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Abstract 

The vast majority of the food we eat comes from land-based agriculture, but recent technological advances in agri-
culture and food technology offer the prospect of producing food using substantially less or even virtually no land. 
For example, indoor vertical farming can achieve very high yields of certain crops with a very small area footprint, 
and some foods can be synthesized from inorganic precursors in industrial facilities. Animal-based foods require 
substantial land per unit of protein or per calorie and switching to alternatives could reduce demand for some types 
of agricultural land. Plant-based meat substitutes and those produced through fermentation are widely available 
and becoming more sophisticated while in the future cellular agricultural may become technically and economical 
viable at scale. We review the state of play of these potentially disruptive technologies and explore how they may 
interact with other factors, both endogenous and exogenous to the food system, to affect future demand for land.

Keywords Food system, Vertical farming, Meat substitutes, Cellular agriculture, Fermentation, Food processing

Producing food using less land
Virtually, all the food we eat is produced on arable and 
livestock farms, and agriculture dominates land use in all 
but the coldest and driest parts of the world with major 
negative consequences for biodiversity, nutrient and pol-
lutant runoff, and climate change [1]. But recent advances 
in biology and related sciences offer the prospect of pro-
ducing some types of food using substantially less land 
than we do at present [2, 3]. This has happened before—
demand for agricultural land would be substantially 
greater in the absence of a number of technologies—such 
as synthetic textiles and flavourings—that we have now 
(Fig.  1). How likely are these potentially disruptive new 
advances to translate into novel production systems that 

are commercially viable at scale? Were this to happen, 
what would be the consequences for the global food sys-
tem and how we use land?

Farming requires land because sunlight is the energy 
that powers most food production. We begin by explor-
ing two food production systems that do not need the 
sun: vertical farming and the chemical synthesis of food 
or food precursors. Much protein we consume comes 
from farmed animals, but eating animal-sourced food 
is a less land-efficient way of utilising sunlight than eat-
ing plant-based food (Fig. 2). We discuss a series of tech-
nologies that might replace some animal-source food 
and reduce demand for pasture and cropland to grow 
animal feed: plant-based meat substitutes, fermentation, 
and cellular agriculture. These technologies often pro-
duce amorphous and unappetising products, so whether 
they are accepted at scale will depend on advances in 
food technology that we discuss next. We then investi-
gate some issues around coffee, milk, and other liquids 
we consume. We finish by exploring how these technolo-
gies might be integrated within the global food system, 
the consequent change in demand for agricultural land, 
and the headwinds that may affect their development 
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and deployment. Here, we concentrate on the land spar-
ing effects of novel technologies, but note that continuing 
work on closing yield gaps and raising yield ceilings will 
also affect the demand for agricultural land. Also, our aim 
here is to explore the potential for using less land and we 
touch only briefly on the important economic and social 
welfare aspects of any such changes which rightfully will 
be important considerations for policymakers.

Indoor and vertical farming
Small amounts of exotic fruit were produced during 
the Roman Empire in greenhouses employing mica and 
other natural glass-like minerals, but it was only in the 
seventeenth century when cheap plate glass became 
available that greenhouse production systems became 
widespread [4]. Since then, glass has been augmented 
by plastic, and in many modern systems, the indoor 

environment is tightly controlled to optimise plant 
growth independently of external conditions. Growth 
can also be enhanced using additional lighting or 
releasing pollinators, while some modern production 
facilities are positioned near sources of heat (power 
stations, for example) that also stimulate growth. 
Glasshouses deliver much higher yields per area than 
growing outdoors and can provide protection from 
pests, diseases, and weather extremes [5]. For example, 
greenhouse-grown tomatoes can have yields of over 
500 tonnes per hectare, 15 or more times higher than 
outdoor-grown tomatoes [6].

A recent extension of greenhouse technology is verti-
cal farming where crops are grown indoors on stacked 
horizontal or vertical surfaces [7]. Artificial light at wave-
lengths most appropriate for plant growth is provided, 
facilitated by recent advances in LED technology. Plants 

Fig. 1 The land that would need to be brought into cultivation to compensate for existing near-landless technologies. The analysis is intended 
to be illustrative and assumes one-to-one substitution of natural for synthetic products (in reality the absence of a synthetic product would increase 
prices and reduce demand for the alternative)
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are grown in hydroponic or inert solid substates and are 
provided with their precise nutrient requirements that 
may change as they grow. The most sophisticated systems 
monitor multiple environmental and growth variables in 
real time and use digital-twin modelling techniques to 
optimise the plant’s environment. The diurnal and annual 
growth periods can be extended, with some species 
growing continuously, allowing more crops per year [8].

Vertical farming is used most widely for herbs, salad 
crops, and tomatoes, relatively high value, fast-growing 
crops with amenable growth forms [9]. Very high yields 
are possible, for example, for tomatoes over 1000 tonnes 
per hectare, more than 30 times what could be achieved 
outside. Experiments have shown that broadacre crops 
such as wheat can be grown in vertical farming systems 
with yields very substantially higher than when grown 
outdoors. Global average outdoor-grown wheat yields are 
3 t  ha−1, but an experimental vertical farm could produce 
14 t  ha−1 over a short growing season and 70 t  ha−1 if the 
facility was run continuously all year [10]. Higher yields 
still might be obtained by optimising  CO2 concentrations 
and light levels [11].

Vertical farming has substantial capital costs and is 
very demanding of energy which currently effectively 
restricts it to high-value crops [9, 12], and even here, the 

recent increase in energy prices after Russia’s invasion 
of Ukraine led to several start-ups failing [13]. Wheat 
grown in a vertical farm might be 50 times more expen-
sive than outdoors. The high energy use also affects 
whether vertical farming produces fewer greenhouse-gas 
(GHG) emissions than outdoor farming. Studies of exist-
ing vertical farms found they performed better on many 
environmental outcomes but not on GHG emissions, in 
large part because they relied on non-renewable sources 
of energy [14, 15]. These calculations could change if the 
electricity supply became decarbonised, and if the crop 
land replaced by vertical farming was used for carbon 
sequestration, though land may also be required to pro-
duce renewable energy [16].

We conclude that for the foreseeable future indoor 
farming and related technologies will be confined to 
high value crops such as herbs and some vegetables. But 
as these account for just 4% of agricultural land area, it 
seems unlikely that this will lead to a substantial near-
term reduction in demand for land.

Avoiding photosynthesis
The need for plants to be grown in the open air, exposed 
to sunlight and ambient carbon dioxide, drives demand 
for agricultural land. But there are alternative synthetic 

Fig. 2 The land use of protein-rich foods. For crops, land use is calculated as the inverse of yield with a time correction for multi-cropping 
(more than one crop per year) and fallow duration (time in a rotation where land is left fallow). For animal products, land use includes grazed 
areas and feed. Urban land use (e.g. for solar energy) is also included where it is likely to represent over 10% of the total land use. The impacts 
of additional processing of novel proteins to make them into meat- or egg-replacing foods is excluded here, and land use may increase if this 
is included. Data and sources are provided in Additional file 1
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pathways and different sources of carbon that can be used 
to produce major components of human diets. Some of 
these pathways are not new; during the Second World 
War when Germany had limited access to fats and oils, it 
synthesised margarine from coal derivatives [17].

An alternative to photosynthetic food production is 
to start with a simple carbon source such as ethylene 
or syngas (a mixture of hydrogen and carbon monox-
ide). The carbon it contains can be obtained from three 
major sources:  CO2 in the atmosphere obtained by direct 
air capture (DAC), organic waste, or fossil fuels. Free 
 CO2 has to be chemically reduced to become usable, 
an energy-expensive step [18]. Syngas and ethylene are 
already used as the basis to synthesis paraffins, fats, and 
lipids, and in principle all major macronutrient mono-
mers could be derived from this source [19].

A major challenge to synthesising food chemically is 
the issue of chirality [20]. Many organic molecules exist 
as different mirror-image molecules (enantiomers) with 
nature privileging one form over its mirror image. Chem-
ical synthesis typically produces a mixture of enantiom-
ers which are expensive to separate. However, fats and 
oils are generally not chiral and are the most likely tar-
gets for production at scale, though costs of energy and 
associated GHG emissions remain a barrier [19]. If these 
could be overcome, then synthetic fat production could 
lead to significantly reduced demand for land. Oil crops 
are responsible for ~ 7% of agricultural land, and tropical 
crops such as palm oil are leading drivers of deforesta-
tion and are grown on land with great carbon sequestra-
tion and biodiversity restoration potential [21]. Synthetic 
carbon sources can also be used to produce feedstocks 
for microbial fermentation (see below) [22–25] which 
typically avoids issues associated with chirality and could 
replace a broad array of land-based food products.

We conclude there is the potential for non-photosyn-
thetic fats and oils and fermentation feedstocks to impact 
demand for agricultural land, though further technologi-
cal advances are likely needed to make it economically 
viable.

Plant‑based proteins
Meat production is a major source of GHG emissions and 
occupies large areas of land for grazing and to grow crops 
for animal feed [1, 6]. Meat consumption is constant or 
slightly declining in high-income countries, driven by 
environmental, health, and animal welfare concerns, but 
is increasing globally, particularly in middle-incoming 
countries [26]. Achieving net zero emissions will require 
dietary change, especially in the rich world, and the next 
few decades are likely to see increasing attention on 
reducing meat consumption [27–29].

There are already many plant-based meat substitutes 
on the market [30]. Lentils, peas, and other legumes 
provide alternative sources of proteins, while traditional 
products such as tofu and seitan (from wheat) are impor-
tant protein sources in different cuisines. More recently, 
plant-based products that more faithfully replicate the 
taste and texture (“mouthfeel”) of processed meat have 
been developed [31]. Impossible Foods (founded 2011) 
produces a plant-based burger which mimics animal 
blood using leghaemoglobin found in legumes (produced 
using genetically engineered yeast) [32]. Beyond Meat 
(founded 2009) also market a plant-based burger with 
the blood effect produced using beet juice. The compa-
nies claim their products require less than 90% the land 
needed for traditional beef burgers [33]. These burgers 
are marketed at a relatively high price point, but cheaper 
plant-based meat substitutes are increasingly being used 
to substitute for processed meat in sausages, patties, and 
ready meals [31].

There are many potential plant-based sources of pro-
teins that might be used as meat substitutes [34]. A 
barrier to their use is a poor understanding of molecu-
lar-structure–function relationships: how the amino 
acid sequence determines three-dimensional structure 
and hence its physicochemical properties as an ingredi-
ent and the resultant mouthfeel [35]. Recent advances in 
machine learning have greatly accelerated the determi-
nation of protein structure from sequence, and though a 
more challenging problem, related techniques are likely 
to revolutionise the study of interactions between pro-
teins and between proteins and other compounds. Plant 
proteins do not have the same amino acid profile as ani-
mal proteins which can lead to dietary deficiencies [36]. 
Eating a diversity of proteins helps address this, and 
genetically manipulating the protein to make it more 
nutritious is a further option [37, 38].

The challenge to nations and companies of meeting 
their net zero pledges, and the availability of mature tech-
nologies, suggests a move to plant-based meat substitutes 
may lead to a substantial reduction for some types of 
agricultural land in the next few decades [39].

Fermentation
Fermentation has been used for millennia to produce 
alcoholic beverages, bread, cheese, and products such 
as yoghurt, kimchi, and sauerkraut [40, 41]. Today, 
there is great interest and investment in different fer-
mentation technologies that might produce food with 
a relatively small land footprint [42]. A broad range of 
technologies are being explored but they can loosely be 
divided into bulk or biomass fermentation and preci-
sion fermentation.
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Bulk fermentation utilises fast-growing microor-
ganisms in bioreactors to produce large quantities of 
required substances [43, 44]. The first applications were 
in industrial chemistry to produce compounds such as 
ethanol and organic acids, but in the second half of the 
twentieth century, protein for food began to be pro-
duced commercially. A leader was the British company 
Quorn whose technology, first marketed in 1985, was 
based on a fibrous mycoprotein derived from the fun-
gus Fusarium venenatum whose properties facilitated 
its processing into meat substitutes [45]. In addition to 
other multicellular fungi, species of yeast, bacteria, and 
microalgae have all been studied as protein sources, 
though only a very small fraction of possible species 
have been investigated [42, 46].

Precision fermentation differs in that it uses micro-
organisms to produce desired proteins and other 
compounds [47–49]. Typically, a eukaryote gene is 
genetically engineered into a microorganism which 
is grown in bulk in a bioreactor, and then the desired 
compound is extracted. The enzyme chymosin (rennet) 
used in cheese-making is now largely produced from 
genetically engineered yeast, while pharmaceutical 
insulin comes from modified E. coli bacteria and yeast. 
The bloody look and mouthfeel of Impossible Food’s 
burgers is due to leghaemoglobin produced by geneti-
cally engineered yeast. A major challenge for cellular 
meat production is providing the right growth medium, 
and until recently this had required the use of foetal calf 
serum which is both expensive and to many has ethi-
cal challenges. Precision fermentation can be used to 
produce at least some of the essential growth-medium 
components required for cell and tissue culture.

The economics, sustainability, and scalability of fer-
mentation depends on the feedstock used, as does their 
land footprint. Most commercially available products 
today use feedstocks that could be used directly for 
food or feed. Quorn, for example, uses carbohydrates 
derived from wheat and maize though the fungi is 
more efficient at producing protein than animals fed on 
similar feed [50]. The company ENOUGH is building a 
large Fusarium mycoprotein factory in the Netherlands 
beside a starch factory to use its side-stream products 
[51]. Other by-products such a molasses (from sugar 
production) and cellulose-rich biomass (from agri-
culture and forestry) can be used. In principle, micro-
organisms can use very recalcitrant feedstocks, but 
processing of cellulose-rich material is required to 
make it suitable for fast-growing species which can be 
costly and energy-demanding. “Waste-to-nutrition” 
involving many potential feedstocks could make a sig-
nificant contribution to developing the circular econ-
omy [52].

Bacteria-based systems with a variety of gaseous feed-
stocks have also been investigated [41, 53]. Methano-
trophic bacteria can produce protein from methane, 
which has been used to make aquafeed and animal feed 
though at the cusp of financial viability. Other bacteria 
if supplied with a mixture of hydrogen and oxygen and 
 CO2 can fix carbon and produce protein. The hydrogen 
and oxygen are produced by electrolysing water which is 
energy intensity though might still result in lower emis-
sions if surplus renewable energy is used. However, the 
explosive property of the gas mixture and its low solubil-
ity requires expensive bioreactor engineering.

There are significant opportunities for improving the 
efficiency of fermentation by developing better microbial 
strains (for example those that tolerate higher cell den-
sities), improving bioreactor design and cultivation sys-
tems, and producing proteins more suitable for human 
and animal consumption [53]. This can be done directly 
by genetic engineering or other synthetic biology tech-
niques or indirectly using artificial evolution to select for 
desired effects. There is also research on assembling the 
components of biochemical processes such as protein 
synthesis in cell-free bioreactor systems [54].

Though less advanced than plant-based substitutes, the 
production of meat substitutes and other products pro-
duced by industrial-scale fermentation is likely to grow 
and may lead to a significant reduction in demand for 
land over the next few decades.

Food from cell and tissue culture
Winston Churchill predicted in 1931 that “Fifty years 
hence, we shall escape the absurdity of growing a whole 
chicken in order to eat the breast or wing by growing 
these parts separately under a suitable medium” [55]. 
This has not come to pass, but the last decade has seen 
massive investment in cultured meat with several compa-
nies becoming unicorns (attracting over $1B investment) 
[56].

Though there are many variants, most current pro-
posals for cultured meat start with an animal biopsy 
to provide a potential cell line which may be further 
treated (“immortalised”) to prevent ageing [57]. For 
commercial production, the cells are allowed to grow 
and multiply in large bioreactors bathed in a suitable 
growth medium, using technology very similar to that 
employed in the production of monoclonal antibodies. 
The cells are then harvested as a slurry and further pro-
cessed (see below) to produce protein-rich substitutes 
for processed meat products such as ground beef or 
chicken nuggets. Plant-based proteins, fats, flavourings, 
and additives may be added along the production chain. 
As of January 2024, a single (chicken) product of this 
type, marketed by Good Meat (a subsidiary of Eat Just), 
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has obtained regulatory approval in Singapore and the 
United States [58].

The nascent industry faces a variety of economic, 
engineering, and scientific challenges [59–64]. Existing 
growth mediums tend to be very expensive, and there are 
high capital costs to set up production facilities. Costs 
are coming down (Fig. 3) but from a high base and analo-
gies to Moore’s Law for semiconductors may be too sim-
plistic [63]. Growth media often include animal-derived 
components such as adult or foetal bovine serum that 
undermine animal-welfare arguments for cultured meat, 
though some progress has been made in finding non-
animal replacements [65]. Mammalian cells grow more 
slowly than microorganisms and achieving high cell den-
sities while avoiding contamination requires complex and 
expensive bioreactor design and control systems [66].

Products based on cell suspensions are a start but the 
hope of many researchers and companies in the field is to 
produce animal tissue or even whole muscles. Research 
on organ development and wound healing is providing 
many new insights into the underlying fundamental biol-
ogy, but price-competitive commercial products are still 
some way off. A first step is to grow cells as sheets that 
can be harvested and stacked to give meat-like products. 
One company, Upside Foods (formerly called Memphis 
Meats) has regulatory approval in the US for a chicken 
product of this type (the second and only other prod-
uct so far approved) though it is produced in very small 
quantities and not sold at a price reflecting its true costs 
[68]. A further step is to develop edible scaffolds on 
which cells can grow in a manner that mimics muscle 
tissue, possibly also allowing mechanical stretching as 
would occur in natural muscle development [69].

Cultured meat has a substantially smaller land footprint 
than real meat, even after considering the land required 
to grow its feedstocks (Fig.  2). Its other environmental 
footprints are difficult to gauge as no technology has yet 
been taken to scale, and emissions will depend critically 
on whether high energy inputs come from renewable 
sources [64, 70]. Whether regulators allow food-grade 
processing or demand more energy intensive pharma-
ceutical-grade processing (to remove possible toxins) will 
also be important [71].

We expect cultured meat to begin to replace some pro-
cessed meat in the next decade, but the time scale for 
marketable textured meat (steaks etc.) is far less certain, 
and delivery will require known scientific barriers to be 
overcome. At least for the foreseeable future cultured 
meat is unlikely to have a major effect on demand for 
land.

Food processing
Many novel ways of producing food that require less land 
give rise to relatively homogeneous substrates that need 
to be processed to provide the texture and mouthfeel we 
demand of food. A key process in current food technol-
ogy is extrusion where a homogeneous ingredient mix-
ture is forced through a die that shapes the product and 
introduces anisotropy (texture) [72]. In addition to the 
ingredient mix, temperature, pressure, and sheer stress 
can all be manipulated resulting in different outcomes. 
Current understanding of extrusion is in large part based 
on experiments as it is difficult to observe and then 
model what happens inside an extruder, though advances 
in semi-sold state modelling may allow a more predictive 
approach [34].

Fig. 3 The production cost of lab-grown meat over time compared to global average chicken and beef prices. For lab-grown meat, data are 
from corporate press releases and from internal data from Systemic Capital (with permission). Data and sources are provided in Additional file 1. 
For chicken and beef, data are from FAOSTAT [67]



Page 7 of 13Godfray et al. BMC Biology          (2024) 22:138  

There are other ways to produce texture from a uni-
form mix including spinning and the use of shear cells 
[72, 73]. A particularly exciting technique is 3-D printing. 
As in other applications, 3-D printing involves robotically 
building a possible complex three-dimensional struc-
ture layer by layer [74, 75]. A paste or a powder may be 
deposited, typically followed by bonding using a binder 
or through heating. Most applications to date have 
involved niche areas such as sophisticated confectionary 
and patisserie creation and novel pasta shapes. But it also 
shows promise for potentially more widespread applica-
tion including in meat substitutes. Fat and protein rich 
ingredients can be printed to mimic the distribution of 
muscle and fat in real meat. The relative ease with which 
printing parameters can be varied simplifies research into 
different structures and offers the prospect of tailoring 
meat substitutes to individual nutritional needs and pref-
erences [34].

Though we have discussed a variety of different tech-
nologies separately in the preceding sections, combin-
ing them at the processing stage may allow the creation 
of more realistic alternatives. Several meat substitutes, 
for example, are hybrid products containing both plant-
based and precision fermentation ingredients [76].

Advances in food processing do not directly affect land 
use but are important for facilitating the adoption and 
acceptability of novel food types which may compete 
with or replace land-based agricultural systems.

Coffee, milk, and other liquid food and beverages
Coffee contains the stimulant caffeine but is a complex 
mixture of perhaps 1000 compounds, many of which 
contribute to the taste, aroma, and mouthfeel of the bev-
erage [77]. The world consumes 2 billion cups of coffee 
a day with increasing demand contributing to tropical 
deforestation [78]. Chicory has been used for 200 years as 
a coffee substitute [79], but modern food science is allow-
ing beverages to be created which much more closely 
resemble coffee. In principle, all components could be 
chemically synthesised, but the variety of start-up “bean-
free coffee” companies are largely exploring different 
plant-derived substrates for roasting, including water-
melon seeds, sunflower seed husks, date pits, lentils, and 
chicory—some by-products of existing production and 
some requiring new land [80]. Some companies use syn-
thesised caffeine, but others use caffeine derived from 
tea—a crop that can also contribute to deforestation. At 
an earlier stage of development is coffee derived from cell 
cultures grown in bioreactors that produce bean tissue 
that can then be roasted [81].

Milk is a structurally more complex liquid, a colloidal 
dispersion of fat and oil droplets with globules of the 

protein casein in a liquid medium containing further pro-
teins, lactose, vitamins, minerals, and other compounds 
[82]. The mouthfeel of milk is strongly influenced by its 
colloidal structure which is determined by the balance 
of the repulsive and attractive forces between droplets 
[34]. Plant-based milk substitutes, especially soy milk, 
have been produced for decades to meet the needs of 
vegans and those with lactose intolerance [83]. Their 
market share, diversity, and sophistication have increased 
markedly in the last 25 years, spurred by a greater shift 
to more plant-based diets and environmental concerns 
about farming animals [84]. But as important have been 
advances in food science that allow plant-based substi-
tutes to have a very similar mouthfeel to real milk [85].

Milk is produced by cows and other ruminants which 
may be pasture or range fed, kept indoors and fed on 
plant-derived feeds, or a combination of the two. Because 
plant-based dairy substitutes require less land than ani-
mal-sourced foods, an increase in their consumption 
is likely to result in a net decline in demand for agricul-
tural land. Exactly what types of agriculture land will be 
affected is harder to predict and will depend on whether 
pasture or grain-fed production is more displaced and 
the species of plant (soy, almond, oat, etc., for milk sub-
stitutes) used for substitute products that are most 
acceptable to consumers.

A blended egg is also a colloidal dispersion which when 
heated becomes a gel as the proteins it contains dena-
ture allowing the formation of hydrophobic and chemi-
cal bonds and hence particle aggregation [35, 86, 87]. 
Plant-based egg products seek to mimic this behaviour 
by selecting proteins that denature at similar tempera-
tures and can form gels when combined with appropri-
ate starches. However, most hens are fed on crop-derived 
feeds and are highly efficient converters of plant to ani-
mal biomass, so egg-substitutes are likely to have a rela-
tively small effect on demand for land.

A mature market for non-dairy milk and creamers 
exists and is growing, and a smaller market exists for 
non-dairy cheese and eggs [88]. There are fewer cof-
fee and tea substitutes, though this is an area of active 
research. Technological barriers for these types of new 
products seem lower than for other novel foods and were 
they to prove acceptable to consumers they could quite 
rapidly reduce the demand for some types of agricultural 
land.

Land use and the food system
Our review shows that there are already technologies 
available to produce food with a reduced land footprint, 
and there is a high likelihood that further technolo-
gies will become available. How will these innovations 
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interact with other food system factors to determine 
the global agricultural land footprint?

Human populations continue to rise though at a 
decelerating rate, and most demographers predict that 
numbers will peak this century and possibly begin to 
decline [89]. The major driver of this is the demographic 
transition where people are brought out of poverty, 
provided with reproductive health care and education 
for their children. Under these circumstances human 
fecundity naturally falls [90]. A reduction in poverty 
is obviously a good thing, but more wealthy people 
demand diets that require more resources to produce 
[91]. The peak demand for food from human popula-
tion can be estimated in different ways, with most fig-
ures suggesting we will require to produce somewhere 
between 30 and 60% more food by mid-century than we 
do at present [92].

Rising demand for food over the last 50 years has led 
to only modest increases in farmland thanks to increases 
in productivity (Fig. 4). Looking forward, we may be able 
to increase further the yield ceilings of major crops and 
especially more minor crops which have received much 
less research on genetic improvement. However, there 
are biophysical limits to crop productivity, and there is 
some evidence that these are being approached for some 
species [93]. Realised yields are often below those theo-
retically possible given local climates and soil. Closing 
this yield gap will be an important way of meeting future 
demand though a complex challenge requiring increas-
ing farmer skills and often providing financial capital and 
access to markets [94, 95]. Considerable wastage occurs 
in the food chain, with estimates suggesting approxi-
mately a third of food is never consumed [96]. In low-
income countries, losses in food supply chains are most 
important, while waste in the home, retail, and food ser-
vice sectors is most important in high-income countries. 
Bearing down on waste, raising yield ceilings, and closing 
the yield gap will all lower the demand for food and for 
agricultural land. The degree to which we are successful 
in these goals will affect the pressures to develop landless 
food production systems.

Reductions in land available for agriculture will also 
spur research on alternative food production systems. 
Climate change may have some positive effects on agri-
cultural production, but all integrated assessments sug-
gest a net negative affect with some, possibly a large 
amount, of current agricultural land becoming unfarm-
able [97]. Growing populations and an increase in urban-
isation will increase competition for land, and societies 
may wish to use some agricultural land for other pur-
poses such as carbon sequestration and storage and pro-
viding habitats for biodiversity.

To summarise, a larger and wealthier global popula-
tion will increase demand for food though the degree to 
which this is transmitted to increased demand for agri-
cultural land will depend on progress in raising yield ceil-
ings and closing the yield gap as well as reducing waste 
[94]. Climate change and competition for land will ren-
der some areas unsuitable for agriculture and increase 
the pressure to farm where possible. Newly wealthier 
people may demand more land-intensive food (particu-
larly animal-sourced foods) though changes to diets with 
fewer GHG emissions may reduce pressure on land [98]. 
The net effects of these food-system processes affecting 
demand for land will determine investment in reduced 
and land-less production, though exogenous factors such 
as the cost of energy will also be influential.

Headwinds
There are a variety of factors slowing the development of 
technologies that would reduce the demand for land. The 
most important is the economic challenges of producing 
food in new ways. Modern agriculture is very efficient 
because of generations of research, but also because some 
inputs are essentially free—sunlight for example—and 
because negative externalities are seldom internalised as 
part of the cost of food [99]. Thus, nitrogen run-off from 
agriculture causes extensive problems for drinking water 
and habitat quality, but the cost is typically born by soci-
ety and not by the producer or consumer.

Conventional agriculture is also heavily subsidised and 
receives other indirect support. The World Bank has esti-
mated that governments annually spend $0.75 trillion on 
agricultural subsidies [100]. At least in theory, this huge 
number provides enormous headroom to redesign global 
food systems in a way that have better health and envi-
ronmental outcomes. However, it also implies a large 
number of vested interests that will resist change. S Val-
lone and EF Lambin [101] recently estimated that pub-
lic financial support for animal production was 1200 and 
800 times greater than that for novel technologies in the 
EU and US respectively. Lobbying by trade organisations 
and non-profits is also strongly skewed to support exist-
ing farming techniques.

One area of contention has been whether alterna-
tive foods can use the name of the product they seek 
to mimic in their labelling and marketing. Unilever, 
for example, in 2014 attempted to sue Eat Just (then 
trading under Hampton Creek) on the grounds that 
its product “Just Mayo” was misleading as it contained 
no eggs. In this case, however, the lawsuit was with-
drawn, perhaps because a petition accusing the com-
pany of bullying attracted over 100,000 signatures 
[102]. Against this bias in favour of existing agricul-
ture is the enthusiasm of venture capitalists for many 
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Fig. 4 Trends in food production, agricultural land area, crop yields, and cropping intensity. Cropping intensity increases if the number of crops 
grown in a year increases (multi cropping) or the short fallow duration in a rotation decreases. Data from FAOSTAT [67]
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landless-agriculture start-ups, some of which have 
been valued at many multiples of their plausible mid-
term earnings.

There is understandable concern about novel tech-
nologies and calls to consume less animal-sourced 
products amongst people whose livelihoods depend 
on land-based agriculture. Many of these farmers 
are already relatively poor, and these fears have been 
pounced on by populist political movements, while 
food system transformation has become part of the 
“culture wars”. At the level of political economy, suc-
cessfully meeting future food system challenges will 
require a just transition in which those with the least 
power are helped to adjust to inevitable change. An 
important facilitating narrative is of farmers as pro-
viders of both private goods (food sold in the market) 
but also public goods such as carbon sequestration and 
habitats for biodiversity that can attract state fund-
ing (which can be cost-neutral if subsidies are repur-
posed)—reduced land-based food production need 
not be associated with reduced small-farm income. It 
is also important to recognise that the incomes and 
nutrition of people in the poorest countries need to be 
raised to acceptable levels before they can be expected 
to contribute to reducing environmental threats, 
though there are opportunities for more sustainable 
technologies to be introduced earlier to avoid some of 
the problems of previous development pathways.

Public acceptance of novel foods will be affected by 
lobbying but also by the hard-to-predict dynamics of 
public opinion [103–108]. AE Sexton, T Garnett, and 
J Lorimer [109] used quantitative social-science meth-
odologies to identify positive and negative narratives 
about alternative proteins. Different positive narra-
tives stressed (i) health benefits, (ii) feeding the world 
more securely, (iii) reduced harm to the environment 
and animals, (iv) greater food safety and certainty of 
content, and (v) an enjoyable tasty food experience. 
Negative narratives highlighted (i) unnaturalness, (ii) 
that they are not a true narrative, and (iii) their irrel-
evance to feeding the world at scale. Interesting dis-
sonances can be observed: individuals simultaneously 
privileging naturalness in foods but welcoming meat 
alternatives as reducing harm to animals and people 
arguing new technologies are at the same time irrel-
evant and a threat to jobs. These entwined narratives 
about alternative proteins and the other technologies 
discussed here will continue to interact and evolve and 
be subject to external forces such as changes in food 
prices and the cost of living as well as the degree to 
which a changing climate will incentivise individuals 
to alter their behaviour to reduce emissions.

Conclusion
The imperative to make the global food system sustain-
able will almost certainly lead to radical change in the 
coming decades, and this is likely to include a move to 
reduced and land-less agriculture. Reaching net zero 
is very difficult without a switch to more plant-based 
diets, and this will reduce demand for land for pasture 
and feed, a move that will be accelerated as new tech-
nologies improve the acceptability of plant-based alter-
natives. A series of new technologies will also affect 
demand for land. Most mature is the production of pro-
tein-rich and other food components by microbial fer-
mentation. Further in the future but a very active area 
of research is cellular meat. We believe products with 
both high greenhouse gas and biodiversity impacts—
coffee, tea, cocoa, oil palm—will increasingly become 
targets for research on substitution. The energetic 
costs of land-less agriculture are high and at present 
make the substitution of staple food products unlikely, 
though this might change if cheap renewable energy 
resources became available. Were substantial amounts 
of land to be released from agriculture then some will 
certainly be used for urban expansion and other imme-
diate human uses, but there would also be the excellent 
opportunity to repurpose it to mitigate climate change 
through carbon sequestration and to address the biodi-
versity crisis.
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