feed animals than for, say, industrial
purposes or as an energy feedstock in anaerobic digestion, depends on the value one

28

For example: EU, 2011. Commission Regulation No 142/2011 of the European Parliament and of the
Council laying down health rules as regards animal by-products and derived products not intended for
human consumption.
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Monbiot G (2013). Feral: Searching for Enchantment on the Frontiers of Rewilding, Allen Lane
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Gelfand, I., Sahajpal, R., Zhang, X., Izaurralde, R. C., Gross, K. L., & Robertson, G. P. (2013). Sustainable
bioenergy production from marginal lands in the US Midwest. Nature, 493(7433), 514-517. doi:10.1038/
nature11811 Available at: http://www.nature.com/nature/journal/v493/n7433/abs/nature11811.
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Figure 1. Food recovery hierarchy
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assigns to non food products (eating meat versus having a renewable source of
energy); this will be shaped by societal norms and for some, ethical considerations.
As technology develops so too the possibilities for transforming wastes into valued
products change. For example it may be possible to convert oil seed cake into
human edible products, extract nutrients from them, or to use human-inedible
byproducts as substrates for yeast or fungus based proteins. Note finally that
the ‘byproducts’ question applies also to the byproducts of the animal itself – for
example animal fats can be rendered and used as a fuel source.
Leverage effect
A further twist in considerations around feed and efficiency concerns the ‘leverage’
effect of high quality grains. The question here is whether feeding some of these in
combination with coarser byproducts harnesses greater levels of productivity, such
that the environmental benefits of feeding grains more than compensate for the
environmental costs of their use. In other words is the ‘sacrifice’ of human edible feed
catalytic, releasing the value of human inedible feed so that the gains (measured
using various output metrics – see below) are considerably more than would be
achieved through the use of the latter alone? The leveraging effect of using marine
ingredients in aquaculture production has already been discussed above.
In the terrestrial sector, this leveraging argument may be more relevant to ruminant
production than to monogastrics since the latter require more digestible feeds, and
as such are inherently grain dependent, at least at scale (the traditional household
pig would have been fed largely on scraps and digestible byproducts such as whey).
It is likely that this catalytic effect only occurs at low levels of quality feed use;
beyond a certain threshold, the productivity gains diminish and environmental costs
mount up. Least (economic) cost formulations already take this law of diminishing
returns into account, but it is likely that the environmentally versus economically
optimal levels of feed input will differ. The challenge of course is to define what
‘environmentally optimal’ actually is – the definition will inevitably vary by context.
Extending the ‘leveraging’ concept more widely to human diets, one could ask
whether there may be an optimum level of animal product consumption, such
that the nutritional gains obtained are not outweighed by the environmental
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costs. In other words, might a defined – certainly low – quantity of nutrient-dense
animal products in a largely plant-based diet be more land, resource, or greenhouse
gas-efficient than an entirely plant-based diet? To give an exaggerated and purely
illustrative example, instead of eating 2kg of broccoli to obtain all the micronutrients
we need might adding 20g of meat to the diet reduce the broccoli requirement to, say,
1kg, meaning that fewer negative impacts overall are generated than under the 2kg
scenario? As already observed, the ‘answer’ to this question will depend upon the type
of animal product, how the opportunity costs of the feed inputs (byproducts, rough
grassland or grains) are assessed, the choice of plant foods and the overall diversity of
the diet.
Metabolism, physiology and multifunctionality
As noted, some animals are more metabolically efficient than others. Simplifying
somewhat, cold blooded species such as fish convert feed energy to food more
efficiently than warm blooded animals (although there are overlaps between certain
fish species and poultry), and monogastrics more so than ruminants, bearing in mind
all the provisos discussed above about the feed source.
However this generalisation masks several complexities. For a start, the efficiency
with which an animal utilises food in ways useful to humans depends not just on its
metabolism but on other aspects of its physiology. Some animals have a greater
proportion of inedible parts such as bones than others (although these may also
have uses as discussed below); while the nutritional quality of what is edible may also
vary (see Box 1 below), affecting judgements as to efficiency. Some animals – small
fish for instance – can be eaten whole; this is not just resource efficient but also adds
nutritional value since the bones and viscera are particularly nutrient-rich.
Turning back to edible outputs, the proportion of the overall carcass that is technically
edible to humans varies by animal species; and of that edible proportion, the fraction
judged to be acceptable as such will vary by culture (see Box 1).
Byproducts that are technically fit for human consumption but for which there is no
market may be used in other ways, such as pet food. Is this resource efficient? The
processing of viscera and so forth in this way undoubtedly makes use of unwanted
resources and so ‘saves’ on the need to use additional carcass meat for pets. However,
in the absence of commercially available prepared food, domestic pets could eat mice
or kitchen scraps – in which case pet food does not represent a saving at all. The
reliance on human edible meat may be generating its own environmental rebound
effects, by encouraging people to think about the quality of their pets’ diets in almost
human terms. In mature markets, such as the in Northern Europe the US, pet owners
are increasingly buying resource- and energy-demanding ‘premium,’ including chilled
and fresh pet foods.31,32,33
As to non edible parts of the body, many of these are also of use. Examples from
the terrestrial sector include wool or fur, leather from skin; fat (i.e. that which is not
consumed) which may be used as a bioenergy feedstock, and bones, which can be

31

Woo, C., Organics, Raw Meat, and Designer Diets: New Trends in Dog Food, The Bark, Available at:
http://thebark.com/content/organics-raw-meat-and-designer-diets-new-trends-dog-food
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Fresh pet, Available at: http://freshpet.com/

33

Wonderboo, Available at: http://www.wonderboo.com/
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Box 1: Edible efficiency of different animal species and parts
Table 2 takes data from Nijdam et al (2012)34 to calculate the ‘edible efficiency’ of
the live animal i.e. the fraction of the animal that is eaten. While the differences
across broad animal types do not appear to vary hugely, there are significant
variations between different species of the same animal type. For instance, in
the aquatic sector, the flesh yield from tilapia is only 30-35% as compared with
salmon, where it can be as high as 70%. Animals that are thinner, or with a higher
fat-muscle ratio will have a lower edible efficiency than well-conformed animals,
a point that underlines both the importance of breeding efforts in modifying feed
conversion efficiencies and the cultural preference, over time, for leaner meat.
Technically fat is ‘edible’ but increasingly we prefer not to eat it. Other uses can
be found for it however, as discussed below.
Table 2: Edible efficiency per meat type
Beef %

Pork

Mutton

Poultry

Fish

Killing out factor (carcass weight
as percentage of live weight)

53

75

46

70

40

Boneless meat yield (edible meat
out of carcass weight)%

70

75

75

80

100

0.37

0.56

0.35

0.56

0.4

Edible efficiency %
Source: first two rows taken from Nijdam et al 2012

The importance of cultural norms in defining edibility is just as strong when it
comes to blood and offal. Both can be highly nutritious, and have historically been
part of Western diets. However their consumption has declined considerably – data
for blood products are not available but offal consumption has fallen by 12-fold in
the UK in the last 30 years.35 This is not to say that offal is wasted. Some enters
the food chain in the form of processed meats such as sausage. Additionally, a
global trade exists in offal and other animal parts such as heads and feet, because
in many regions of the world they are still acceptable and indeed liked as foods. Of
course transport costs need to be born in mind both from an environmental and
an economic perspective. However the processes of globalisation may in time alter
overseas preferences such that the demand for these foods dwindles – in which
case trade’s role in improving resource efficiencies may diminish.
Some processed animal parts (PAP) are not edible to humans or to most
animal species; but may be permitted as feeds depending upon the legislative
context. In Europe for example, MBM may be fed to aquatic species but not to
terrestrials, following the outbreak of BSE. Note that this legislative constraint,
however necessary, has had environmental knock on effects; one study finds
a link between the introduction of the 2001 EU-wide ban on the use of animal
byproducts and the increase in demand for Amazonian soy with its attendant
environmental harms.36 Thus health and safety requirements have led to an
arguably necessary loss in resource efficiency.

©

34

Nijdam D, Rood T and Westhoek H (2012). The price of protein: Review of land use and carbon
footprints from life cycle assessments of animal food products and their substitutes Food Policy
37 (2012) 760–770

35

DEFRA Family Food datasets 1974-2013 Available at: https://www.gov.uk/government/statistics/
family-food-2013

36

Elferink EV, Nonhebel S, Schoot Uiterkamp AJM (2007). Does the Amazon suffer from BSE
prevention? Agriculture, Ecosystems and Environment 120

2015

8
9

14

Lean, green, mean, obscene…? What is efficiency? And is it sustainable?

ground up and used as a soil fertiliser. In the aquatic sector there is particular interest
in the potential for extracting ingredients with higher economic value – for example
fish fats for biofuel production, or collagen, gelatine, chitosan and peptides for use in
a range of biomedical, food industry, animal feed industry and cosmetic applications.
Fish parts and non edible byproducts such as mussel shells can be used in the
manufacture of compost or as a soil fertiliser. 37,38
How does thinking about these non food outputs affect our understanding of feed
conversion efficiencies? Arguably many of these non food outputs are essential –
humans have many uses for a resilient, flexible waterproof material such as leather, or
for warm insulating fibres such as wool. In the absence of livestock, we would have to
manufacture them from other materials, whether petroleum or plant based. This said,
substantially less land is needed to produce plant-based alternatives to animal byproducts than to produce animal feed; if the availability of these by-products declines
because of a fall in livestock production, the land spared from animal farming is more
than sufficient to produce non food substitutes – and when it comes to ruminant
by-products, methane emissions are also omitted. For example, the production of 1
tonne of bioplastics requires 0.2-0.3 ha,39 while a bull in an intensive system would
require a similar area for feed production but generate only 35 kg of skin for leather,
or thereabouts. To make fair comparisons, post-farm production stages must also be
included, but both animal, plant and petroleum based products require energy and
chemicals for preparation into usable products.40 Of course, if livestock are being
reared anyway, it makes sense to use the animal by-products rather than to waste
them and produce additional biomaterials.
It is also worth noting that many non-food livestock outputs are produced surplus
to requirements – wool for example has a very low market value. This may reflect
dwindling demand for the particular properties that wool provides; in 2014 wool
accounted for just 1.3% of a global fibre market in which synthetics dominate.41 Thus
the value of these non food products to society changes over time as alternatives
become available. A case can moreover be made that some livestock generated
byproducts do not so much meet existing demand (or need) as create new demand
– cosmeceuticals being a case in point. Do these byproducts genuinely provide a
solution to a resource problem, or is a market artificially created, to which they then
cater, using energy and other inputs in the process? In other words does supply
stimulate demand – potentially demand over and above the original availability of

37

Thrane M. 2004. Environmental impacts from Danish fish products: hot spots and environmental
policies. Doctoral thesis, Aalborg University

38

Newton, R Telfer, T and Little, D.C. (2014) Perspectives on the utilisation of aquaculture co-product in
Europe and Asia: prospects for value addition and improved resource efficiency, Critical Reviews in Food
Science and Nutrition 54:4, 495-510
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Piemonte, V., Gironi, F., (2011) Land-use change emissions: How green are the bioplastics? Environmental
Progress & Sustainable Energy Vol 30, Issue 4, pages 685–691DOI: 10.1002/ep.10518 Available at: http://
onlinelibrary.wiley.com/doi/10.1002/ep.10518/full
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Turley, D. B., Horne, M., Blackburn, R. S., Stott E., Laybourn, S. R., Copeland, J. E, and Harwood, J. 2009.
The role and business case for existing and emerging fibres in sustainable clothing: final report to the
Department for Environment, Food and Rural Affairs (Defra), London, UK.
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supply – in which case it becomes a driver of production in their own right? Much
depends on what goods and services we decide to value.
Practical or cost difficulties may also limit the potential for extracting more value
from byproducts. For example, in the wild fish sector, viscera and so forth are highly
perishable. One technically feasible option is to ensile them, a process that yields a
fermented fish product of high nutritional quality. However, the market price obtained
may not often justify the costs incurred. As for the commercial production of high value
bioactive compounds, constraints include: a lack of existing markets, the fact that high
quality byproducts are not always regularly available, the high costs of isolating specific
compounds, the challenges connected with providing the documentation required for
a potential nutraceutical product and the ability to produce, more cheaply, equivalent
compounds either by chemical synthesis or genetic modification.42
Ultimately, discussions about byproducts raise questions about what the outputs are
of animal production and how different stakeholders value them. These are discussed
further in 3.3 Efficiency in relation to outputs.

3.1.b Efficiency and land use
The obvious point to make about land is that it is finite. While more land could still be
cleared and cultivated, the consequences for deforestation, soil and biomass carbon
release (generating GHG emissions) and biodiversity loss, are likely to be catastrophic.
Most people agree that future food production needs to confine itself to existing
agricultural land, without encroaching further onto uncultivated areas. Any increases
in food output will therefore have to be achieved through productivity improvements
-through ‘sustainable intensification,’ a controversial concept, discussed further in 3.3.b.
Environmental value. Conversely or additionally, the need for agricultural land may be
kept constant by moderating our demand for land-hungry foods such as meat – an
equally contested option discussed in 3.3.a Food and nutrition.43,44
But environmental issues associated with land use relate to not just to the quantity of
the land used, but also its quality, its change in condition as a result of using it to rear
animals, the environmental knock-on effects for land elsewhere, and the opportunity
costs of using that land for animal farming rather than for some other purpose (Box 2).
Both terrestrial and aquatic livestock affect both land and land use, although far more
attention has been paid to the former, given their scale of their impact. In all it is
estimated that terrestrial livestock production uses 70% of agricultural land world wide,
a figure that includes one third of all arable land45 through their use of grains and
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Olsen R L and Hasan M R (2012). A limited supply of fishmeal: Impact on future increases in global
aquaculture production, Trends in Food Science & Technology 27 (2012) 120e128

43

Garnett T, Appleby M C, Balmford A, Bateman I J, Benton T G, Bloomer P, Burlingame B, Dawkins M,
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C J (2013). Sustainable Intensification in Agriculture: Premises and Policies, Science, 34, 6141, 33-34
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Box 2: Issues around land use and the environment
Quantity of land used: The amount of land used by any given activity is critical,
given land’s finite availability and the damage associated with the conversion of
uncultivated land.
Quality of land used: Different kinds of land are suited to different purposes.
Salinised soils, or nutrient poor grasslands with high biodiversity values may
not be suitable for crop production. Fertile soils are in short supply and so the
question to consider is what they should most optimally be used for – to grow
crops for human consumption, for feed, or for bioenergy.
Change in baseline condition: Environmental changes may arise as a
consequence of animal production, potentially measured across a range of
indicators including soil organic carbon, biodiversity or water holding capacity.
Environmental changes may also arise from a move away from animal production
(eg. conversion into arable land, rewilding etc.).
Knock on effects of its use: These are the impacts that an activity indirectly
has on land use elsewhere; this can occur through displacement effects or more
directly because nutrient run offs on agricultural land seep onto neighbouring land
which may or may not be cultivated.
The opportunity cost of land use; counterfactual alternatives: Land used directly
or indirectly for livestock cannot generally be used for something else (although
there are exceptions – for example solar panels can be sited on grazing land,
while water used for aquaculture can be recycled for other purposes). Depending
on the metric used, it may or may not be ‘worth’ using land for livestock
production. Metrics might relate to the economics of the activity (jobs, profit), the
environment (rewilding, carbon sequestration, bioenergy production), or nutrition
(calories, protein or micronutrient); different metrics yield different balances of
gains and costs.

oilseeds. The aquatic sector’s share is unquantified but since is uses only an estimated
4% of all feedcrops46 and land requirements for ponds and so forth are minimal, the
overall figure is likely to be low.
The use of land for livestock rearing is dynamic since growth in the sector causes
both direct and indirect land use change: direct where land is cleared to rear grazing
animals or produce feed crops, and indirect when land used for a different agricultural
purpose is reallocated to animal grazing or feed production, so displacing the original
agricultural activity onto uncultivated land elsewhere. The latter relationship is poorly

46
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understood. Recent years have in fact seen deforestation rates falling,47 reflecting,
almost entirely tighter controls in South America, particularly Brazil, although it now
appears that they have started to rise again.48,49,50
The land-related impacts of livestock on the environment (see Box 2) differ by
animal type and production systems. Grazing animals are the main cause of direct
deforestation, although the contribution here is localised and has been most significant
in South America.51,52 But while encroachment onto virgin land will certainly have
damaging effects, the role of livestock on land already in cultivation may be either
damaging or beneficial, depending upon pre existing baseline conditions and of
course what aspects of the environment one chooses to value. Poor management and
overgrazing can cause soil degradation, organic carbon losses and nutrient pollution.
However some studies suggest that certain grazing regimes can even increase soil
carbon uptakes – although a robust evidence base is lacking and further research
is needed. Moreover extensive grazing systems can also play an important role in
maintaining the wild species diversity and ecological character of many regions that
we have come to value.53 In traditional mixed crop-livestock systems, manure played an
important role in maintaining soil fertility; how this might affect one’s understanding of
efficiency is discussed further in 3.1.d Other inputs below.
Monogastric species require much less land overall but more high quality land, via their
dependence on grain feeds. Intensively reared ruminants share certain characteristics
with monogastrics in that they are fed grains and oilseeds, and in some systems may
be reared in confined, zero-grazing conditions. Although milk and meat from intensively
reared ruminants generally show a lower GHG footprint than their more extensively
reared counterparts (discussed below), viewed from the perspective of arable land use
it could be argued that they inhabit the worst and least efficient of both worlds: unlike
their extensive cousins they do not utilise ‘waste’ land and resources, and because of
their metabolism they produce far more GHG emissions than do monogastrics.
The aquatic sector’s direct use of land is far smaller than that of terrestrial livestock.
Nevertheless, poorly designed aquaculture developments can punch above their
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weight, damage wise, if situated in ecologically vulnerable areas such as wetlands,
both inland and coastal. For example, there has been widespread and high profile
criticism of commercial aquaculture’s role in the loss of mangroves. Commercial
aquaculture has indeed been identified as the main driver of mangrove deforestation
in many countries; for example, one eight-country remote sensing study finds that
since the 1970s, commercial aquaculture has accounted for 54% of all mangrove
loss.54
Other studies point to a much broader range of drivers for mangrove deterioration
and loss. For example Ibhraim et al (2015)55 found that oil palm and other dry
land plantation were far more important causes in one area of Peninsula Malaysia.
Moreover, the industry argues that more recently considerable efforts have been
made to address these concerns and that commercial aquaculture can actually have
a positive role to play in providing livelihoods, relieving pressure on wild fish stocks.
For example, recent work in Southern Europe finds that extensive aquaculture holds
can potentially help restore coastal and estuarine wetlands.56 In Spain’s Donana
Natural Park 3,000 ha of lagoons have been constructed on previously drained
wetlands since 1990. These lagoons are used for extensive aquaculture production
but also managed for wildlife; 100 purpose-built islands have been built in the
lagoons that provide nesting sites and shelter for the birdlife.57,58

3.1.c. Efficiency and water
Animals use water directly, for drinking, washing and (for aquatics) as their living
medium. More significantly they also use water indirectly by consuming grass or
other feeds, that need water to grow. The sum of an animal’s direct and indirect
water use is its ‘virtual’ or embedded use.
Metrics are being developed to capture the water related impacts of food and nonfood products and to differentiate between different types of water use since not all
usages have the same environmental implications (Box 3).
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Box 3: Water footprinting
Water footprinting tools quantify and make distinctions between green water
(essentially rainfall), blue water (abstracted or irrigation water) and grey water
(a measure of water contamination). There are important interactions between
the water types -for example changes in vegetation cover in rainfed areas may
affect blue water availability downstream – but arguably blue water use incurs a
potentially greater opportunity cost and may cause more environmental damage,
for example in the form of salinisation.59 To these concepts should be added
that of ‘water scarcity’ – the negative impacts of blue water use in water-scarce
Morocco, say, may be greater than in the UK where it is generally more plentiful.
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Growth in the livestock sector will increase water demands and potentially exacerbate
water scarcity. 60 Much has been made, particularly by advocacy groups, of the
‘thirstiness’ of meat production. For instance it is sometimes said – and the numbers
quoted vary widely – that it requires over 15,000 litres of water to produce 1kg of
beef61 but much of this is in the form of green water falling on grass that be growing
anyway and whose use does not impact upon water availability elsewhere. Arguably,
animal grazing systems, by converting green water into edible output in fact avoid the
need to produce a similar amount of plant based food, potentially requiring irrigation,
from somewhere else. Some research also suggests that in certain contexts such as
Sub-Saharan Africa the productivity of livestock water use compares favourably with
that of crops since animals can consume scrubby rain-fed plants in situations where
cropping would be unfeasible.62
However, as animal production systems intensify, they become increasingly dependent
on irrigation water for feed production. Across almost all livestock types, the more
intensive the system, the greater the water demand.63 Aquatic systems are somewhat
different: in intensive aquaculture systems, large volumes of water may be required but
they will not actually be consumed, and so the water is potentially available for other
purposes.
In the aquatic sector, water issues with respect to feed are similar but there are
additional considerations since water is the living medium and so production can
alter its state. Fed aquaculture systems typically add nutrients to their culture water
– this may increase or decrease its value for a secondary use, depending on what
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that is. If water is used for irrigation, fertile water will reduce the need for additional
fertilisers, but if water is to be used for domestic supply, then the nutrients may
need to be removed. Un-fed filter feeding or detritus consuming species are, by
contrast, removing nutrients from the water, and depending upon context this can be
environmentally beneficial.
Well planned and sensitively sited ponds can also capture and store run-off water and
so potentially improve the productivity of the wider agricultural system and contribute
to watershed management. Such development may be of particular value in marginal,
highly seasonal subtropical zones and for rainfed landscapes.
In principle then, the well managed integration of aquaculture into water infrastructure
can enhance the efficiency of water use, by removing or adding nutrients as needed
and by acting as a water store. In practice while this can and does happen, aquaculture
developments can also cause nutrient pollution, and the water supplied to support
fish production in ponds may be lost through seepage and evaporation. This may
cause problems in water scarce areas where there is competition for water with other
uses. Of course the embedded water requirements of feed production also need to be
taken into account. Thus the efficiency or otherwise of water use in the aquaculture
sector varies considerably by system and context, and these differences can lead to
stakeholders drawing very different conclusions about the merits of aquaculture or of
particular aquacultural systems.

3.1.d Other inputs
Other inputs to the system include energy (generally fossil fuel derived), fertilisers
(synthetic and organic), biocides, crop and animal genetic resources (not to mention
the animals themselves), labour, capital and other infrastructure. The concept of inputs
may be extended further to include modern and traditional knowledge, ecosystem
services and financial investment.
There are different views regarding the environmental legitimacy of these inputs. For
example while all forms of nitrogen cause some N related leakage, not all nitrogen
sources are equal in the eyes of beholders. Some stakeholders argue that synthetic
nitrogen has several efficiency advantages over its biological counterparts. Unlike the
latter, the former can be manufactured without the use of land and may be produced
from renewable energy sources including biomass or wind64,65 – although today it
is mostly manufactured using fossil fuels. It is arguably easier to apply an accurate
and optimum dose of consistently formulated synthetic fertilisers than to gauge how
much manure to use, or what the effects of legume planting might be on soil nitrogen
content. Less land and fewer inputs more precisely applied; this is one vision of
successful and sustainable agriculture, and perhaps its logical endpoint is the landless,
hydroponics-based closed loop system vertical farm. And they also point out that the
Haber-Bosch process has saved lives – without synthetic nitrogen the world’s growing
population would have faced mass starvation.
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From another perspective synthetic nitrogen is inherently problematic because it is
mainly produced using fossil fuels, is very easy to over apply, and because the process
is capable of drawing so much nitrogen down from the atmosphere that it in effect has
diabolus ex machina properties – it ruptures the natural order of things. The fact that
many inputs to the farming process – such as synthetic fertilisers, biocides, genetic
materials, farm machinery and infrastructure, access to financing – are manufactured
by large and powerful organisations may also form part of the critique for those who
see corporate control and power concentration as part of the story of unsustainability.
According to this narrative, industrial agriculture not only damages environment
but also undercuts and undermines the livelihoods of poor farmers; it provides raw
inputs to large scale manufacturing enterprises further down the supply chain who
profit from the production of unhealthy and unsustainable food. By contrast inputs
such as organic manures and legumes, indigenous and traditional knowledge, noncommercialised genetic resources and other aspects of the natural resource base (soil
quality, water quality and so forth) are assigned greater value as constituents of a
different vision of environmentally and socially sustainable food systems.

3.2. Efficiency in relation to impacts
Section 3.1 considered the inputs to TAL production and inevitably strayed a little
into discussion of the negative impacts and positive outputs arising. This subsection
takes a closer look at just two of the negative environmental impacts arising from
the TAL sector: greenhouse gas emissions and nutrient losses that cause soil and
water pollution. It is also possible to consider other negative impacts here, both
environmental and societal, but instead these are discussed more fully in Section 3.3,
under ‘outputs.’ The somewhat arbitrary way in which an effect may be classed either
as an ‘impact’ or an ‘outputs’ is noted here and discussed more fully in 3.3. Efficiency in
relation to outputs as well as in 4. Is efficiency sufficient? Distilling the criticisms.

3.2.a. Greenhouse gas emissions
The terrestrial livestock sector accounts for 14.5% of global GHG emissions. Overall
emissions from aquaculture and capture fisheries remain unquantified. While likely
to be considerably lower in aggregate they can be significant, on a per kg basis, for
particular aquatic species. For both terrestrial and aquatic systems emissions vary
widely not only between species, but also between the same species in different
systems, and indeed between the same species in the same systems under different
management regimes. Very broadly speaking, carbon intensities are highest in very
extensive ruminant systems and lowest in herbivorous fish species; certain forms of
mollusc production generate the fewest emissions of all. (see box 4)
The two dominant changes taking place within the terrestrial livestock sector – the
shift from ruminant to monogastric production, and towards greater intensification/
specialisation – have important implications for emissions and emissions intensity.
Poultry meat and eggs have a lower carbon footprint per unit of food output than
any other terrestrial animal product, although emissions for some aquatic animals are
higher (see box 3.2.a. Greenhouse gas emissions above). And animals reared in more
specialised and more intensive systems have a relatively lower carbon footprint than
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BOX 4: Climate impact from animal products

Figure 2: Climate impact from the production of
animal products as found in published LCA
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The interaction between milk and beef production and
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The climate impact of wild fisheries varies greatly,
reflecting differences in the amount of energy used
to fuel fishing boats per kg of landed edible fish.
Emissions range from the lowest carbon impact
per kg protein of all animal products up to among
the highest for lobster trawling which is highly
energy intensive. The range in emissions from
aquaculture reflects differences in feed conversion
ratios as well as differences in the type and

Carcass utilisation also influences the carbon
efficiency calculation. The more flesh obtained, the
fewer animals are needed for a given quantity of
edible product. Typical values for the edible meat/
fish as percentage of the live animal weight are:
beef meat 37%; pork and chicken 56%, salmon
up to 70% and tilapia 35%. How well a carcass is
utilised depends on the species in question and
human preferences as discussed in Box 1: Edible
efficiency of different animal species and parts
above. There are also non-food outputs that can
be obtained from the carcass or livestock system,
and a proportion of the emissions can therefore
be allocated to these.67 How and how much of the
impact should be allocated to food versus nonfood products or services depends on the purpose
and design of the analysis and ideas about need.

Industrial system

The impacts of a given livestock type or system
also depend on the system boundaries and how
impacts are allocated.66 For example the climate
impact from beef meat from culled dairy cows is
often calculated as lower since a proportion of the
emissions are allocated to the milk produced; on a
per animal basis of course, the overall impact per
animal will be the sum of those two parts. Note
that most LCA studies also calculate emissions at
the herd level, and so take account of unproductive
animals and mortalities.

amount of energy used to produce feed and power
the aquaculture systems.

kg CO2e per kg protein

The climate impact from different animal products
shows great variation (Figure 2). Emissions from
ruminant meat production are generally greater
than from monogastric species because methane
is emitted during enteric fermentation and feed
conversion ratios are higher. Variation within
ruminant production systems are also large,
reflecting differing extensities in production.
Animals in intensive systems gain weight more
quickly and are generally slaughtered at an earlier
age. Therefore less methane is produced overall,
and less feed consumed per kg of body weight
gain, the consequence being a lower carbon
footprint. Production systems for pork, poultry,
egg and dairy are more homogenous and emission
ranges hence smaller.

Seafood

Red columns show lowest value and Green columns show variation
interval. Data from Nijdam et al (2012).68
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their extensive counterparts, as numerous life cycle assessments have shown.69 This is
because breeding, feeding and housing regimes optimise the feed conversion process
such that less feed is needed to produce a given quantity of meat output than in
more extensive systems. Since emissions arise from the embedded emissions in food
production and from the animal’s own metabolic processes, the more efficiently these
operate the lower the emissions.
In short, the conclusions derived from life cycle assessments concur with, and follow
the same logic as, thinking about feed conversion efficiency: monogastrics are more
GHG efficient than ruminants, and intensively reared animals (of all types) more so
than their extensively reared counterparts.
Critics of these LCA-derived conclusions tend to argue that this carbon efficiency is
underpinned by the ‘inefficiency’ of feeding grains to livestock – in other words they
challenge the validity of the inputs to the process, as discussed in 3.1. Efficiency in
relation to inputs above. Failure to account for carbon sequestration in grasslands may
also be highlighted; studies that do include this carbon sink do show more favourable
results for more extensive systems.70 How emissions from deforestation are allocated
can also change the picture; if the increase in soy demand is seen as the main driver of
deforestation and emissions from deforestation therefore allocated to soy production
this will raise the carbon footprint of the intensively reared animals.71 (Note that the
both these are highly challenging to calculate and associated with considerable
uncertainties.72)
Some critics go further, and make points that are currently unsupported within the
mainstream scientific community. For example they may advocate management
approaches such as the ‘holistic grazing’ methods of Allan Savory where it is
claimed that huge quantities of carbon can be sequestered; here ruminant grazing is
transformed from problem into solution. A related criticism is the view that methane is
somehow a ‘natural’ gas and that a baseline methane count for wild ruminants which
have been replaced by farm animals needs to be taken into account.73 By contrast, it is
carbon dioxide, arising from fossil energy use in industrial crop and ‘landless’ intensive
livestock production that is the real cause for concern. The problem lies in the system
of production, rather than in the numbers of livestock reared.
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Finally, these critics point out that LCAs are, usually and to date, based on
just one functional unit – food output – however measured (weight, energy
value, protein and so forth), and fail to account for the multifunctionality of
livestock systems and the differences in useful output yielded by different
systems. These outputs will include manure but also livelihoods, leather,
traction, the maintenance of landscapes and aesthetic values as well as
ethical ‘goods’ such as animal welfare. Section 3.3. Efficiency in relation
to outputs discusses these issues in more detail. Looking more narrowly
at nutrition there may be differences in the quality of meat produced in
different systems (grain- versus grass-fed beef, free range versus intensively
reared chickens) as well as more broadly the differing roles of livestock foods
in different systems and under different dietary scenarios. For example it has
been argued that if we confined our consumption of meat and milk only to
the amount obtained from rearing animals on byproducts and rough
grazing land then the overall quantities consumed would be fairly low;
their nutritional value would be positive and their environmental impacts
relatively benign.74
As can be seen, some of these criticisms are based on uncertainties in
our knowledge (as in the case of soil carbon sequestration), others on
differences in how the purpose of animal production is defined (to meet
food demand, to provide adequate nutrition or to additionally provide non
food outputs); and other criticisms still are based on how GHG are weighted
against other environmental considerations such as the quality of feed use,
or the different ‘qualities’ or naturalnesses of the various GHGs emitted.

3.2.b. Nutrient losses
Nutrient use efficiency is a much used concept. Discussed particularly in
regard to nitrogen and phosphorus , the relationship – as in the case of feed
conversion, and carbon efficiencies – between the nutrient outputs from
and the inputs to the system is key. Multiple approaches to defining nutrient
efficiency have been developed; these vary in the scale of analysis (crop,
farm, or food system level), the time frame (single crop season versus a crop
or crop-livestock rotation) and the sources they include. For nitrogen, the
focus of discussion here, these may include mineral fertiliser, organic manure,
biological N fixation or atmospheric deposition.
The particular approach adopted depends too on the goals of the
analysis.75,76 For example a ratio approach (N outputs divided by N inputs)
will indicate how efficiently the nitrogen inputted to the system is converted
into the desired N from the system (embedded in protein). A balance
approach will consider the difference between inputs and outputs (inputs
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minus outputs), the aim being to understand what level of overall food output
has been obtained (a system may be very efficient, even when very little food is
produced) and how much surplus remains in the soil or is lost from the agricultural
system. The latter is important in order to assess the potential environmental
implications. Efficiency may be high, but if the production intensity is also high, the
overall quantity of nitrogen remaining in the soil may nevertheless be problematic.77
Also necessary to consider is the change in the soil’s baseline status. A system can
appear to be N efficient in that output relative to input is high – but this efficiency
may be achieved by mining the soil for its stored nitrogen over and above the
additional N applied – in which case there will be consequences for productivity in
the longer term.
How do discussions about nitrogen use efficiency apply to livestock?
Terrestrial livestock systems are both nitrogen-demanding, and inherently leaky.
Animals eat plants and to a lesser extent, other animals (fishmeal). The plant feeds
animals eat will usually have entailed the extraction of nitrogen from the atmosphere
either via mineral fertiliser applications or because nitrogen fixing leguminous plants
form part of the feed mix or the cropping cycle; the exception here is when animals
are reared on ‘unimproved’ grasslands.
Only 50-75% of this trapped nitrogen is converted into plant matter – the rest is lost
to soils. Once the animals eat these plants, whether grass or grains, further losses
arise. Poultry retain around 25% of the nitrogen from feed, converting it into animal
flesh, but in some ruminant systems nitrogen retention (as edible N) is as low as
5-10%, with the rest lost as urine or dung.78 In aquaculture the figure ranges from
between 10-60% depending upon the system.79 The greater the losses, the lower
the nutrient use efficiency measured either as outputs/inputs or outputs-inputs.
The leakiness of animal systems and thus the inefficiency with which they convert
atmospheric nitrogen into the protein N that we eat, is central to environmental
criticisms of meat eating.
A second criticism is that the form in which nutrients are lost can have environmental
consequences, that differ by livestock system. Taking specialised livestock systems
first, the feed used to sustain the livestock will often have been produced in and
exported from one region to the receiving unit. This, leads to a concentration of
available nutrients on the farm site, in quantities too large for the surrounding
land to absorb. Nitrogen point-source pollution, where nutrients leak into soils and
waterways or are emitted to air in the form of ammonia, can therefore be a major
problem, especially where enterprises are poorly managed. One way of increasing
the nutrient efficiency of this system is through the use of anaerobic digestion (AD).
The carbon fraction of animal manure is converted into methane (substituting as an
energy source for fossil fuels) while the remaining nitrogen-rich digestate can be
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used as a soil fertiliser. This is the theory; in practice the energy saving benefits of AD
need to be weighed against the transport costs of collecting dung from multiple farms.
In extensive grazing systems the impacts will depend on context. Non point pollution can
occur, particularly at water sources where livestock may congregate to drink water, in
addition to problems such as soil erosion, which also leads to the displacement of nutrients.
It is in traditional mixed crop-livestock systems that differing views on efficiency are
perhaps most manifest. Arguably, in such systems, the nutrients that leave the system
are not ‘lost’, but metamorphosed, re-entering in the form of manure which in turn
helps fertilise the next generation of plant crops. Livestock help cycle nutrients and
avoid the need for synthetic nitrogen. Indeed the role of manure in building soil fertility
and quality is central to the principles of organic farming.
However this circularity is only partial. For a start, nearly 40% of all crops grown are
used to feed animals, whose dung fertilises the crops, which then feeds the animals
– and so forth – with inevitable losses in the form of ammonia, energy and nutrients.
This, one might argue, is not so much cyclical as biologically tautologous.
In addition, even in a farm system where all possible wastes are recycled and reenter the production system, some nitrogen will be lost in the form of exported milk,
meat and eggs, as well as to soils and waterways. The loss will have to be replaced
if soil fertility is to be maintained. This can be achieved either through the use of
synthetic fertiliser or by using additional land to feed the system. As to the latter,
this additional ‘virtual’ land may be embedded in imported feed crops, such as soy.
Alternatively, clovers and legumes may be incorporated into crop rotations – so either
reducing overall food output or entailing the use of additional farm land to maintain
yields. In traditional systems, farm animals may be let out to graze in the daytime
and then penned in in the evening. The nutrients in the pastures are retained in the
manure which is collected from the enclosures, and applied to the crops. Where land
is plentiful, this ‘borrowing’ of land is not a problem. However in some regions where
land is in increasingly short supply, land for feed and nutrient production potentially
competes with other uses. Of course in all organic agricultural systems, even livestockfree ones, land dedicated to fertility building is needed, so the same point applies.
However overall land requirements in stockless systems will be considerably lower
since an entire leaky loop in the nutrient cycle – the animal itself – is omitted.80
Within the aquaculture sector, semi-intensive systems can receive N in the form
of fertilisers, used to stimulate the growth of algae which fish eat, while N enters
intensive systems in the form of fish feed. While many of the issues around nitrogen
efficiency will be similar to those of livestock, the impacts of excessive nitrogen use
can additionally have a tangible impact on the sector itself because, as noted, water is
the living medium. If retained within the aquaculture system, nitrogenous wastes can
transform into products (un-ionised ammonia, nitrite and nitrate) that are toxic. At
chronic levels this can retard fish growth and if acute can kill them. This is a particular
concern in caged systems and intensive ponds; one approach to managing this build
up is to let some new water in and old water out but the water leaving the system can
pollute the receiving environment.
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In contrast recirculating aquaculture systems (RAS) are designed to retain and treat
wastes within the system and as such should have much smaller or zero impacts on
local receiving waters; biosecurity risks can also be contained. Waste nutrients can be
concentrated into sludge and used as a fertiliser. On the other hand, the energy costs
of pumping and recirculating culture water through treatment units can be high.
Extensive aquaculture systems – examples include seaweed and mollusc production
in coastal areas, and fin and shellfish reared in extensive ponds and lagoons – may be
sinks for nutrients rather than net producers and as such can improve water quality.

3.3. Efficiency in relation to outputs
This section considers the outputs from the food system. There are of course many. It
begins by exploring the most obvious and widely recognised one, food before going
on to consider other outputs that stakeholders may recognise and value differently:
animal welfare, social and economic value, and environmental value. As noted in the
introduction to 3.2, the distinction between output and impact is somewhat arbitrary
– outputs are framed here as those that are considered desirable, in contrast with
impacts that are not. However, it is also possible to view the same issue as an impact or
an output –negative animal welfare might be an undesirable ‘impact’ but good welfare
a desirable ‘output.’ Further discussion of this point is found in the conclusions, below.

3.3.a Food and nutrition
Efficiency in relation to nutrition
We rear animals mainly, although not exclusively, because we want to eat them.
Both terrestrial and aquatic animal products are rich in protein. Animal protein is
composed of the full range of amino acids needed by humans, in contrast with
most plant based foods which usually lack one or more essential amino acids. This
said, vegans can readily obtain the full range of amino acids needed provided they
consume a range of foods, including grains, pulses, seeds and nuts, over the course
of a day. While the protein content of animal products is often the focus of attention,
these foods are also rich in readily bioavailable micronutrients. The specific make up
will differ by animal type and body part (e.g. muscle versus organ meat), but these
include iron, calcium, B vitamins, vitamin A, zinc and essential fatty acids. All these
micronutrients can (with the exception of vitamin B12, where fortification is needed)
be obtained from purely vegan diets, provided a sufficiently diverse range of foods, in
adequate quantities, is consumed.
While meat and dairy products provide these valuable nutrients in abundance, they
can also be a rich source of saturated fats and, depending on the form in which they
are consumed, calories and salt. Many studies suggest that high meat intakes are
associated with negative health outcomes, particularly when it comes to processed
and (to a lesser extent) red meat. Association is by no means causation and the
associational pathways are varied and in all cases contested.81 However, the evidence
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is sufficiently strong for health bodies to recommend limiting intakes of red and
processed meat.82,83 These health associations form the basis for much anti-meat
advocacy. It is notable however that studies also find that certain terrestrial animal
products such as poultry, dairy and eggs are associated with reduced disease risks – a
point on which environmentalists are less vocal.84,85,86
As for fish and aquatic products, nutritional advice generally encourages increased
consumption since intakes in many high income countries are very low.87 Within fish
types, while all are good sources of protein and various micronutrients, and most types
are low in saturated fat, only oily fish are particularly rich in the omega three fatty
acids deemed to be protective against heart disease.88 These include fish from capture
fisheries such as mackerel but also farmed fish such as salmon. However, the omega
three profile of farmed fish depends on their feeding regime; those fed on soy and
fishmeal made from farmed byproducts will have a lower fatty acid composition than
those fed on wild fish. And if fish of whatever kind are deep-fried or cooked in a lot of
oil, as is often the case, they can be a significant source of calories. This, in many parts
of the world can help fuel problems of obesity and associated diseases.
In low income countries the nutritional value of both terrestrial and aquatic products
contexts is generally acknowledged,89,90,91 even by those stakeholders who argue for
reduced consumption in the rich world – or at least most of them.92 The importance of
small fish in the diets of poor people has been particularly emphasised by institutions
working alleviate poverty through agriculture and aquaculture.93 These fish can be
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eaten whole, bones, head and all; body parts that are especially rich in micronutrients;
it is also observed that traditional polycultural systems yield a variety of aquatic
products – diversity is an important indicator of nutritional adequacy.94
Evolution of metrics for assessing dietary sustainability
A growing body of academic research now focuses on investigating the relationship
between good nutrition (encompassing macro and micronutrients) and environmental
sustainability at least in relation to GHGs, land or water use; and to assessing the
potential for defining dietary patterns that marry nutritional and environmental
objectives. Individual studies differ, however, according to the scale of analysis: some
focus on individual foods, others on particular dietary patterns (vegetarian, vegan,
paleo and so forth), some on optimised diets and others still on real life diets. The scale
or focus of analysis influences the conclusion.
At the broadest level are studies that compare current typical (generally Western)
diets with defined alternatives that differ in their animal product content. Usually
fish consumption is kept unaltered. These defined alternatives may include ‘healthy’
diets that meet official dietary guidelines, other recommended diets such as the
‘Mediterranean,’ New Nordic, or ‘Harvard Healthy Eating Plan’, as well as idealised
versions of vegetarian and vegan diets. Generally pulses and soy are specified as meat
substitutes. Environmental impacts are assessed; and since diets are idealised, ensuing
health benefits are assumed.95,96,97,98A variant is to assess not only the environmental
impacts but also the nutritional content of these modelled diets. Some consider only
macronutrients (calories, fat, protein) and fruit and vegetable intakes,99,100,101 but with
growing recognition that animal products are rich sources of important micronutrients,
they increasingly include analysis of these too.102,103
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A different approach is to start with national nutritional recommendations and adopt a
linear optimisation approach to specify how these might be met at less GHG cost (with
cuts in the meat content key to the changes modelled), and in ways that are judged to
be culturally acceptable.104,105,106
A few studies more explicitly define an environmental ‘budget’ for food.107,108 This in
itself is a normative judgement based on assumptions about emission ceilings and the
importance of spending emissions on food rather than on other activities.109
A minority of studies are distinctive in that they examine a range of real – rather than
idealised – diets. Scarborough et al (2014) and Soret et al (2014) find that the typical
diets of vegetarians and vegans generate fewer emissions than that of meat eaters.110,111
Vieux et al (2013) find that ‘higher nutritional quality’ diets do not generate fewer
emissions than lower quality ones, but then the animal product content did not vary
substantially across the diets they characterised. 112
A different approach is to start at the level of the individual food. While many studies
point to the high GHG footprint of animal products per 100g or per 100kcal, might one
draw a different conclusion if a more nutritionally relevant functional unit were used?
Within the field of nutrition various nutrient density indices have been developed;
these aggregate different essential nutrients into a single score so that the overall
healthfulness of a particular food can be assessed. Foods are ‘credited’ for their
desirable nutrients – vitamins, minerals, protein and so forth – and points deducted for
saturated fat and salt. The resultant nutrient density score can then be presented as a
ratio to its climate impact. Drewnowski et al find that measured in this way, the climate
efficiency of animal products is somewhat but not vastly higher than other foods – the
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environmental villains of the piece are in fact processed vegetables.113 Smedman et al,
adopting a similar approach, conclude that milk delivers a better nutritional bang for
its climate buck than orange juice and other drinks.114
This individual-food based approach has been criticised on multiple fronts.115,116 For a
start it has been argued that a climate-for nutrient density index should ‘cap’ credits
for nutrients at the recommended intake level, since intakes in excess of requirements
gives an unfeasibly favourable score (per unit of GHGs), even though the body does
not need, and in many cases cannot store these nutrients.117 Overall though, the main
criticism is that the relevant scale of assessment is the overall diet, rather than an
individual food or even individual meals.
The conclusions drawn from these analyses reveal much about the ways in which
environmental efficiency is defined by various stakeholders – including, notably the
academic community.
First, these studies implicitly take as their starting point the assumption that the main
function of food is to nourish people. The functional unit of analysis is nutritional
adequacy; the task therefore is to understand how this adequacy might be achieved in
ways that generate fewer negative impacts than today. Thus food ‘output’ is defined in
these academic studies in terms of nutritional quality rather than simply quantity.
Moreover, since no one food can offer all the nutrients we need, if follows that the
value of one food exists not only in its own right but in relation to the other foods
consumed. Quality is only meaningful at the dietary level. Some foods may certainly
be more ‘nutrient dense’ than others but a diet composed of just one food, however
nutrient dense, will be inadequate. Good health is thus seen as an outcome of a dietary
pattern rather than a prescription to consume specific nutrients.
Perhaps most fundamentally, by focusing on nutrition as the output of concern, these
studies tacitly assume that this is the ultimate goal of food production; or rather that
the efficiency of a system is to be judged against its ability to meet human needs.
As opposed to human demands, that is – our desire for pleasure, or status, or the
cultural roles of meat and animal farming tend to receive minimal attention. Since our
nutritional needs are arguably finite rather than (as for demands), potentially infinite,
the needs based approach implicitly places a cap on consumption at the level of
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nutritional sufficiency. As such it poses a counter to the idea of efficiency as just a
ratio, a relationship between numerator and denominator, with no concept of a ceiling.
But for other stakeholders, this nutritionally oriented approach is open to challenge.
People eat for many reasons, not least for the pleasure it affords. And people seem
particularly to enjoy eating environmentally impactful foods, such as meat. Sufficiency
does not suffice.
So, given the huge importance of pleasure in people’s lives, and food’s role in providing
it, should pleasure be seen as a legitimate ‘output’ from the system? If so should one
rank it compared with nutritional needs, environmental imperatives or other outputs
such as animal welfare (discussed below)? And who should do the ranking?
Arguably trade offs will need to be made. Something may have to give. Unless of
course one were to redefine pleasure; to argue that our enjoyment in eating certain
foods is not so much biologically fixed as culturally determined, and therefore
malleable. Advocates of ‘culture over biology’ would say that this is in evidence every
time people buy a branded box of cereal in preference to its identical tasting, cheaper
unbranded alternative, or bottled water when clean tap water is available almost for
free. These choices have nothing to do with biology and everything to do with culture
as shaped by the market.
Thus environmentalists not only place less emphasis on the imperative of pleasure as
compared with nutritional needs but they also place faith in the idea that, if the context
of consumption is altered so as to achieve more pro-environmental outcomes, so too
would people’s preferences. In other words, the environmental ‘efficiency’ of diets
depends on how one ranks the different functional units and how unambiguous those
units are.

3.3.b. Environmental value
In Section 3.2, changes in the environment as a result of TAL production were
discussed as ‘impacts.’ The environmental efficiency of the system was seen in terms
of the relationship between inputs and environmental impacts – for example surplus
nitrogen out in relation to nitrogen in); or impacts relative to certain outputs – such as
CO2 eq / kg meat, or per unit of calories or protein obtained.
Whichever way the ratio is constructed, the mainstream understanding of
environmental efficiency effectively assigns the environment to the ‘impacts’ category.
Changes to the environment are consequences arising from the goal of agricultural
production – to produce food.
But if a particular environmental state or quality (such as sustainability or resilience –
both general terms that need defining) is classed as an output in its own right, then the
perspective shifts in important ways.
Differences in whether changes to the environment are seen as impacts or an output
lie at the heart of the controversy around sustainable intensification, a concept that
overlaps with environmental efficiency. The grammar of this phrase suggests that
intensification, as the noun, is the goal; “sustainable” describes the manner in which it
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should be achieved. One obvious inference is that intensification as the noun trumps a
mere adjective.
The phrasal structure also begs the question: ‘intensification of what?’ It been argued
that one goal should be the intensification of environmental goods.118,119 However
the meanings historically associated with intensification (generally food yields), the
historically negative welfare consequences arising from intensification in the livestock
sector, not to mention the semantic load that English grammar places on the second
word all make it hard for the environmental movement to believe that sustainable
intensification will safeguard environmental non negotiables. Note that ‘environmental
efficiency’ has the same adjective noun construction.
But what if the phrase is inverted to ‘intensive sustainability’? Sustainability is now the
noun and carries the weight of the sentence, while the adjective ‘intensive’ denotes its
vigorous pursuit. Of course, this inversion does not in itself address what we mean by
sustainability (does the concept incorporate only environmental dimensions? Surely
sustainability must encompass the idea that people are fed adequately?) or what is
meant by intensive. But by inverting the phrase it not only puts sustainability first,
but it also removes relativity from the phrase. Intensification is potentially infinite;
sustainability, rightly or wrongly, suggests a state, even if the relationships among the
influences on that state fluctuate.
The purpose of this grammatical digression is to cast light on the two main reasons
why critics mistrust the sustainable intensification concept: because it speaks of
relatives rather than absolutes, and because the environment is designated as an
impact, rather than desired output in its own right.
But if environmental sustainability is to be viewed as a legitimate output in its own
right, then a method of valuing it needs to be agreed. This is where accountancy
tools such as payments for ecosystem service (PES) or natural capital valuation are
suggested.
Putting a price on the goods and services that nature provides – climate regulation,
water filtration and so forth – is a way of ensuring that nature, or rather an unpolluted,
unperturbed nature, is validated as an output in its own right. But the concept is highly
contested (and counter contested) on practical and ethical grounds.120 Some argue
that the approach simply perpetuates today’s exploitative neoliberal capitalist ideology
that caused the environmental damage we witness.121,122 Even those who see a role for
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PES schemes are open-eyed about the many challenges implementation presents.123,124
Easy answers are not available, but what is clear is that both critics and advocates of
PES type approaches are united in their desire to make the environment visible and of
weight in itself, as an output.

3.3.c. Animal welfare
Animal welfare as an output from the system?
Critics of the mainstream efficiency approach argue that efficiency as a proxy for
environmental sustainability is not only limited for all the reasons discussed, but that
the ongoing shift to intensification also has damaging consequences for animals’
wellbeing.125 And good animal welfare is an ethical ‘non negotiable’, a moral boundary
condition which food system activities need to respect , much as environmentalists
may talk about planetary boundaries. Indeed for these groups, a definition of
sustainability that does not incorporate this socio-ethical dimension is incomplete.
Thus, whereas from a mainstream efficiency perspective negative welfare is an
impact, a potentially necessary price we have to pay for a particular definition of
environmentally efficient food, for the animal ethics community good welfare is an
output – a legitimate goal in itself.
The risks to welfare arising from intensification can be mitigated somewhat by
managerial improvements (which can also increase productivity). One can also choose
to adopt a particular definition of good welfare that is more in keeping with the sorts
of goods that well managed intensive systems can provide (see below). Ultimately,
however, the discussion is often framed as a matter of trade offs – good welfare
versus environmental efficiency versus demand versus commercial considerations.
The language of trade offs suggests that issues are separate and that goals can be
ranked. And so in developed countries, even though the need for ‘good welfare’ is
generally accepted by government, mainstream consumers and the food industry,
other considerations such as the cost of production or the price in store, may (beyond
the legal welfare minimum) often be prioritised.
However for welfare advocates, welfare is a goal in itself, on a par with good human
nutrition and an improved environment. If a ‘price’ is to be paid, then that price is
our demand for high intensity foods – although eating less meat may not in fact be
seen as a cost, but as a benefit. By moderating demand, good welfare, an improved
environment and adequate nutrition can be achieved. Of course, leaving aside
management considerations, advocates also argue that the ensuing reduction in
overall livestock numbers would also improve animal welfare since fewer farm animals
overall would be born to suffer.
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Once again, ideas about demand, the inevitability of increases in demand, and the
importance of catering to demand as opposed to needs or other desired goals, sit at
the heart of this debate.
But if animal welfare is a legitimate output, then what is it and how it is to be
measured? The metric selected will be the functional unit against which its relationship
with efficiency is assessed.
What is good welfare? And how is it measured?
The rearing of livestock is the subject of considerable scrutiny by animal ethicists
and activists. At one, the most extreme level, all definitions of ‘good welfare’ are
unacceptable: this is the view of animal rights advocates who condemn any use of
animals for human purposes as exploitation and who therefore espouse veganism
(Singer 1975, Gary Francione, PETA, undated).126,127,128
Those who accept that animals can or will inevitably be used for human purposes
focus on improving their welfare. The highly influential ‘five freedoms’ which developed
from the UK’s 1965 report into the welfare of intensively reared livestock129 define some
broad principles of care. Animals should be free from: hunger and thirst; discomfort;
pain, injury or disease; and fear and distress. They should also be free to express
natural behaviour, and should have sufficient space, proper facilities and company of
the animal’s own kind in order to enable them to do so (FAWC 2009).130 It is this last
freedom that is the most contested. Ultimately, this definition encompasses two ideas,
encapsulated in a definition of welfare offered elsewhere, that animals should be ‘fit
and happy.’131 These form the basis of thinking about welfare in the West.
These are the principles: how does one measure progress towards or against these
goals? Much animal behaviour and welfare research seeks to develop metrics to assess
animals’ welfare and so identify how to improve it.132 Studies generally adopt one or a
combination of three approaches.
Some focus on assessing the physiological status of animals – their health. Measures
of wellbeing can include their growth and productivity, longevity, absence of disease,
fertility as well as measurements of stress or heart rate.
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A second approach is to look at animals ‘affective state’ – their feelings and emotions
– as ‘expressed’ through their behaviours. Efforts here are directed at assessing what
animals actively want or seek to avoid by examining their motivations, through choice
and other experiments.133
The third is not so much a research approach as a mindset, and is explored most fully
in the literature on animal ethics. It is founded on the contested notion of ‘naturalness;’
the idea that a natural environment is essential if animals are to be ‘happy’. Arguments
that naturalness is a condition of good welfare may link to the first two definitions of
good welfare (that a natural environment is more conducive to good health, or that
cows ‘want’ to be outdoors) but arguments in favour of naturalness go beyond this.
There is a presumption that naturalness is good of itself – it has intrinsic value, beyond
any animal welfare benefits that it fosters.134 Interestingly, the general public, at least in
the West – whose own urbanised living environment is definitively ‘unnatural’ – place
great value on ‘naturalness’ in their understanding of good welfare, even though their
understanding of the issues may be minimal.
While the debate about animal welfare in terrestrial systems may be vigorous, fish
welfare tends to be a minority interest for the general public135 even though fish are
capable of pain and distress136 and notwithstanding the efforts of animal welfare
NGOs.137,138 This said, the UK salmon industry has made significant progress in
establishing and observing high standards of animal welfare, driven by the recognition
that high standards can yield productivity and economic g benefits.139 Note that there
will be important differences between aquatic species – more so than in the terrestrial
sector. While squid and fish may be capable of pain, this is unlikely to be the case for
species such as mussels and oysters that lack a central nervous systems and as such
welfare issues in their production will be minimal.
Measuring animal welfare in relation to efficiency
The different ways of measuring welfare allow stakeholders to place greater emphasis
on one approach over another, leading to disagreements about the relationship
between animal welfare and environmental efficiency.
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Animal welfare advocates argue that efforts to improve the environmental efficiency
of production through intensification undermine both the ‘fit’ and ‘happy’ side of
the welfare since animals are forced to live in an unnatural environment. As regards
health or fitness, intensive terrestrial systems, underpinned by intensive breeding
programmes, ‘unnatural’ feeding regimes and poor husbandry, generate physiological
problems such as mastitis in cows and bone fractures in chickens. In capture fisheries
there are concerns about inhumane capture and slaughter and in aquaculture around
physical injuries, skeletal deformities, disease transmission, poor handling and slaughter
methods.
As to happiness, confined conditions usually mean that animals are thwarted in their
ability to perform natural behaviours or to live in an environment that approximates
to their evolutionary living environment. Migratory farmed fish species are unable to
migrate as they have evolved to do.
At a deeper level, for these stakeholders, the concept of efficiency as applied to
sentient creatures is fundamentally abhorrent because it reduces animals to units of
production, items for processing. The logical conclusion of this mindset is veganism
since the end point in any system, however good the welfare, is slaughter, and the
dismembering of once sentient bodies into marketable products. However, for those
less absolutist in their thinking, more natural systems are seen to offer a middle way in
that the integrity of animals as sentient beings is respected at least while they live.
By contrast a mainstream environmental efficiency perspective may see measures to
improve the health of animals as compatible with its ‘more with less’ approach. Healthy
animals are more productive and more fertile. Well managed intensive systems can in
fact deliver excellent health since specialist veterinary care may be available, as well
as welfare enhancing technologies such as robotic milking. It is often pointed out that
good and bad welfare occurs in all systems, and indeed that mortality levels and some
health problems such as parasite infections, are often higher in free range systems.
Less emphasis is placed on the ‘naturalness’ aspect of good health and the notion is
sometimes dismissed as romantic anthropomorphism. Stakeholders may point out
that since all farmed animals are destined for slaughter and eventual portioning into
edible commodities it is simply disingenuous to suggest that only some systems
‘commoditise’ life; they all do.
In other words, this perspective may view good welfare and environmental efficiency
as often synergistic – but at the point where certain aspects of the good welfare
definition run counter to intensification, this holistic definition of good welfare,
encompassing the idea of naturalness, is either challenged or the importance of
animal welfare per se ranked lower than other imperatives, such as the need to sustain
demand, or to achieve carbon efficiencies.
To summarise, the animal welfarist critique of mainstream definitions of environmental
efficiency is three fold. First welfarists question the adequacy of environmental
efficiency as a measure of environmental sustainability in ways that have been
discussed above. Second they argue that the definition as it stands sees welfare as an
‘impact’ to be managed rather than a desired ‘output’ in its own right, and as such is
inadequate. And third they challenge the idea that sustainability is about making tradeoffs. Environmental, health and ethical goals can be aligned if we eat ‘less and better’
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meat.140 This does not necessarily involve a sacrifice in our quality of life since pleasure
is so culturally determined – but even if it does, environmental priorities trump human
greed.

3.3.d. Social and economic value
In addition to all these charges, the mainstream definition of environmental efficiency
is also criticised for ignoring the non-tangible social outputs that arise from apparently
less efficient systems. Many people in low income countries keep livestock not only,
or not even predominantly, for their meat or milk, but because they help sustain
their livelihoods, a word that encompasses but is not synonymous with income or
employment, because it also suggests resilience (the spreading of risk) and the ability
to take part in the social life of the community.141
A growing recognition of the social impacts from the food system is driving the
evolving discipline of ‘social LCA’.142 For example, the United Nations Environment
Programme has now published guidelines on how to measure the social impacts
of food production, distribution and supply on the workers, on local communities,
consumers, society and all value chain actors.143
Another approach can be found in Weiler et al (2014).144 This study examines how the
carbon footprint of smallholder dairying compares with conventional intensive milk
production if diverse aspects of livelihoods value are also recognised as outputs – as
opposed to measuring the social impacts when the output is purely food. Predictably
it finds that if environmental impacts are allocated just to the meat and milk output,
smallholder dairying performs poorly compared with intensive dairying. But if
emissions are also allocated to outputs such as manure (for fertilising), and to cattle as
sources of finance and insurance; or more ‘intangibly’ still, to farmers’ own assessment
of the value of cattle in their lives, then the carbon footprint of the milk is similar to
that of intensive production systems.
Assigning value to these ‘outputs’ is of course a value-driven undertaking in that
it is necessarily selective and there is always a counterfactual to consider – what,
for example, might be the impacts generated by alternative insurance solutions for
small-holders? As it stands, traditional livestock systems provide jobs and livelihoods,
more so (on a per yield basis) than intensive systems where capital to a large extent
replaces labour. However there may also be non food outputs from the intensive food
system that could also be quantified, but are not in this study. Moreover, the idea
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that smallholder farming145 or even jobs in agriculture146 are worth preserving and
supporting in and of themselves is not universally held. While smallholder agriculture
is the main source of livelihoods for poor people in low income countries, it has been
argued that the challenge now is to help them transition out of it147 – whether into
other parts of the food sector, by adding ‘value’ through processing to agricultural
commodities, or into other areas of employment.

4. Is efficiency sufficient? Distilling
the criticisms
This paper began by observing that environmental efficiency means different things
to different people. People define it in diverse ways and have disparate views
on whether the concept provides a helpful route to assessing progress towards
environmental sustainability, not to mention broader societal sustainability goals. It
then took a closer look at these differences manifest themselves in the ways that
stakeholders think about and value the inputs to, and the impacts and outputs from
the TAL system.
In the course of doing this certain common themes or categories of criticism have
emerged and this penultimate section tries to summarise them.

Efficiency is relative
First, the defining characteristic of efficiency is that it is relative – it is the balance of
a ratio. Critics point out that there are absolute limits to the amount of environmental
damage that can be inflicted upon the environment and so the relativity inherent in
the efficiency concept makes it by definition inadequate measure of sustainability.
A highly efficient system may still generate a great and ever increasing quantity of
negative impacts if the consumption of the outputs increases faster than the efficiency
gains. Thus they argue that an absolute limit to that consumption – a cap – needs to be
specified, to ensure that we observe the planetary boundaries.
The idea of globally applicable limits or planetary boundaries has been challenged
both on technical and ideological fronts.148,149 Many of the criticisms that were
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prompted by the first planetary boundaries paper150 have been taken on board and are
addressed in the 2015 update151 and there is now growing (although not universal152)
consensus that the concept is useful. But even if one accepts the boundaries concept
in principle, our values intermesh with our scientific understanding and influence
our views on where they should be set. As the authors point out, boundaries are not
cartoon barriers whose rupturing tips us into a new reality, but are porous ‘zones’
of some thickness. As such there is uncertainty, and different people have different
attitudes towards risk.
What is more, what or who is the boundary for? Is it a boundary which marks the
dangerous point beyond which our human existence may be threatened, or a more
biocentric boundary? To take biodiversity as an example, metrics can be and are being
developed to ascertain the point at which losses impact upon human societies and
functioning – for example where biodiversity loss can jeopardise our ability to produce
food, or chemicals, or may exacerbate the broaching of other planetary boundaries.153
But for some stakeholders the diversity and abundance and uniqueness of living
things has value over and above its utility to us. Moreover, even taking a human-centric
approach, its value to us is not simply practical but also moral. Its loss diminishes us
as moral beings. If one adopts this perspective, we may well have already crossed that
boundary.
Then there is human ingenuity to consider. Humans have a habit of pulling technorabbits out of hats. We may have a limited ‘space’ available to live within, but
technology may, Tardis-like, modify this space such that it looks bigger on the
inside than the out. Calculations based upon assumptions about current trends in
technological progress indicate that we cannot achieve deep absolute cuts in livestock
related emissions unless we tackle demand. But we may find a way of modifying the
rumens of cows and sheep, or of trapping enteric methane, or of developing virtually
landless forms of animal feed – or arrive upon some as yet unenvisaged solution. In
which case we will be able to continue having our steak and eating it. The question
is, should we? This raises the question of what we want for the food system, and how
people differ in that regard, a point discussed further below.
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All inputs (impacts and outputs) are not equal
There may be differences in how acceptable or legitimate these are or in how they are
defined. For example, as discussed, there are different views as to the acceptability of
synthetic fertiliser versus biological nitrogen sources. And there are counterfactuals
to consider. For example, one might argue that however efficiently a given input is
used (land, say) this use is inherently inefficient if it has an alternative and to arguably
preferable use.

Means, ends and consequences overlap
What is an input, what is an output and what is an impact? We began this paper by
arguing that stakeholder differ in how they think about the inputs to, outputs from
and impacts of livestock production and consumption. But what clearly emerges
over the course of the discussion is that differences are more structural than this.
Disagreements arise because there is inherent multivalence among inputs, outputs and
inputs. Take, for example, the general concept of ‘the environment.’ Food production
has impacts upon the environment since the process uses and may degrade land,
emits greenhouse gases and so forth. However, good environmental quality is also
for many stakeholders a desired output that can come from the system (i.e. intensive
sustainability). And finally, the environment is the ultimate input to the food production
process – for example it is the source of genetic resources, land and water. Table 2 and
figure 3 attempt to illustrate this porosity, showing that impacts can also be viewed as
outputs, and can also affect the inputs to the system.
Table 3: Food system Inputs, outputs and impacts: a porous relationship
Inputs

Outputs

Impacts

Work force – labour

Food
‘More’ food (kg, calories)

Impacts on: hunger, obesity,
malnutrition

Nutritious foods (macro &
micronutrients)

Health legacy for future
generations

Sustainable healthy diets
Health for present & future
generations
Human & institutional knowledge

Profit

Financial investment

Jobs

Infrastructure

Livelihoods

Pesticides & herbicides

Resilient ecosystem services

Fossil fuels & machinery

Nutrient recycling

Seeds & livestock breeds

Fibres & fuels

Synthetic fertilisers

Traction

Organic matter – e.g. Cover
crops, crop residues, manures &
composts

Impacts on: the local and
global economy; employment;
livelihoods; human skills &
knowledge
Impacts on: soil and water
quality; land availability; climate
(e.g. GHG emissions); water
availability; on- & off-farm
biodiversity; landscapes;
system resilience

Irrigation water
Natural capital
Land
Healthy animals
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Impacts on: animal welfare; our
ethical compass
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Figure 3 Means, ends and consequences overlap

Of course a concept such as ‘the environment’ is extremely general and as such can
mean all things to all people. But this observation does not explain away the point – it
is the point. The problem of efficiency is that it begs the question: efficiency of what?
For what? With what?

What are the desired outputs?
Ultimately the disagreement among different stakeholders is about goals for the food
system. Critics of environmental efficiency assume that what its advocates really want
is more food, to meet growing demand and/or to drive agricultural GDP and generate
greater profits for the food industry. For these critics, drawn from the environmental,
animal welfare and food justice movements, the ultimate goal is a food system based
on a different system of production and consumption. For some it may encompass
smaller-scale production, using non-fossil fuel based inputs, and producing a diverse
range of foods to local markets; one where power is not concentrated in the hands of
a few corporations. Others may emphasis the need for plant based diets; others still
will call for all of these changes. Ultimately while the details and emphasis may vary, all
these stakeholders believe that human demand trajectories must be circumscribed by
the requirements of environmental limits.
For an advocate of mainstream efficiency, achieving multiple goals may not all be
possible; as such these are to be traded off against one another: efficient livestock
production for example, versus free-range extensive. But for a critic of this mainstream
approach, the whole discourse on trade-offs is a cul de sac because it is based on
a misguided view of what the ultimate goals are – the need for ‘more.’ If demand is
curbed or trends moderated (and this is seen as positive in itself), then the overall
output requirement will be lower and high welfare, low-intensity production becomes
possible. The discourse is thus about optimising among many goals, rather than
maximising one or two at the expense of others, a different framing that indicates a
very different vision of what ‘good’ actually is.
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Efficiency is greedy
Critics of efficiency fear the moral implications of an approach that suggests no limits
to growth or, as they see it, to human greed.
Efficiency enables two chickens to be produced at the same environmental and
economic cost as one; but it also allows us to eat three chickens where we may
only have eaten one before. And Jevon’s Paradox holds true. So for example, while
greenhouse gas emission per kg of chicken produced in Sweden fell by a remarkable
22% between 1990 and 2005, consumption increased by 180% during the same period,
making total emissions increase by 150%.154 Emissions and consumption of other meats
followed the same pattern.
Efficient production, among other things, enabled meat to be produced more cheaply,
and the economic laws of supply and demand did the rest. Thus the efficiency
treadmill, it is argued, requires us to run ever faster running just to stay still.

Efficiency is reductive and – linked to this – lacks
resilience
This is an important and often voiced charge against the concept of efficiency. There
are many layers to this criticism.
At the most simple, the notion of environmental efficiency is criticised as reductive
because the metrics used tend to be simple and single – kg CO2eq/kg meat, for
example. Such an approach fails to recognise the multiple outputs that might arise
from a production system and as such may lead to the conclusion that intensive
systems are more efficient than extensive or pastoral systems.
In line with this view, a growing number of researchers are developing ways of
accounting for the non-meat outputs from, for example, pastoral systems as discussed
in 3.3.d. Social and economic value above. Efforts to quantify the value of nature to
humanity through ecosystem services accounting provide another example.
In all cases one may disagree with the choice of outputs included in the analysis and
the allocation method used, but arguably much more can be done, methodologically
speaking, in this vein. A more difficult challenge for the LCA community is to account
for linkages among different inputs, outputs and impacts and also across these
categories, and to deal with the fact that impacts can also be outputs or inputs, as
discussed above and illustrated in Figure 3 above. Ultimately however, the problem
here is less to do with the accounting approach (which will inevitably become more
sophisticated) but with the extent to which those in power – the food industry and
decision makers – use multi-component measures of sustainability in preference
to simple metrics such as tonnes CO2eq/tonne meat. Thus the charge that the
environmental efficiency concept is reductive is (at this level) not so much a criticism
of the ratio approach as an accusation that the concept is used in reductive ways.
154

©

Cederberg, C., Sonesson, U., Henriksson, M., Sund, V., & Davis, J. (2009). Greenhouse Gas Emissions from
Swedish Production of Meat, Milk and Eggs: 1990 and 2005. Gothenburg, Sweden: The Swedish Institute
for Food and Biotechnology.

2015

44

Lean, green, mean, obscene…? What is efficiency? And is it sustainable?

Another angle of criticism is that because efficiency is based on reductive thinking, the
outcome is a system that lacks resilience. The word resilience has been applied liberally
in recent years to both ecological and socio-economic systems.155,156 As such it risks
going the same woolly way as sustainability, but it adds something to the discussion
in that it suggests ‘bounce-backability.’ It connotes a sense that by spreading risks
and keeping various eggs in various baskets, a system is more able to recover from
shocks, be that a disease outbreak, climatic event or change in food prices. Resilient
systems are complex and – importantly – they see the human and ecological domains
as interlinked.157 A resilient system, moreover, explicitly accepts a certain level of slack,
or redundancy in the system; it keeps the cupboard stocked in case of emergencies.158
An efficient system on the other hand strives to avoid redundancy, operating as it
does on a ‘lean manufacturing’ principle. This makes it vulnerable, it is argued, to
environmental, economic or societal shocks: for example intensive monocultural
systems risk being brought down by a pest attack or a fluctuation in the global
commodity market.
From a mainstream efficiency standpoint, one may accept the need for resilience but
argue that it can obtain at different scales; it is not necessary, for example, for every
field to be polycultural. Moreover the need for resilience suggests we should invest
more in crop breeding, including via genetic modification – approaches which many
critics of the efficiency perspective may reject. Finally, from a mainstream perspective,
while some redundancy may be needed in the system, the challenge is to ascertain the
‘efficient’ minimum redundancy needed or consider different ways in which it might be
achieved (for example though the use of ex situ gene banks). In other words, resilience
for them can be viewed through the lens of efficiency.
These are some of the surface criticisms and counter-criticisms of efficiency and
ideas about reductiveness and resilience. But at a deeper level critics of mainstream
efficiency object to the fundamental constituent of scientific reductiveness – the idea
that things can and should be measured – and indeed that ‘if it can’t be measured
it can’t be managed.’ From there it seems but a short, and soul-destroying hop to
assuming that ‘if it can’t be measured, it has no value.’
Efforts to assign value (sometimes monetary) to the spiritual or aesthetic fulfilment
one may gain from a landscape using an ecosystem services approach, only make
things worse by commoditising the uncommodifiable.
So the dis-ease that many have with efficiency is fundamentally a problem with
numbers and ratio; a rejection, in the Romantic tradition that has such deep roots in
the environmental movement, of the machine-hearted soullessness that it connotes
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and of the attempt (see Figure 4) to
measure the universe.

Figure 4: Blake’s Newton measuring the
universe. Credit: Wikipedia.

An efficient system from this
perspective is profoundly sterile – it
eliminates idleness, lacks superfluity;
qualities that poets and writers have
always valued as the seedbed of
creativity. Resilience, by contrast, with
its emphasis on complexity and its
acceptance of redundancy is far more
appealing; it suggests abundance and
a whole that is more than the sum of
its parts.

Of course from a mainstream efficiency perspective these emotional, strongly
aesthetic responses to the concept may be dismissed as irrational and unscientific.
Words and phrases often bandied around such as ‘holistic’ and ‘irreducible complexity’
appeal (it can be argued) to people who lack scientific training, who rely too much on
false metaphors, and who are fundamentally in search of something to replace the God
and the Soul that they can no longer bring themselves to believe in.
What is more, they reject the simplistic idea that scientific knowledge and creativity
or ‘wonder’ are antithetical. They point to many scientists whose efforts to understand
the universe through measurement, stem in fact, from a profound emotional and
aesthetic appreciation of the natural world and a desire to protect it.
Different emotions, different visions; the debate will run and run as it already has for
so long. One’s gut feelings may or may not bear scientific scrutiny. Common sense,
as famously remarked (if variously attributed), is the sense that tells us that the earth
is flat. Nevertheless, the point here is neither to validate nor invalidate the accuracy
of these aesthetic responses to ‘efficiency’ but rather to argue that these responses
should be taken seriously and explored respectfully. They are profoundly important in
shaping people’s arguments about what efficiency is and is not, and what should stand
in its place.
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5. Conclusions: From efficiency to
effectiveness?
To return to the title of this piece: what is efficiency? And is it
sustainable? The short answer is: it depends on who you ask.
The word is embedded in discussions about the ills and possibilities of the food
system, yet, as we have shown, different people assign very different meanings to it.
Some use it as a short hand for sustainability without really thinking about it. Others
have their own often inconsistent definition but may disagree with other people’s
usage. Some argue that the definition of efficiency needs extending to encompass
a broader set of indicators. Others still may simply reject its utility as a measure of
sustainability per se.
Even the process of writing this paper, as we passed drafts among ourselves, adding
comments and text, revealed much about our own biases as authors. One of us
is perhaps more comfortable with mainstream definitions of efficiency; a second
somewhat more ‘anti’ meat; and the third a romantic despite it all. All these biases
will have been shaped by the disciplines we work within, and of course our personal
circumstances. We bring our prejudices to our analysis, however impartial we try to be.
In short, the word efficiency has become intellectually, morally and aesthetically
overloaded. And since this is so, instead of ignoring these loads, and concluding
this paper by proposing our own new and improved definition of efficiency, our real
conclusion is that we need to pay attention to the loads themselves. How people think
of and use the word efficiency speaks volumes about what people want from and for
our food system, about what a ‘good’ food system is.
And so the longer answer to the question: “What is efficiency? And is it sustainable?”
is that in order to understand what it is, and its relationship with sustainability, we need
to think about what we really want. Since arguments about efficiency are covertly
– and thus confusedly – arguments about goals and ends, then let us make these
discussions clearer by bringing them into the open. Let us be explicit that this is what
we are talking about and then talk about it. How and why do our wants differ, once we
get beyond motherhood and apple pie platitudes, and (how) might we find ways of
resolving differences?
To reorient the discourse, we suggest putting the word efficiency aside for a moment,
and start thinking instead about effectiveness – about what an ‘effective’ food system
might look like. Effectiveness, unlike efficiency, very clearly betokens that we want
things from the food system. We may disagree about what these are but at least the
emphasis is shifted explicitly onto the outcome, rather than our goals being implicitly
and inconsistently tangled up in it, as when discussing efficiency. If we are clear
that outcomes are ultimately what we are all really talking about, we can have a full
discussion about what we want, the routes to attaining them, and where and why we
agree or disagree.
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Of course an obvious and legitimate response to this suggestion is
that we are simply replacing one cloud of confusion with another.
All new terms eventually become dumping grounds for people’s
values and aspirations – as witness for example, sustainable
intensification, agroecology and the inchoate grandmother of them
all, sustainability. This is inevitable – it is what happens with language.
Effectiveness will soon lose its meaning and need to be replaced.
However, for the short time that they are new, these coinages can
catalyse fresh thinking. Effectiveness – which we deliberately do not
define – simply by shifting the emphasis onto ends rather than means,
enables us to talk openly about our values. These are the ‘soft’ issues
that are too rarely discussed openly even though they underpin so
many of the disagreements we have.
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Effectiveness may also have an unexpected side effect – it may allow
us to reinstate the concept of efficiency by circumscribing it, rather
than throwing it out with the bathwater. By off-loading from it the
weight of people’s values, it becomes merely but nevertheless usefully
a tool, one of the many that we might use to assess progress towards
or against environmental, health, economic and social effectiveness –
whatever that is.
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