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Abstract
The combination of advances in knowledge, technology, changes in consumer preference and
low cost of manufacturing is accelerating the next technology revolution in crop, livestock and
fish production systems. This will have major implications for how, where and by whom food
will be produced in the future. This next technology revolution could benefit the producer
through substantial improvements in resource use and profitability, but also the environment
through reduced externalities. The consumer will ultimately benefit through more nutritious,
safe and affordable food diversity, which in turn will also contribute to the acceleration of the
next technology. It will create new opportunities in achieving progress towards many of the
Sustainable Development Goals, but it will require early recognition of trends and impact,
public research and policy guidance to avoid negative trade-offs. Unfortunately, the quantitative predictability of future impacts will remain low and uncertain, while new chocks with
unexpected consequences will continue to interrupt current and future outcomes. However,
there is a continuing need for improving the predictability of shocks to future food systems
especially for ex-ante assessment for policy and planning.

Shocks to global food systems
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Throughout history, societies have contended with how to produce sufficient food. Currently,
both economically developing and developed countries struggle to achieve and balance a wide
range of food-related goals such as food and nutrition security and safety, environmental sustainability, wildland conservation, economic development and rural poverty alleviation
(Godfray et al., 2010). These challenges have become increasingly global in scale and in complexity with the growth in international food trade.
Food systems have always been subject to short-term regional shocks such as inclement
weather, pests and diseases, and social conflicts, as well as longer-term stresses caused by climate change (Porter et al., 2014), population growth (Roser and Ortiz-Ospina, 2017), environmental degradation (Ferber, 2001; Smith et al., 2017) and political and economic
development. The 2008 food price crisis that led to widespread food riots in many countries
showed how regional shocks to food production and policies have global consequences not
only for food supply and distribution, but also for social and political systems (Berazneva
and Lee, 2013). There is an increasing concern about the impact of global climate change
on food production and its associated environmental, economic, social and political impacts
(Godfray et al., 2010). More recently, trade disputes and the COVID-19 crisis further highlight
the risks of massive disruptions in the globalized food supply chains, unveiling an underlying
vulnerability of agricultural systems.
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A new kind of emerging shocks to global food systems stems
from advanced technologies that are transforming food production and agricultural systems at an unprecedented rate. Until
now, the technological changes such as irrigation, mechanization
and crop breeding have revolutionized food production, but these
changes generally came gradually and at different times in different places, like the ‘Green Revolution’ during the last 60 years
(Evenson and Gollin, 2003). These technological changes often
focused on production (Evenson and Gollin, 2003), with harmful
consequences for the environment (Ferber, 2001; Smith et al.,
2017) and society (Ng et al., 2014). What will differentiate the
coming technological revolution in food systems from previous
developments will be its speed, breadth, reach and the corresponding opportunities as well as challenges it will pose in feeding
the globe, as discussed in this Editorial.
Potential food system ‘game-changers’
Simultaneous advances in knowledge, technology and changes in
consumer preference have created a set of new food technologies.
Herrero et al. (2020) listed many emerging single technologies
with reference to their state in the ‘pipeline’ from research to initial implementation, but without considering the potential impact
on the society at large. In addition, many of the advances in technology listed by Herrero et al. (2020) will unlikely achieve much
widespread impact on food systems on their own, such as artificial
intelligence or big data. Only when these are combined and linked
to a specific domain and involved the stakeholders, they potentially become ‘game-changers’. These ‘game-changers’ encompass
crop, livestock, aquaculture and fisheries systems and include:
(1) Artificial intelligence linked with Big Data, sensors and food
systems knowledge to increase productivity, optimize resource
use and minimize externalities in food supply chains,
(2) Autonomous acting technologies including robots and drones
throughout the food supply chain,
(3) Tailored genes for specific food production, nutritional and
environmental outcomes,
(4) Large-scale aquaculture both on-land and in the ocean,
(5) Novel food and feed from farmed single-cell organisms, algae
and insects, and designed food using synthetic biology, and
(6) Vertical farming with controlled-environment production of
crops, livestock and seafood.
Components within these technologies have been developed for
decades, but have reached or will reach soon a combined maturity
and affordability that will warrant fast and widespread implementation. For example, sub-technologies have experienced recent
breakthroughs in autonomous acting (like autonomous driving),
on-time sensory and picture recognition, high-speed data transmission and processing, genetic manipulation, and energy (e.g.
solar) and light production (e.g. LEDs) – all combined with
much lower cost in manufacturing these technologies. As a consequence, each of these six major technologies will likely take
off fast, disrupt the functioning of food production systems and
related systems with both positive and negative implications.
For example, the operation of crop, livestock and aquaculture systems will be substantially improved by artificial intelligence connecting remote, continuous, real-time and low-cost sensor
monitoring through production systems with autonomous interventions (Carvajal-Yepes et al., 2019). These technologies can
simultaneously improve resource use efficiency with reduced
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environmental externalities, thus increasing the sustainability of
food and feed production and their acceptability by producers
and consumers alike.
Similarly, multiple, small autonomous robots and drones will
replace repetitive and hard labour, similar to past trends in
other manufacturing industries, e.g. car production, revolutionizing efficiency and challenge traditional food production, harvesting, processing, packaging and distribution. Replacing farm
labour, which is the most expensive cost in many farm operations
(Mundlak, 2005), with such autonomous machines could change
the historic trend of increasing farm size. The prior approach of
increasing farm size required expensive and heavy machinery
that caused soil degradation, reducing crop growth and yield
(Unger and Kaspar, 1994), large mono-culture field units with
low biodiversity (Green et al., 2005), and increasing concentration
of livestock with local nutrient surplus and eutrophication of the
environment (Ferber, 2001; Smith et al., 2017). In the future, with
the introduction of autonomous-acting field technologies, larger
farms will not necessarily be more profitable or successful than
smaller farms (Asseng and Asche, 2019). Less dependency on
labour could also mitigate major food supply disruptions resulting
from recent events such as the COVID-19 pandemic and drastic
changes in immigration policies.
Increased productivity through tailored genes for crops and
fish is now possible, e.g. a genetically modified Atlantic salmon
was the first GMO animal, to be approved for sale in the USA.
The breeders of this new salmon claim that it has an increased
growth and improved feed conversion enabling a more efficient
food supply. There is a growing consumer interest in ‘plant-based
meat’ that consists of extracted plant protein, spices and binding
ingredients. Technological advances in synthetic biology and precision fermentation could lead to mass production of engineered
protein in factory fermentation facilities and cultivation of meat
cells for food and feed (Tubb and Seba, 2021). If widely accepted,
such technology could challenge traditional livestock production
systems, but not necessarily reducing greenhouse gas (GHG)
emissions while also increasing the demand for starch crops
such as maize (Lynch and Pierrehumbert, 2019). New technologies for large-scale production of seafood on land and in ocean
cages could increase seafood accessibility for consumers and possibly reduce pressure on wild fish stocks (Diana, 2009). Linking
new developments in aquaculture and livestock by producing
feed from algae could significantly reduce GHG emissions in livestock, the largest GHG emitter in agriculture (Roque et al., 2019).
Tailored genes can also enhance nutrient composition and value
of food and eventually lead to substantial improvements in nutrition and ultimately human health (Glass and Fanzo, 2017), in
addition to increasing the food supply volume. Growing crops
in vertical farm factories with many stacked layers of crop production under controlled conditions with artificial lighting have the
potential to produce large amounts of food with minimal land
requirement, independent of weather, climate change, soil and
location. In addition, there are strong environmental benefits
through the reuse of most of the water, no application of pesticides and no fertilizer loss to the environment (PinstrupAndersen, 2018). This technology could free agricultural land
and reduce the pressure on deforestation of rainforests due to
the expansion of land required for agricultural production. It
could also minimize transport and thus the carbon footprint by
producing food closer to the consumer. For example, the average
global wheat yield could theoretically increase by 6000 times per
area per year in a 100 layer vertical farm (Asseng et al., 2020).
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Fig. 1. Global reported production (black line) and IFPRI projections (red dotted line and red symbol). Projections made by IFPRI in 2000 for the year 2020. (a)
Wheat, (b) maize, (c) pork and (d) farmed fish (including shellfish). Source (Rosegrant et al., 2001; Delgado et al., 2003; FAO, 2019; United States Department
of Agriculture (USDA), 2019).

However, this is unlikely to be economically viable for broad-acre
crops due to the high energy costs for light and air-conditioning
(Asseng et al., 2020), but could well be viable for other more valuable crops, like vegetables (Eaves and Eaves, 2018).
Many unanswered questions
The outcomes, and whether these ‘game-changing’ technological
innovations are beneficial to society, will depend on consumer
preferences as well as policy regulation and economic factors.
Substantial uncertainty about the technology revolution relates
to whether or not new technologies will be considered ethical,
socially acceptable and equitable. New technologies are embraced
as major advancements for societies but may perpetuate societal
divides in agricultural workforces as well as between countries.
Policy regulation and economic factors will determine how
these new technologies are adopted and by whom.
A critical issue is whether Africa, Asia and Latin America that
are currently the major regions for food insecurity, poverty and
rapid demographic change will advance from technological solutions for the required productivity increases, and if so, if they can
leapfrog technologies similar to the rapid adoption of cell phones
for telecommunication and the associated digital payment evolution. Public and private actors will play defining roles in smallholder farmers’ access to ‘game-changing’ food technologies and
enabling factors such as effective infrastructure for feed delivery
and market access, maintaining new technologies (on the inputs
side), processing and marketing (on the output side), and access
to financing. Future governance at all levels, including local,
regional, national and international, will be important for a
socially responsible revolution in food and agricultural systems.
Predictability of food production
One of the key questions is if future food production will be able
to meet the demand of a growing world population given resource

and environmental constraints? More than two centuries ago,
Malthus famously predicted that it could not, thus limiting
both population growth and living standards (Malthus, 1798).
The failure to date of Malthus is a reminder of our historical
inability to anticipate how food production can change and
increase in response to technology and institutions, and how
the potential for future shortages creates incentives for such
technological and institutional changes.
At the turn of the century, the International Food Policy
Research Institute (IFPRI) used a sophisticated model of food
supply to project global production in 2020 for wheat, maize,
pork and aquaculture (farmed fish and shellfish) (Rosegrant
et al., 2001; Delgado et al., 2003). The wheat projections were
quite consistent with actual production (Fig. 1(a)), because the
essential elements of the global wheat supply and demand system
were captured by the IFPRI model while there were also no large
exogenous shocks nor large changes in the underlying drivers.
In contrast, maize production was 39% larger than projected
(Fig. 1(b)), largely because the US and EU government requirements to add ethanol gasoline – an institutional change not
anticipated in the model assumptions – created a large increase
in demand for maize. The pork projections over-estimated production by 20% (Fig. 1(c)), mostly due to another exogenous
shock, i.e. African Swine Fever, that decimated China’s pork production in 2019. However, the greatest difference between the
projected and actual production was for aquaculture for which
actual production exceeded the projections by 64% (Fig. 1(d)).
Models for this relatively new industry did not capture the impact
of unanticipated new technologies, the role of globalization and
international trade and policy on aquaculture and fisheries, despite access to large amounts of data and broad food systems
knowledge.
The next technological revolution in food production systems
suggests that all future food production will continue to be difficult to predict quantitatively, with all types of foods potentially
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subject to as dramatic changes as occurred for aquaculture over
the past two decades. However, more accessible global data and
new AI tools to analyse these might improve the prediction of
some of these trends in the future.
Towards 2050
Herrero et al. (2021) suggested combining the list of food systems
innovations in Herrero et al. (2020) with multiple Sustainable
Development Goals (SDGs) through well-planned transition
pathways, carefully monitoring key indicators and through an
implementation of transparent science targets at local levels.
While a noble goal, achieving this in many situations might be
difficult, as policy has often been lacking behind technology
advancements, such as computing and the Internet, and might
even hinder future innovations. Future food production systems
and technology innovations will also happen regardless of SDGs
and the question will remain how to eventually guide these
through policies that lead to broad positive outcomes. The next
technology revolution needs to be considered in the context of
multiple food-related challenges, shocks and risks. These include
changing demographics, climate change, inequitable food distribution, declining quality and adequacy of diets, accessibility of
healthy foods, food waste, food safety and zoonotic disease transmission, antimicrobial resistance and the paradoxical growing ‘triple burden’ of malnutrition (hunger, insufficient nutrients, and
overweight and obesity) (Gomez et al., 2013). When combined,
this complex challenge requires a paradigm shift in which we
rethink how, where and what food is produced in the future.
How can the new ‘game-changing’ food system technologies be
employed to address the existing challenges and minimize potential negative outcomes? Some of the new food technologies create
an opportunity to consider food systems as an ecological system,
with transitions to circular agriculture from local to global scale.
They have the potential to increase and diversify production systems and minimize environmental degradation with food production becoming carbon neutral, recycling water and minimizing
externalities. If successfully implemented, these technologies can
enable societies to produce healthy, nutritional and environmentally friendly food for all. However, while the technology revolution by itself will disrupt many aspects of life, coupling technology
innovations with sociocultural and policy changes will be necessary to make progress towards multiple SDGs (Barrett et al.,
2020).
Policy implications
Technological innovation will undoubtedly transform the global
food system, but which technologies have the greatest influence
will hinge on economics and business models, challenges on scaling up technologies, consumer preferences and the decisions of
governments and international bodies about regulation and international agreements. A transformation of food systems through
technology innovations will require changes in the components
of food systems and values, regulations, policies, markets and governments surrounding it (Herrero et al., 2020). Herrero et al.
(2020) identified a number of policies to accelerate technology
change including trust building among actors, transforming
mindsets, enabling social license and stakeholder dialogue, guaranteeing changes in policies and regulations, designing market
incentives, safeguarding against indirect, undesirable effect, ensuring stable finance and developing transition pathways. In

addition, we see that the challenge for governance is to identify
market failures where private incentives for innovation fall short
or do not discourage innovation in technologies that are harmful.
Governance systems can respond by providing incentives for new
technologies that generate the greatest net benefits to society. They
can also assist with incentives for bundling of technologies with
positive social outcomes (Barrett et al., 2020). We suggest four
key questions and their potential solutions for food technology
policy.
Firstly, when do private market incentives lead to underinvestment in basic science and technology that supports nutritional
security? There are many private incentives to develop premium
products for high-income consumers in niche markets and highvolume, low-cost products for large numbers of medium and lowincome consumers in wealthier countries. However, it is less clear
that private firms are incentivized to pack nutritional content into
low-cost, high-volume products when breeding new crop varieties, genetically modifying crops and fish, or when experimenting with new processed foods, much less incentivized to
developing products accessible to the poorest segments of society.
Private incentives to innovate for nutritional and healthy foods
and against hunger are inadequate, making the role of publiclyfunded national and international food and agricultural centres
even more crucial.
Secondly, which innovations are likely to produce desirable
co-benefits for the environment and society and thus warrant
more support from the public sector? Global policy agendas are
diverse, with various nations attaching different weights to food
safety, nutritional security, ecological sustainability and economic
development. Identifying technologies with co-benefits in these
domains can help overcome disagreements about policy priorities
in negotiating trade agreements, technology transfer or international aid.
Thirdly, to what extent does delaying a needed climate policy
in some countries weaken private incentives for green innovation
in the food system? For example, carbon pricing would change the
relative values of different food technology innovations by
increasing the relative costs of GHG-producing technologies.
This delay forces private investment to not only bet on the success
of developing new technologies but also on the timing and stringency of new policies.
Fourthly, how will societies engage and lead the technology
revolution in food production systems? Policymakers must prioritize future investments in human capacity-building. Countries
without the capacity to engage in technological advances will
have limited ability to realize technologies’ potential benefits. A
set of essential skills in each country will be vital to create or
maintain each country’s global integration. An educated public
is needed to weigh both the economic, environmental and ethical
implications and to help guide the next revolution in food supply
systems.
Financial support. This research received no specific grant from any funding agency, commercial or not-for-profit sectors.
Conflicts of interest. None.
Ethical standards. Not applicable.

References
Asseng S and Asche F (2019) Future farms without farmers. Science Robotics
4, 1–2.

Downloaded from https://www.cambridge.org/core. Wageningen University and Research - Library, on 18 Mar 2022 at 15:03:19, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859621000836

The Journal of Agricultural Science
Asseng S, Guarin JR, Raman M, Monje O, Kiss G, Despommier DD,
Meggers FM and Gauthier PPG (2020) Wheat yield potential in
controlled-environment vertical farms. Proceedings of the National
Academy of Sciences 117, 19131–19135.
Barrett CB, Benton TG, Cooper KA, Fanzo J, Gandhi R, Herrero M, James
S, Kahn M, Mason-D’Croz D, Mathys A, Nelson RJ, Shen JB, Thornton
P, Bageant E, Fan SG, Mude AG, Sibanda LM and Wood S (2020)
Bundling innovations to transform agri-food systems. Nature
Sustainability 3, 974–976.
Berazneva J and Lee DR (2013) Explaining the African food riots of 2007–
2008: an empirical analysis. Food Policy 39, 28–39.
Carvajal-Yepes M, Cardwell K, Nelson A, Garrett KA, Giovani B, Saunders
DGO, Kamoun S, Legg JP, Verdier V, Lessel J, Neher RA, Day R, Pardey
P, Gullino ML, Records AR, Bextine B, Leach JE, Staiger S and Tohme J
(2019) A global surveillance system for crop diseases. Science 364, 1237–1239.
Delgado CL, Wada N, Rosegrant MW, Meijer S and Ahmed M (2003) Fish
to 2020: Supply and Demand in Changing Global Markets. Washington, DC:
International Food Policy Research Institute, 226pp.
Diana JS (2009) Aquaculture production and biodiversity conservation.
Bioscience 59, 27–38.
Eaves J and Eaves S (2018) Comparing the profitability of a greenhouse to a
vertical farm in Quebec. Canadian Journal of Agricultural Economics-Revue
Canadienne D Agroeconomie 66, 43–54.
Evenson RE and Gollin D (2003) Assessing the impact of the Green
Revolution, 1960 to 2000. Science 300, 758–762.
FAO (2019) Food and Agriculture Organization, Food and agriculture data.
Available at www.fao.org/faostat. (Accessed 15 August 2019).
Ferber D (2001) Keeping the Stygian waters at bay. Science 291, 968–973.
Glass S and Fanzo J (2017) Genetic modification technology for nutrition and
improving diets: an ethical perspective. Current Opinion in Biotechnology
44, 46–51.
Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF,
Pretty J, Robinson S, Thomas SM and Toulmin C (2010) Food security:
the challenge of feeding 9 billion people. Science 327, 812–818.
Gomez MI, Barrett CB, Raney T, Pinstrup-Andersen P, Meerman J,
Croppenstedt A, Carisma B and Thompson B (2013) Post-green revolution
food systems and the triple burden of malnutrition. Food Policy 42, 129–138.
Green RE, Cornell SJ, Scharlemann JPW and Balmford A (2005) Farming
and the fate of wild nature. Science 307, 550–555.
Herrero M, Thornton PK, Mason-D’Croz D, Palmer J, Benton TG,
Bodirsky BL, Bogard JR, Hall A, Lee B, Nyborg K, Pradhan P,
Bonnett GD, Bryan BA, Campbell BM, Christensen S, Clark M, Cook
MT, de Boer IJM, Downs C, Dizyee K, Folberth C, Godde CM, Gerber
JS, Grundy M, Havlik P, Jarvis A, King R, Loboguerrero AM, Lopes
MA, McIntyre CL, Naylor R, Navarro J, Obersteiner M, Parodi A,
Peoples MB, Pikaar I, Popp A, Rockström J, Robertson MJ, Smith P,
Stehfest E, Swain SM, Valin H, van Wijk M, van Zanten HHE,
Vermeulen S, Vervoort J and West PC (2020) Innovation can accelerate
the transition towards a sustainable food system. Nature Food 1, 266–272.
Herrero M, Thornton PK, Mason-D’Croz D, Palmer J, Bodirsky BL,
Pradhan P, Barrett CB, Benton TG, Hall A, Pikaar I, Bogard JR,
Bonnett GD, Bryan BA, Campbell BM, Christensen S, Clark M, Fanzo
J, Godde CM, Jarvis A, Loboguerrero AM, Mathys A, McIntyre CL,
Naylor RL, Nelson R, Obersteiner M, Parodi A, Popp A, Ricketts K,
Smith P, Valin H, Vermeulen SJ, Vervoort J, van Wijk M, van Zanten
HHE, West PC, Wood SA and Rockström J (2021) Articulating the effect
of food systems innovation on the Sustainable Development Goals. The
Lancet Planetary Health 5, 50–62.
Lynch J and Pierrehumbert R (2019) Climate impacts of cultured meat and
beef cattle. Frontiers in Sustainable Food Systems 3, 5.
Malthus TR (1798) An Essay on the Principle of Population. Electronic
Scholarly Publishing Project, 1st edn. London, pp. 1–126.
Mundlak Y (2005) Economic growth: lessons from two centuries of American
agriculture. Journal of Economic Literature 43, 989–1024.

319
Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C,
Mullany EC, Biryukov S, Abbafati C, Abera SF, Abraham JP,
Abu-Rmeileh NME, Achoki T, AlBuhairan FS, Alemu ZA, Alfonso R,
Ali MK, Ali R, Guzman NA, Ammar W, Anwari P, Banerjee A,
Barquera S, Basu S, Bennett DA, Bhutta Z, Blore J, Cabral N, Nonato
IC, Chang JC, Chowdhury R, Courville KJ, Criqui MH, Cundiff DK,
Dabhadkar KC, Dandona L, Davis A, Dayama A, Dharmaratne SD,
Ding EL, Durrani AM, Esteghamati A, Farzadfar F, Fay DFJ, Feigin
VL, Flaxman A, Forouzanfar MH, Goto A, Green MA, Gupta R,
Hafezi-Nejad N, Hankey GJ, Harewood HC, Havmoeller R, Hay S,
Hernandez L, Husseini A, Idrisov BT, Ikeda N, Islami F, Jahangir E,
Jassal SK, Jee SH, Jeffreys M, Jonas JB, Kabagambe EK, Khalifa S,
Kengne AP, Khader YS, Khang YH, Kim D, Kimokoti RW, Kinge JM,
Kokubo Y, Kosen S, Kwan G, Lai T, Leinsalu M, Li YC, Liang XF, Liu
SW, Logroscino G, Lotufo PA, Lu Y, Ma JX, Mainoo NK, Mensah GA,
Merriman TR, Mokdad AH, Moschandreas J, Naghavi M, Naheed A,
Nand D, Narayan KMV, Nelson EL, Neuhouser ML, Nisar MI,
Ohkubo T, Oti SO, Pedroza A, Prabhakaran D, Roy N, Sampson U,
Seo H, Sepanlou SG, Shibuya K, Shiri R, Shiue I, Singh GM, Singh
JA, Skirbekk V, Stapelberg NJC, Sturua L, Sykes BL, Tobias M, Tran
BX, Trasande L, Toyoshima H, van de Vijver S, Vasankari TJ,
Veerman JL, Velasquez-Melendez G, Vlassov VV, Vollset SE, Vos T,
Wang C, Wang XR, Weiderpass E, Werdecker A, Wright JL, Yang YC,
Yatsuya H, Yoon J, Yoon SJ, Zhao Y, Zhou MG, Zhu SK, Lopez AD,
Murray CJL and Gakidou E (2014) Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013:
a systematic analysis for the Global Burden of Disease Study 2013. Lancet
384, 766–781.
Pinstrup-Andersen P (2018) Is it time to take vertical indoor farming seriously? Global Food Security-Agriculture Policy Economics and
Environment 17, 233–235.
Porter JR, Xie L, Challinor AJ, Cochrane K, Howden SM, Iqbal MM,
Lobell DB and Travasso MI (2014) Food security and food production
systems. In Barros VR, Field CB, Dokken DJ, Mastrandrea MD, Mach
KJ, Bilir TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B,
Kissel ES, Levy AN, MacCracken S, Mastrandrea PR and LL White
(eds), Climate Change 2014: Impacts, Adaptation, and Vulnerability Part
A: Global and Sectoral Aspects Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge, UK: Cambridge University Press and New York,
NY, USA, pp. 485–533.
Roque BM, Salwen JK, Kinley R and Kebreab E (2019) Inclusion of
Asparagopsis armata in lactating dairy cows’ diet reduces enteric
methane emission by over 50 percent. Journal of Cleaner Production
234, 132–138.
Rosegrant MW, Paisner MS, Meijer S and Witcover J (2001) Global Food
Projections to 2020: Emerging Trends and Alternative Futures.
Washington, DC: International Food Policy Research Institute, 224pp.
Roser M and Ortiz-Ospina E (2017) World population growth.
OurWorldInData.org. Available at https://ourworldindata.org/world-population-growth/ (Accessed 1 August 2019).
Smith MD, Oglend A, Kirkpatrick AJ, Asche F, Bennear LS, Craig JK and
Nance JM (2017) Seafood prices reveal impacts of a major ecological disturbance. Proceedings of the National Academy of Sciences of the USA
114, 1512–1517.
Tubb C and Seba T (2021) Rethinking food and agriculture 2020–2030. The
second domestication of plants and animals, the disruption of the cow, and
the collapse of industrial livestock farming. Industrial Biotechnology 17, 57–72.
Unger PW and Kaspar TC (1994) Soil compaction and root-growth – a
review. Agronomy Journal 86, 759–766.
United States Department of Agriculture (USDA) (2019) Livestock
and poultry: world markets and trade. Washington, DC. Available at
https://www.fas.usda.gov/data/livestock-and-poultry-world-markets-and-trade
(Accessed 10 August 2019).

Downloaded from https://www.cambridge.org/core. Wageningen University and Research - Library, on 18 Mar 2022 at 15:03:19, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859621000836

