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The current global food system is unsustainable. The depletion of natural resources and increased

environmental emissions, climate change, biodiversity loss and increasing population contribute to food

system unsustainability and food insecurity. Conventional intensive agriculture and industrial food

production practices need to be examined, with a view to transitioning to more sustainable alternative

agricultural production. Factors such as farm energy use and their effects on the biophysical

environment and biodiversity, trade-offs between productivity and environment and agricultural policy

contribute to agricultural production choices and sustainability. Alternative agricultural practices are

discussed with a focus on farming systems which protect natural resources and biodiversity. These

include alternative land and marine food production systems and the use of various cellular agriculture

and culture-based methods for producing food. Selected emerging sustainable food systems are

highlighted. Key actions for restoration of land and aquatic food production systems include rebuilding

of soil and aquatic ecosystems, wider application of alternative sustainable agricultural and processing

practices, and integration of innovative technology into traditional and emerging agricultural systems.

These actions need to be supported by policy which encourages the co-creation of sustainable

alternative agricultural systems by multiple stakeholders.
Sustainability spotlight

The restoration of food production systems is required due to the declining sustainability of food systems and their inability to provide food and nutritional
security to all people. Food production systems that are more sustainable, preserve biodiversity, contribute to soil health, and that conserve the environment
need to be developed. The importance of restorative actions to improve the sustainability of current agricultural production systems and the potential
sustainable alternative future production systems are discussed. Although there are challenges to the adoption of sustainable practices in food production
systems, it is imperative that all stakeholders work together to facilitate the restoration of food systems that operate within our planetary boundaries.
1. Introduction

The current epoch, the Holocene which began 11 700 years ago,
may be replaced by a new one based on the impact of humans
on the planet over the past few decades. The mid-20th century
has been proposed as the approximate date of the start of the
new epoch, the anthropocene.1 This is in the context of the term
anthropocene being understood as the “age of irreversible
human impacts on the planet”. However, geologists consider
that the anthropocene will not be an official epoch in Earth's
geological time.2 Despite the lack of consensus, the mid-20th
century was the beginning of irreversible changes to the Earth
system where there were major perturbations to C, N and P
cycles, and the Earth's biosphere and biota.3 These changes to
the planet have resulted in signicant challenges to feed the
growing population sustainably with the planet's diminishing
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natural resources, while not compromising nutrition and
planetary health.4 It is important to maintain the resilience and
stability of the Earth system to safeguard the well-being of all
humans.5

Feeding people requires an adequate provision of calories and
nutrients to consumers. Food availability and food supplies have
changed over time with advances in food production and infra-
structure, and climate change. Sustainability, which includes
responsible use of natural resources, sustainable production and
consumption, and sustainable value chains, is inextricably
entwined to our future and that of generations to come.6 The
global food system is no longer sustainable.7 The four key aspects
of food system sustainability are environmental, social, economic
dimensions, and food security.8 There has been a call for a global
revolution to be able to feed the world in 2050.9 Feeding the world
now and into the future requires understanding the challenges
and providing solutions for achieving food security whilst
preserving ecosystems.10,11 The production, processing, prepara-
tion and consumption, distribution and trade of food are all part of
the food system and activities within each part of the system can
impact sustainability.12
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Agri-food systems are responsible for much of the land and
environmental degradation, emissions, depletion of natural
resources and biodiversity loss. The Green Revolution that
began in the late 1960s led to signicant increases in food
production due to adoption of genetic strategies to improve
crop varieties to obtain increased yields13 but the impact of the
green revolution had mixed impacts on the environment.14

Restorative actions are needed for current food production
systems to improve their resilience and stability in the face of
climate change and depleting non-renewable resources. Alter-
native and emerging agricultural production practices are also
needed to make the food production systems more sustainable.

This review focusses on the restoration of food production
systems and examines the potential of selected alternative
systems for producing food that are not presently mainstream.
It provides a brief overview of selected current agricultural
production systems which promote sustainable practices. This
is followed by an examination of some of the major factors
affecting sustainable agricultural production including energy
use, the biophysical environment, soil fertility, biodiversity and
government policies. Restorative actions to improve the
sustainability of agricultural production systems are discussed.
Examples of transitions to future sustainable alternative
production systems for (i) land-based food production, (ii) soil-
free food production, and (iii) re-imagined and re-emerging
food production practices are considered. Key actions for
restoration of land and aquatic food production systems
including rebuilding of soil and aquatic ecosystems, wider
application of alternative sustainable agricultural and process-
ing practices, integration of innovative and technology into
traditional and emerging agricultural systems are provided.
2. Current food production systems
that prioritize sustainability

In this section, selected food production systems that include
sustainable practices are discussed. The focus is on their
movement to more sustainable food production systems.

Agroecology is a pathway to sustainable food systems.15 It
encompasses ecological, technological, economic, sociocultural
and political dimensions of food from production to
consumption and the formation of multistakeholder partner-
ships to facilitate co-creation of sustainable solutions for all.16

This includes reducing agro-chemical inputs, substituting for
more sustainable inputs, re-designing farming practices at
farm-scale, re-establishing producer-consumer relationships
and supporting global shis towards ecological restoration.17 A
community managed natural farming project in India (Andhra
Pradesh Community-managed Natural Farming, APCNF)
program based on agro-ecological transformation of farming
practices of 6 million farmers, over 6 million hectares and 50
million consumers, showed that APCNF farms had higher crop
diversity, 11% yield increase of prime crops (paddy rice, maize,
millet, nger millet, red gram) in APCNF villages, 49% net
increase in income (lower input cost, e.g., fertilizers, pesticides)
and 21% higher labor intensity.18,19 A further important aspect
1366 | Sustainable Food Technol., 2024, 2, 1365–1390
is to consider the nutrient proles of the produce from different
farming systems. So far, studies in humans comparing health
effects of foods from different production systems are rare,20

making such large-scale studies even more relevant. A recent
cluster-randomized controlled evaluation of agricultural
households in the APCNF program, aimed at assessing if the
government-implemented agroecology program delivers nutri-
tional, developmental and health co-benets, is being con-
ducted.21 Agroecological symbioses for sustainable food system
networks, interlinking the primary production of food and its
processing with the guiding principle to base production and
processing on renewable energy has been proposed.22

Agricultural production is conducted both on small and
large farms, withmost of the world's farms being small (<2 ha in
size). A meta-analysis of the relationship between farm size and
production, protability, biodiversity and greenhouse gas
emissions showed that on average, smaller farms had greater
crop and non-crop diversity.23 While some studies suggested the
size of farm was not related to resource efficiency, greenhouse
gas emissions or prot,23 others found that in China, increasing
farm size had benets for the environment and prots.24

Intensive farming (which maximises high yields) with higher
levels of inputs (pesticides, fertilizers) with less land use and
labour compared to extensive agriculture are currently used for
producing food. Sound science and innovation can improve the
environmental performance of intensive agricultural systems
and make them more sustainable.25 Sustainable intensication
(“a process or system where agricultural yields are increased
without adverse environmental impact and without the
conversion of additional non-agricultural land”) has potential
to enhance various renewable assets (natural, social and
human) and has to be integrated into a wider range of initia-
tives.26 For accelerating uptake of sustainable intensication
initiatives, multiple goals for sustainable food systems which
interface with areas such as biodiversity and land use, animal
welfare, human nutrition, rural economies and sustainable
development, need to be considered in the development poli-
cies and governance frameworks.27 Other technologies such as
gene-editing for crop improvement enables the rapid intro-
duction of sequence specic modications into cells and
organisms for generating crops with desirable traits (e.g., pest
resistance, drought tolerance, improved nutritional traits).28

Also, there is the use of precision and digital agriculture which
employs high-tech equipment to reduce agricultural inputs and
lower greenhouse gas emissions.29,30

Various agricultural systems aimed at improving the
sustainability including organic culture, conservative manu-
facture, permaculture, agroforestry and regenerative agriculture
have been discussed in recent reviews.31,32 An international
author group33 states “sustainable agrifood systems are critical
to averting climate-driven social and ecological disasters over-
coming the growth paradigm and redening the interactions of
humanity and nature in the twenty-rst century”. The authors
further state “we no longer have the luxury of ignoring viable,
successful options when it comes to agrifood system
sustainability.”.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Biophysical challenges for food production systemsa

Biophysical constraints and actions for improvement

Challenges
� Climate disruption / slowing increase in agricultural production
� Loss of pollinators and increasing CO2/ lower nutritional quality and
yields of crops
� Soil erosion by wind and water, salinization and depletion of nutrients
/ decrease in soil fertility
� Over-pumping and aquifer contamination / reduced groundwater
supplies for irrigation
� Excessive use of pesticides and fertilizers / increased levels of toxic
substances
� Habitat destructions, poisons in environment, climate disruption /
decline of pollinators
� Ocean acidication / decrease in wild sh catch due also to
overshing
� Land-use change / loss of biodiversity
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3. Factors affecting sustainable
agricultural production systems

Efficient and sustainable agricultural production is essential for
ensuring that the world has sufficient food. Sustainable agri-
culture production is underpinned by energy efficiency, soil
conservation and enhancement, water management, biodiver-
sity preservation and social equity and fair trade.34–36 Land use
and crop yields are the primary drivers of increased crop
production.37 The biophysical environment (e.g., climate
conditions – temperature, humidity, day length; soil health, soil
type and nutrient requirements; agrobiodiversity) has a signi-
cant inuence on crop production.38 In this section, some of the
major factors (energy use, the biophysical environment, soil
fertility, biodiversity, and government policies) which inuence
sustainable agricultural production practices are discussed.
Suggested actions
� Reduce excessive use of pesticides, fertilizers, antibiotics, and growth
hormones
� Regulate water use and improve water-use efficiency
� Increase research into long-term sustainability of production systems
� Increase energy efficiency and use of renewable energy
� Protect biodiversity and ecosystem services on land and at sea (e.g.,
preserve natural areas)

a Source: ref. 9.
3.1 Energy use

A recent estimate is that 15–30% of humanity's energy consump-
tion is used for food production (including machinery, fertilizers,
pesticides, irrigation water, harvesting, transportation, storage,
marketing and food preparation).39 A historical perspective high-
lights the impacts of US food production on energy resources
between 1945 and 1970,40 demonstrating the reversal of input of
human labor to machinery and resources (e.g., fertilizers, elec-
tricity, transportation, drying) as well as the related increase in
products yields (Table 1).
3.2 Biophysical constraints

Climate change and increasing CO2 concentrations in the atmo-
sphere are major risks to the sustainability of the food system,
along with population growth and changing food consumption
patterns.42 Five major constraints that impact on food production
are (i) slowing of increases in agricultural production due to
climate change, (ii) loss of fertile soils, (iii) limited ground water
supplies, (iv) dangerous levels of toxic substances, and (v) decline
of pollinators.9 The biophysical constraints affecting the ability of
food production systems and suggested mitigation actions to
achieve food security are provided in Table 2.
3.3 Biodiversity

Expansion of agricultural land and change in land-use is one of
the greatest threats to biodiversity and vice versa biodiversity
Table 1 Average energy inputs in corn production 1945 to 1970 (all num

Energy input (per hectare basis) 1945 1950

Labor (h ha−1) 59.0 44.5
Machinery (kcal × 103) 445 618
Dry to 13% moisture (kcal × 103) 25 74
Electricity (kcal × 103) 79 133
Transport (kcal × 103) 49 74
Corn yields (tons per ha) 22.9 25.6

a Sources: ref. 40 and 41.

© 2024 The Author(s). Published by the Royal Society of Chemistry
can affect food production.43 A related proposal for preserving
ecosystems titled “30 by 30” aims to set aside 30% of repre-
sentative samples of global land and sea area by 2030.44 While
there have been many proposals to increase food production
whilst protecting biodiversity, the loss of biodiversity is difficult
to maintain without slowing population growth.45 The global
biodiversity framework (target 3) calls for conservation of at
least 30 per cent of terrestrial, inland water, and of coastal and
marine areas.46 The Farm to Fork Strategy and Biodiversity
Strategy of the European Commission have suggested setting
ambitious goals for mid-to long-term targets for the agricultural
sector, which may be achieved by extensive farming but results
in productivity losses.47 Biodiversity can be protected by farming
of a high diversity of crops with “integrated management of
land, water and living resources that promotes conservation”.48

Although maximizing biodiversity conservation and agricul-
tural production appear to be mutually exclusive, a conceptual
framework that considers the effects of various aspects of land
bers per hectare)a

1954 1959 1964 1970

41.0 34.6 27.2 22.2
741 865 1038 1038
148 247 296 296
245 346 502 766
111 148 173 173
27.6 36.3 45.8 54.5

Sustainable Food Technol., 2024, 2, 1365–1390 | 1367
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Table 3 European union common agriculture policy – budgets and objectivesa

Objectives % (of total budget) Expenditure, (million V)

Viable farmer income 60.6 38 078
Increase competitiveness and improve farmer's position in supply chain 11.4 7192
Climate change action 8.8 5552
Biodiversity and landscape 8.5 5360
Vibrant rural areas – attract young farmers and facilitate business 5.8 441
Management of natural resources 2.3 1462
Promote employment, growth, social inclusion, and rural development 5.8 3621
Improve societal demands to food and health
(including quality employment, animal welfare, school food schemes)

1.8 1100

a Division of CAP budgets and objectives
linked to new CAP objectives for 2018; source: ref. 59.
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use (composition, conguration, intensity) on both agricultural
production and biodiversity can identify options for balancing
the benecial ways to converse biodiversity and optimize crop
productivity has been developed.49
3.4 Soil fertility

Soil is the foundation of traditional agriculture. Over 90% of our
food is grown in soil, a virtually irreplaceable non-renewable
natural resource and its preservation is required for food
security as soil is essential for food, fuel and ber production.50

In 2015, there was 33% of soil that was moderately or highly
degraded.51 Every year, an estimated 12 million hectares of soil
are lost to soil degradation leading to a potential loss of 20
million tons of grain per year.50

One of the longest running series of experiments on soil
fertility, crop production and plant nutrition, the UK Roth-
amsted experiments started in 1843.52,53 The experiments
demonstrate sustainability and increases in crop yields when
soil fertility is managed and optimized. All soil-based systems
rely on soil fertility for productivity. Soil fertility and biodiversity
in biodynamic, organic and conventional farming systems in
central Europe were compared in a 21 year study.54 There was
lower crop yield (20%) in organic systems, although there was
reduced fertilizer and input by 34 to 53%, and pesticide input by
97%. The authors suggested that organic systems depend less
on external inputs due to enhanced soil fertility and higher
biodiversity.54 Regenerative agriculture, merging farming and
natural resource conservation in the Northern US Plains showed
that pests were 10-fold more abundant in insecticide-treated
corn elds than on insecticide-free regenerative farms.55

Soil microbiomes are crucial for soil health but also for plant
health. Roots are immersed in soil microbiomes and provide
plants with important nutrients, protect them from disease and
pathogens and help plants to adapt to environmental changes.
Additionally, plant and human microbiomes are linked to each
other (sharing similar bacteria phyla) and microbes from
produce (fruits, salads, vegetables) can join the human gut
microbiome and thus can affect gut microbiomes and human
health.56 There is a crucial need for a better understanding of
the parallel effects of agricultural management (conventional,
organic cropland) and climate conditions on soil–microbe–
1368 | Sustainable Food Technol., 2024, 2, 1365–1390
plant interactions.57 A recent collection “soils in food systems”
encompassing advances in soil management, soil microbiology
and biogeochemistry from the Nature Portfolio has been
compiled, with an intent to guide future policy issues.58
3.5 Agricultural policy

Policy interventions and governance are being designed to
inuence and regulate the agricultural sector and include
strategies and measures that aim to promote sustainable agri-
cultural practices. The EU Common Agricultural Policy (CAP)
initially had a focus on supporting farm production and income
but is examining whether they can address key sustainability
issues and meet societal demands for higher environmental
performance.59 Key parts of the CAP budgets and objectives
have been summarized in Table 3.

The CAP objectives post-2020 are to (i) foster smart, resilient
and diversied agricultural sector ensuring food security, (ii)
bolster environmental care and climate actions, and (ii)
strengthen socio-economic fabric of rural areas.59 Recently there
have been farmers protesting against EU regulations and
seeking a proposal for more exibility for farmers to comply
with environmental conditionalities.60 Agricultural subsidies
provided by governments inuence food production choices.
Transitioning to healthy and sustainable food production
systems will be aided by reforming agricultural subsidies
schemes that are based on health and climate change.61
4. Restoration of agricultural
production systems

There needs to be a holistic approach to the restoration of
global food systems. Over the course of human history, agri-
cultural systems that have emerged have featured some trade-
off between productivity and environmental load.62 This
included three major soil erosion linked agricultural transi-
tions: expansion of river-based population and up-forested
slopes around 2000 BCE, the invention of the sharp plough/
deep tillage from 1600–1900 and crop expansion into tropical
biomes aer WWII. Recent rates of erosion on agricultural land
are approximately 35 × 109 tons per year.62
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Agricultural systems restoration will require attention to
ecosystems and adoption of technologies that improve conser-
vation of resources (including energy), and embracing alterna-
tive agricultural production methods, with acceptance that
there will be trade-offs and disruption of traditional food
production practices. To achieve sustainable agrifood systems,
redesigning of existing systems is needed according to the
principles of sufficiency, regeneration, distribution, commons
and care as opposed to the current ones of efficiency (economic
principles), extraction (social-ecological principles), accumula-
tion (allocative principles), private ownership (institutional
principles) and control (relational principles).33 The authors33

also stress the importance and impacts of diversied small
farms, as well as the role of home and urban gardening, as still
underestimated components of sustainable agrifood systems.
The sustainability principles for future global agrifood
systems33 are briey summarized as follows: (i) sufficiency:
producing sufficient food for all whilst promoting welfare and
stewardship practices for food producers, (ii) regeneration:
scheduling production of food at timings that are compatible
with the creative and recuperative process of ecosystems and
people, (iii) distribution: avoiding concentration and over-
accumulation practices and taking steps to correct historic
Table 4 Key renewable energy sources: principles, advantages, and disa

Renewable energy sources

Principles Advantages

Agrivoltaics/agrophotovoltaics/solar energy64,65

� Clean solar energy transition via mounted photo-voltaic
systems

� Reducing e

� Crop protec
� Reducing g
� Low cost
� Filtering of

Water energy/hydropower66,67

� Use of water velocity for energy generation
(e.g., mills, pumps, dykes)

� No fuel cos
� Can be plac
� Continuous

� Long histor

Wind energy64

� Electricity generation
by wind velocity (>7–9 m s−1)

� Clean resou
gases

� Storage in accumulator batteries � Low price e
� No fuel cos
� Can be plac
� Few moving
� Proven anc

Bioenergy (biomass/biofuel/biogas)67,68

� Biomass to produce energy
(e.g., with use of combinations of
chemical, thermal,biological, and mechanical methods)

� Abundant s

� Re-use of re
� Clean energ

� Greenhouse
� Energy secu

© 2024 The Author(s). Published by the Royal Society of Chemistry
injustices (e.g., usurpation of indigenous land), (iv) commons:
changing the perception of food from a commodity to commons
and promoting food democracy practices, and (v) care: replac-
ing the ideal of control in agrifood system sustainability,
guiding inter-and intra-species relationships, establishing food
sovereignty, and recognizing agricultural knowledge and
spirituality.

Restoration requires that actions to be taken to (i) protect
what we have, (ii) engage in large-scale science to generate the
best possible evidence base, (iii) identify what seems to work,
consider how it can be scaled (up/down), share it and study in
restoration projects, (iv) mine the existing evidence base, (v)
anchor decisions in a sober evaluation of benets, risks and
uncertainties, (vi) strengthen partnerships between practi-
tioners and scientist to create a community of practice, and (vii)
seize the opportunity to engage the public.63
4.1 Energy use

Currently, most of the energy for agricultural production and
processing currently comes from using non-renewable sources
(e.g., fossil fuels) but with transition to renewable sources of
energy (e.g., solar, hydro-power, biogas, wind power) in agri-
culture, the effects on agricultural production on climate
dvantages

Disadvantages

vaporation from soil � Partial shading, water runoff may
lead to soil erosion

tion from excessive heat � Slow drying process
lobal warming � Food quality & safety implications

harmful radiation

ts � Potential threat to wildlife
ed in existing water ways � Environmental impacts
and consistent availability � Land change which affects livelihoods in

area
y of use � Decrease ecosystem productivity

rce, free from greenhouse � Alteration of visual aesthetics

nergy source � Noise generation
ts � Threat to wildlife (e.g., birds)
ed in agricultural areas � Fluctuating source
parts � High turbine costs

ient technology

ources � High energy and water
requirements for production

sidual bioresource � Environmental impacts
y � Competition between food

and biofuel production (e.g., oil palm)
gas reduction � Biodiversity loss
rity

Sustainable Food Technol., 2024, 2, 1365–1390 | 1369
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change can be mitigated.64 The choice of which energy source to
use requires and understanding of the trade-off between their
applicability, advantages and disadvantages. The principles,
advantages and disadvantages of selected key renewable energy
sources are given in Table 4.

4.2 Ecological restoration

Ecological restoration is an emerging discipline. There is a need
to commit to a “decade of restoration” and to take actions to
restore the ecosystem.63 Biodiversity offers a largely untapped
resource to support our planet.69 Interdisciplinary collaboration
and inclusive bottom-up processes will be critical for leveraging
past, present and future biodiversity data in a way that aligns
with the equity goals of global biodiversity policy.70 An agenda
for actions to reverse biodiversity loss has been set by The
Kunming-Montreal Global Biodiversity Framework (GBF) of the
UN Convention on Biological Diversity. It includes maintaining
and restoring biodiversity and sets out a framework for collating
data, analysis, and synthesis of ecosystem data.71 Additionally,
multiple, coordinated goals and holistic actions have been
considered for global food biodiversity and sustainability
including food, water, health, and climate security for the most
vulnerable people and more resilient “natural” and “managed”
ecosystems.72 In addition, co-development of agrobiodiversity-
based markets with citizen-consumers for reversing the
decline in agrobiodiversity should be encouraged.73

To cope with the ongoing degradation of the planet's
ecological state and associated health risks, fundamental
reformation of food production has been required74 via creation
of new integrative approaches including open system science
with strong emphasis on relationships with surrounding
systems when solving problems and making use of computa-
tional technologies to dynamically deliver timely and effective
control within limited observation conditions. This includes
biodiversity mainstreaming, and empowering low-input small-
holders to generate bottom-up synergy among most stake-
holders.74 Biodiversity is also seen as a key to addressing the
challenges of increasing world population food shortages
(hunger) and excess (obesity), with at least 7039 existing edible
plant species in contrast to the handful of food crops providing
the majority of calories to humans.6,69

4.3 Soil and land restoration

Land is a major resource for agricultural production. Soil is
a limited resource and sustainable soil management is required
for their restoration in order to improve their capacity to sustain
plant, animal, microbial productivity, and balance hydrological,
carbon, nutrient and the ecosystem functions.75 A decline in soil
fertility results in loss of agricultural production and signicant
economic losses for farmers.76 A shi to more restoration and
maintenance of soil fertility, stability and enhanced resilience
in the face of global change is needed.77 The impacts of agro-
chemicals (herbicides, fungicides, insecticides, biopesticides,
microbial based products) on soil microbiota diversity as well as
soil enhancement and sustainability practices have been pre-
sented extensively.78 The traditional methods for restoring soil
1370 | Sustainable Food Technol., 2024, 2, 1365–1390
fertility are by using humus material. Due to the insufficiency of
humus amounts required for recultivation, alternative
substrates such as sludge from wastewater plants are being
considered.79 Capitalizing on plant–microbe interactions and
the underground world in and around plant roots presents
opportunities for improved soils. There are a vast number of
protozoa, fungi, archae, bacteria, nematodes, algae, and viruses
which help the plants to shield from a wide variety of threats
such as heat, cold, ooding, drought, osmotic stress, patho-
gens, insects, heavy metal toxicity and nutrient limitations.80

Such complex symbiotic relationships are essential for
sustainable agricultural systems and once again stress the need
for controlled regeneration of healthy soils.81,82

Grassland biomes are large open areas of grass. Grasslands
create and stabilize fertile soil, store carbon, and generate
oxygen, building materials and food.83 Grassland, constituting
almost 40% of the terrestrial biosphere, provide a habitat for
a great variety of animals and plants and contribute to the live-
lihood of more than 1 billion people.84 Grasslands store approx-
imately one third of the global terrestrial carbon stock and act as
an important carbon sink. Related plant diversity increases soil
organic carbon storage and promotes microbial necro mass
contribution to soil organic storage.85 Relating to the ongoing
decline in grass biomass,84 it was stated “We urge conservation
initiatives to safeguard against the conversion of old-growth
grasslands for tree planting or tillage agriculture, to maintain
our ancient biodiverse grass lands with appropriate disturbance
regimes, and to emphasize the long-term restoration of grass-
lands in efforts to restore Earth's biodiversity”.

In addition to agricultural crops, animals raised on land are
an important source of food for many populations. Although
there are challenges to sustainable livestock rearing, these can be
mitigated by good feed and nutritional management in various
types of animal production systems to obtain positive (or neutral)
socioeconomic and environmental outcomes.86 A new Grassland
Animal response model (GLAM) which relates livestock-cohort
grass and feed requirements to farm-grassland system areas
has been developed.87 The authors suggest that there is potential
for sparing good quality land by applying GLAM to improve grass
and cattle management, with up to 18% grassland in Ireland
spared without compromising total protein production.87
4.4 Restoration of aquatic systems

As for aquatic food systems, food from the sea represents only
17% of the current production of edible meat with Castello et al.
(2020) estimating that edible food from the sea could increase
by 21–44 million tons by 2050 (36–74% increase compared to
current yields) with most pronounced increases estimated for
mariculture. Looking at the environmental performance of sh
and other aquatic foods, with pelagic shes generating lower
greenhouse gas emissions than all fed aquaculture (atsh and
crustaceans highest) and farmed salmon with the least land and
water use,88 attractive concepts for future environmental resto-
ration activities have been developed. Shiing to such low-
stressor aquatic foods providing high nutritional values (e.g.,
iron, zinc, vit. B12, polyunsaturated fatty acids) can become
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a viable alternative to terrestrial animal food sources. Replacing
sh meal and sh oil which are currently used in most aqua-
culture facilities with feed generated from insects would further
increase resilience of farmed sh production.89

Six global principles for restorative aquaculture activities
have been proposed. These include (i) developing farms at sites
where environmental benets are generated, (ii) farming
species which provide the desired environmental benets,
taking into consideration their differing natural functions and
growth, (iii) using the appropriate farming equipment (e.g., that
reduce risks of entanglement of plastics and have positive
effects on fauna), (iv) adapt farming management practices
(e.g., timing of construction, farm conguration, seeding, har-
vesting), that improve environmental benets, (v) conduct
aquaculture at an appropriate scale and intensity to ecosystems,
and (vi) recognize the social, economic, and environmental
benets.90

Also, the value of seagrass ecosystems for providing food and
supporting livelihoods should be promoted. Seagrasses are
a unique group of submarine owering plants that belong to the
monocotyledon order Alismatales.91 Seagrass meadows store
and sequester carbon, provide coastal protection and water
ltration. Seagrass have nitrogen xing bacteria in their roots,
allowing them to colonize nitrogen poor environments and
their associations with clams (and their bacterial symbionts),
and have aided the ability of seagrass to inhabit otherwise toxic
marine soils.91 Eelgrass seeds have been used by the native Seri
people of the Gulf of California to create a gruel as food
supply.92 Seagrasses offer opportunities to combat the biodi-
versity crisis and provide nature-based solutions to mitigate
climate change and sustainable development.91 The restoration
Fig. 1 Transitions to sustainable alternative food systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of seagrass meadows, which support marine species, produces
oxygen, store carbon and stabilizes the coastline, is important
for marine conservation and aquatic environments.93
5. Alternative land and soil-based
food production systems

While restorative actions to improve current mainstream agricul-
tural production systems will help improve sustainability, this by
itself is insufficient to achieve food systems sustainability. This
section considers alternative agricultural production systems,
which may be introduced in addition to restorative actions on
current production systems. The transitions required to make
selected (i) land- and soil-based, (ii) soil-free, and (iii) re-emerging
food production systems more sustainable are covered (Fig. 1).
Selected land and soil-based food production that merit consid-
eration in the development of sustainable alternative production
systems include (i) traditional food systems (alpine farming,
indigenous farming and wild food) and (ii) promising future
systems (leaf protein, agrivoltaics).
5.1. Traditional food systems

Alpine farming, indigenous farming and wild food foraging
have been practiced by human civilizations for many genera-
tions. Traditional farming practices (crop rotation, inter-
cropping, organic composting, terracing, agroforestry, inte-
grated crop-animal farming, slash-and-burn farming, seed
saving and preservation, natural pest control) are age-old
practices based on indigenous knowledge that have been
passed down through generations. They promote sustainability,
Sustainable Food Technol., 2024, 2, 1365–1390 | 1371
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preserve biodiversity, contribute to soil health, and conserve the
environment.

5.1.1 Alpine farming. Alpine farming is commonly
described as the movement of humans with their livestock
between permanent settlements in the mountain valleys in the
winter and temporary settlements in the subalpine/alpine belt
for pasturing in summer. Such natural pastures above the tree
line, where the soil is not fertile enough for crop production can
provide a farm with a third of the food needed and are tradi-
tionally combined with milk processing.94 Livestock in the Alps
usually includes cows, goats, and sheep for milk and cheese
production, and more recently pigs (feeding on whey) for meat
production.95 Such traditional breeding systems provide
ecosystem services including conservation of genetic resources,
water ow regulation, pollination, climate regulation, land-
scape maintenance, ecotourism (increasing due to global
warming) and cultural heritage.95

5.1.2 Indigenous farming. Indigenous communities have
been practicing sustainable farming practices through the ages.
Their farming practices are usually productive, adaptative and
based on ecological principles. Native American farming prac-
tices are based on deep respect for nature, with a rich heritage
of ecological wisdom and community resilience. Empowering
native Americans to develop their agriculture practices has led
to increased numbers of farms (from 7211 in 1982 to 15 494
aer twenty years).96 Native American practices (dry farming to
conserve water, seed preservation to maintain genetic diversity,
controlled burning to renew solid nutrients and help reduce
pest infestation, community farming).97 A study in Hawaii
highlighted the food-producing potential of indigenous agri-
culture, and showed that the traditional agroecosystems of
Hawaii could have similar production levels to consumption
today.98 Indigenous farming, food and re burning practices
could regenerate Australia.99 There is much to be learnt from
indigenous practices to inform sustainable agricultural prac-
tices. Indigenous farming practices may be integrated into
modern farming approaches for more sustainable food systems.
The Globally Important Agricultural Heritage Systems initiative
(GIAHS), has a role in encouraging integration of inherited new
elements with traditional knowledge.100

5.1.3 Wild food foraging. Wild plants provide food security
to many rural communities and are important for meeting the
nutritional needs of these populations. It is estimated that around
one million people use wild foods in their diets. Forests provide
food for some 300 million people and wild game is routinely used
even in urban households.101 According to the authors these wild
species contribute to biodiversity and efforts to conserve it and to
preserve traditional food systems and farming practices need to be
combined.101 The inclusion of wild edible plants as an integral part
of human diets is an untapped potential to ensure wider access to
micronutrients for sustainable food systems.102

Wild mushrooms are an example of wild foods. Wild mush-
rooms (mycetes) are a diverse group of fungi that grow in the wild
(forests, grassland, urban environment). Ancient Greeks believed
that mushrooms provided strength for warriors in battle, Romans
saw them as “food of the gods” and Chinese culture treasured
them as “elixir of life”.103 They provide important nutrients
1372 | Sustainable Food Technol., 2024, 2, 1365–1390
(selenium, potassium, riboavin, niacin, proteins, ber and plant-
based vitamin D) and are low in calories, carbohydrates, fat and
sodium.103 Estimates for total numbers of mushrooms on Earth
vary, and of the expected 140 000, only about 10% (about 14 000
known) are known.103–105There have been 480 species of wild edible
mushrooms identied in Africa, with average consumption
(northern Mozambique) reaching estimated 72–160 kg per
household per year, and up to 60.4% of crude protein (dry weight
basis) for the Lepista nudi species.106 In rice-based ecosystems in
Asia (Cambodia, China, Laos and Vietnam)many foods are directly
caught or collected by rural people in poor households. These wild
foods include 145 species of sh, 11 species of crustaceans, 15
species of molluscs, 13 species of reptiles, 11 species of amphib-
ians, 11 species of insects and 37 species of plants.107 These wild
foods are valuable for the communities and have important
ecosystem roles but have oen been overlooked in official
statistics.107

Non-domesticated wild foods thrive in harsh environments
as they have adapted to various stresses over time. Their resil-
ience and genetic diversity may be exploited for an alternative to
the major staple crops that are facing challenges due to yield
reduction and nutritional quality as the climate changes.108

However, there are hurdles to the popularization of wild foods
and contrasting views on whether this should be pursued, as
success or failure depends on many factors (e.g., natural stocks,
biological prole ecosystem properties, management, market
demand, maturity of value chains, land tenure, policies) which
are yet to be examined.109 However, the contribution of local
knowledge and indigenous knowledge will help in developing
conservation and management practices for wild foods and
facilitate their sustainable use.110
5.2 Alternative future food production systems

In this section a promising source of underutilized biomass
(green leaves) for sustainable plant protein production with
potential to contribute to alleviating the world shortage of
protein is examined. Leaf protein was chosen as an example as
it is one of the most widely available sources of plant-based
protein which is currently an unexplored source of plant
protein.111 Leaf protein expertise has existed since the 1960s and
it timely that this area should be re-examined. There are already
a few new start-ups in the area of production of leaf protein who
have seen the commercial opportunity for leaf protein.

Also considered is the application of agrivoltaics. This is
a new food production system with potential for improving the
sustainability of agricultural production systems (reduced water
use, improved crop protection and better animal welfare).112

Agrivoltaic technology is a most promising and fastest
advancing technology, especially for developing countries with
a lot of sun. It is exible, easy to install, and cheap.

5.2.1 Leaf protein production systems. Green leaf biomass
is one of the largest underutilized sources of nutrients worldwide.
Sources can include cultivated plants (forage crops, duckweed,
alfalfa), discarded leaves and grass biomass.113 The history of leaf
proteins, starting with the rst related publication in 1773, has
been summarized,114,115 including processing aspects and future
© 2024 The Author(s). Published by the Royal Society of Chemistry
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perspectives. The importance as a food source and consumer
acceptability of leaf proteins has been discussed almost 50 years
ago.116 Leaves are an effective protein source, which can be used for
restoration of depleted soils. Plant leaves which have high protein
content (>20% on a dry basis) include leaves from spinach (30%),
sauropus (29.8%), moringa oleifera (29.4%), sugar beet (1924%),
chaya (24%), cauliower (21.7%), soybean (20–25%), green tea
leaves (21–31%), alfalfa (20–25.75%), and cassava (11.8–38%).
Many plant proteins have low solubility which is a limitation in
food applications but green leaves are a good source of the enzyme
RuBisCO which has many desirable functional and nutritional
properties.117 The yield of protein extracted with the same extrac-
tion procedure varied between different leaves, due to the differ-
ences in the amounts of insoluble and bound protein, and cell wall
thickness as well as the age of the plant.111,117

The emergence of new processing technologies (e.g., pulsed
electric eld) allows effective protein recovery with low chlorophyll
content. There can be multiple harvests per year and mixtures of
grasses can lead to tailored nutrient composition.118 The remain-
ing grass/leaf residue aer protein recovery may be used as feed.
Recent developments in protein and nutrient extraction from grass
and clover, leading to improved protein and mineral yields by
application of pulsed electric elds and pressing of the biomass,
stress the potential of leaf proteins for food application.118

Most leaf proteins are an excellent source of indispensable
amino acids but contain some undesirable components (e.g.,
anti-nutritional factors, tannins). Protein from green leaves
have potential in food applications (e.g., egg white replacer,
plant-based meat, dairy alternatives, snack foods, nutritional
meal replacement).119

5.2.2 Agrivoltaics. “Agrivoltaics” is a method to combine
agricultural and electricity production on the same unit of land
which signicantly increases land-use efficiency. It boosts the
resilience of renewable and food production security.120 Originally,
photovoltaic systems (crystalline silicon modules, thin lm
modules) were groundmounted (“solar sharing”), andmore recent
developments include vertical, tilted, tubular, concentrating
modules with mirrors or semi-transparent luminescent collec-
tors.65 The installed capacity for photovoltaic modules worldwide
increased from 5 MWp in 2012 to 14 GWp in 2021, with applica-
tions in grassland farming, arable farming and horticulture.65

Increased land productivity with an average increase in alfalfa
biomass generation of 10% has been shown in a two year experi-
mental setup.121 However, at present agrivoltaics are primarily in
the experimental stage and there is a need for further optimization
of crop and variety selection, water and nutrient management and
crop protection to nd themost promising crops for application of
agrivoltaics.112
6. Alternative production systems:
cellular agriculture and culture-based
methods

Strategies to reduce the environmental and global warming
effects of food production have recently included the intro-
duction of foods without traditional agricultural production
© 2024 The Author(s). Published by the Royal Society of Chemistry
(e.g., soil-free pathways through use of chemical and biological
processes for producing edible molecules).122 The concept of
cellular agriculture, the controlled and sustainable manufac-
ture of agricultural products with cells and tissues without plant
or animal involvement has been summarized in relation to
opportunities and challenges, including its historic develop-
ment.123 There is increasing interest in the application of
synthetic biology and various forms of fermentation for future
food production.124,125

An early quest for synthetic foods as agriculture independent
food sources to feed the growing world population has been
made by Haldane in 1923 who insisted that sugar could be
made from sawdust and yeast would one day replace meat.126

Fiy years later there was a call for the initiation of an inter-
disciplinary program for the development of “synthetic food”.127

Up to recent times, chemical and biological processes have
received less attention compared to traditional land-based
agriculture despite their potential to combat the adverse envi-
ronmental impact of agriculture. Davis et al. (2024) show that
the idea of “food without agriculture” is not new and refer to the
Ziegler or Fischer–Tropsch processes which were used to
convert syngas and ethylene to paraffins, fatty acids and fat; and
by processes such as the Strecker to amino acids and subse-
quently to proteins; or by electrochemical catalysis and
processes to transformmethanol to carbohydrates.122 Biological
pathways to fats, proteins and carbohydrates are feasible. A
chemical–biochemical hybrid pathway for starch synthesis from
carbon dioxide and hydrogen in a cell free system at an
approximately 8.5-fold higher conversion rate than for starch
synthesis in maize has been reported.128 Synthetic biology has
also been used to improve traditional food production using
machine learning, pathway design, expression ne tuning,
protein engineering, synthetic scaffold, CRISPR system, genetic
circuits, and modular engineering.129

The terms microbial biomass/protein refers to microbial
biomass as source of food or feed. Fluxes from agriculture (CO2,
CH4, H2, H2O, nutrients)59 can be utilized for microbial biomass
production with conventional microbial protein producers
(bacteria, yeast, algae) as well as emerging ones such as hydrogen
oxidizing bacteria, methanotrophs, fungi and specic microalgae
such as cyanobacteria.130 The environmental impact of animal
biomass (beef, pork, chicken, egg) ranges from 15 400–3300 (m3

kg−1) for water footprint, 99.5–3.5 (kg CO2-eq. per kg) carbon
footprint, and 326.2–6.3 (m2 kg−1) land use. For commercial
microbial biomass the values are 500–104 (m3 kg−1), 5.5–0 (kg
CO2-eq. per kg) and 2–0.034 (m2 kg−1).131 Microorganisms are
divided into autotrophic (using CO2 as carbon sources and light
or chemical energy for CO2 assimilation) and heterotrophic
(using other carbon containing substrates as carbon source such
as acetic acid, methane, methanol, formic acid).132 Since current
global food production is ultimately constrained by the conver-
sion rate of atmospheric CO2 into edible biomass, microbial
conversion is most essential, e.g., CO2 + light (cyanobacteria,
microalgae), CO2 + H2 (non-photosynthetic bacteria, methano-
genic archaea), or CO2 + electricity (non-photosynthetic bacteria,
methanogenetic archaea).132
Sustainable Food Technol., 2024, 2, 1365–1390 | 1373
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Cellular agriculture is an alternative to traditional soil-based
agriculture and is typically carried out in bioreactors. Plant
cells, animal cells, and microorganisms may be cultivated for
the production of foods that have similar properties to food
from traditional crop and animal agriculture.133 Single cell
protein is one of the earliest examples of cellular agriculture.134

An area of cellular agriculture that is rapidly emerging is that of
precision cellular agriculture, where cellular hosts (e.g., yeasts)
are used to express specic components (e.g., fats, proteins,
carbohydrates, food additives) that are harvested for food
use.124,135 The application of cell cultures and genetic engi-
neering reduces the need for arable land and enables desirable
traits to be engineered into food products,136 and presents
a sustainable alternative to traditional soil-based agriculture.
Achievements, applications, and safety considerations of the
engineering potential of synthetic biology (e.g., genome editing,
assembling methods, metabolic engineering) have been
reviewed.137 Safety considerations and risks which need to be
carefully evaluated include ecological impact (potential to
disrupt natural balance), gene ow (escape of GMOs, impact on
biodiversity), unintended effects (unintended changes in GMOs
traits), allergenicity (introduction of new proteins or
compounds into GMOs), toxicity (altered genetic pathways in
GMOs producing toxic compounds), resistance development
(pest or diseases targeted by GMOs could evolve resistance),
ethical concerns (limits of human intervention in the natural
world), human health concerns (concerns relating to unfore-
seen health effects resulting from GMOs), loss of traditional
varieties (loss of genetic diversity within agricultural systems)
and long term environmental impact (concern about cumula-
tive impact over time).137

A hybrid inorganic–biological articial photosynthesis
system for energy-efficient food production uses a two-step CO2

electrolysis system to produce acetate for direct use for the
generation of a mushroom producing fungus and a photosyn-
thetic algae in the dark.138 According to the authors coupling
this approach to existing photovoltaic systems could increase
solar-to-food energy conversion efficiency by about fourfold
over biological biosynthesis.138 A photovoltaic driven microbial
protein production system using a model with photovoltaic
electricity generation, direct capture of CO2, electrosynthesis of
an electron donor and/or carbon source for microbial
growth (hydrogen, formate, methanol), with subsequent
microbial cultivation and biomass and protein production
has been described.139 Microbial protein production per unit of
land was shown to reach an over 10-fold higher protein yield
and at least twice the caloric yield compared with any staple
crop.139 An envisioned dark food chain relying on chemoautot-
rophy with primary production based upon assimilation of CH4

and CO2 by methane and hydrogen oxidizing bacteria has been
proposed.140 Engineered microorganisms producing hydrogen
gas through water electrolysis as energy source, then reducing
CO2 into C1 and C2 building blocks (methane, methanol, for-
mic acid, acetic acid) being used as electron donor and/or
carbon source for microbial protein production has also been
presented.141
1374 | Sustainable Food Technol., 2024, 2, 1365–1390
6.1 Plant cell and tissue cultures

The concept of cellular totipotency – that living cells are inde-
pendent individuals capable of developing when separated from
the organisms if provided with conditions existing in the
organisms was formulated by Schleiden in 1838 and by Schwann
in 1839. In 1902, Haberlandt put these principles in actual
practice leading to the opening of the eld of plant tissue culture
during 1914–1939.142 Biotechnologically produced cellular prod-
ucts are currently emerging to replace and add to the portfolio of
agriculturally derived commodities, and plant cell cultures used
for food could supplement current food production.143 Cultivated
arctic bramble (Rubus arcticus) and birch (Betula pendula) were
produced using lactose rich dairy side streams a carbon source
and coconut water as natural growth enhancer without compro-
mising the nutritional composition or sensory properties of the
cultivated products.143 The nutritional value of two cell cultured
products, Rowan (Sorbus aucuparia L.) and Arctic bramble (Rubus
arcticus L.) were good in terms of their contents of protein (18–
22%) and dietary ber (28–29%) (on a dry matter basis).144 An
extract from red cultured cells has potential for applications as
a nutraceutical food additive.145 Although plant cells and tissue
cultures are an alternative production method, their commer-
cialization require regulatory approval and further testing of
cultured cells and extracts need to be carried out for them to have
an important place in the food sector.146 An interesting develop-
ment has been the successful application of low level pulsed
electric elds (1.6 kV cm−1, 10 pulses) for stimulating secondary
metabolite biosynthesis in a suspension culture of Vitis vinifera L.
cv. Gamay Fréaux.147 The authors suggest that pulsed electric eld
could be a novel abiotic elicitor for secondary metabolite
production in cultured cells.147 Such production systems could be
valuable food generating systems via using food processing waste
streams.
6.2 Cultured meat

Cell-based meats are obtained by culturing muscle cells in vitro,
without involving animals. The cells are grown in culture media
and are attached to a scaffold to facilitate replication.148 Recently
an approach based on co-cultivation has been suggested with
potential for reducing growth factor supplementation and
accelerating fabrication process, whilst making cultured meat
more similar to meat from animals.149 There are still technical
and economic challenges for wider scale adoption of economi-
cally produced cultured meat with desirable properties.

Cultured meat uses less land and water and produces less
greenhouse gas emissions than conventional livestock agricul-
ture. An early comparison of cultured meat production with
conventional meat production systems in Europe showed that
cultured meat used 82–96% less water, 99% less land and had
78–96% lower greenhouse gas emissions, depending on the
meat product compared.150 However, producing muscle may be
costly and inefficient in resource use (e.g., for production of
growth medium and for running the bioreactor) and also the
production of a complete muscle tissue and the mimicking of
the marbling effect in meat is expected to be difficult.151 The
acceptance of cultured meat products and their ability to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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replace conventional meat will require addressing market-entry
and consumer acceptance hurdles.152

6.3 Microbial biomass production

Historical large-scale examples for the production of microbial
biomass exist (e.g., 1500 m3 bioreactor producing microbial
feed (Pruteen) from methanol).132 Hyde et al. summarized 50
ways to exploit fungi industrially, including modern industrial
mushroom production, use of fungi to enhance food value (soy
sauce, miso, tempeh, Quorn, rennet), generation of food
coloring from lamentous fungi, food avorings, microbially
fermented teas, alcoholic beverages, functional foods and
nutraceuticals, and probiotic fungi as food related examples.153

Mycoprotein, derived from lamentous fungi, has been pre-
sented as a good meat alternative because of its additional
health benets over conventional meat, such as prebiotic and
antioxidant function, and as regulators for blood cholesterol
and blood glucose level.154 There are an estimated 6 billion ton
of carbon in marine biomass with about 5% of it being fungal
which have a role in multiple biogeochemical cycles including
those involving carbohydrates, amino acids and lipids.155 Due to
fungi's metabolic exibility they may be invaluable allies in
digesting plastic refuse (e.g., food packaging materials).155 A call
to include all macrofungi in the post-2020 global biodiversity
targets and to halt biodiversity losses has recently been made.156

6.4 Algal biomass production

Algae (macroalgae and microalgae) are good nutritional and
food sources that have been part of the human diet since
antiquity. Historically, mass cultivations of photosynthetic
algae have been carried out for food production, as food sources
for countries in need of additional food supply, for regeneration
of waste into food, for conversion of CO2 into O2 in life support
systems (e.g., space explorations), and for sewage and waste
treatment with recovery of algal cells for animal feed.157 The
ability of algae to sequester CO2 lends to its sustainability by
helping to reduce the carbon footprint of its production.158

Seaweeds absorb carbon dioxide, provide natural carbon
sequestering, absorb pollutants and extract inorganic nutrients
(e.g., nitrogen, phosphorus) directly from the marine environ-
ment to produce biomass.159 Microalgae are also considered as
tolerant to biotic and abiotic stress and a number of existing
commercial microalgal based products and several prospective
uses have been summarized recently.160

Common edible algae, compliant with EU Novel Food regu-
lations are macroalgae, mainly seaweed (green, brown, red),
microalgae (green, red) and blue-green algae (cyanobacteria).
Various algal species (e.g. Schizochytrium, Chlorella vulgaris,
Euglena gracilis) have achieved USA GRAS status by FDA and
compared to terrestrial plants, even low biomass production
can generate high levels of essential nutrients.158,160 There is
increasing global demand for macroalgal and microalgal foods.
Of the approximately 30 million tons of seaweed biomass used
by humans in 2018, 97% was farmed in a relatively small
number of countries. Most of the global seaweed production is
processed for direct human consumption of hydrocolloids (i.e.,
© 2024 The Author(s). Published by the Royal Society of Chemistry
carrageenan, alginate, agar). Three groups dominate for human
consumption (kombu, wakame, nori).

Algae produce highly digestible proteins, lipids, carbohydrates,
and are rich in essential fatty acids, vitamins, and minerals.158

Protective effects of algae on glucose and lipid homeostasis as well
as anti -inammatory properties have been shown.161 There is
a need to understand how the nutritional composition of various
algal species in different geographical regions and seasons affect
their food and nutritional value, and to improve harvesting,
storage and food processing operations to enable the potential of
algal food to be fully exploited.160,161 With respect to the
consumption of algal ingredients, further research is needed to
understand the long-term human health effects of consuming
algal protein, protein concentrates and isolates on human health.

Substituting human diets with seaweeds at a rate of 10%
annually is predicted to spare up to 110 million hectares of
land.162 Recently this low carbon source of proteins has been
demonstrated to be able to provide an equivalent of up to 45%
of the world's food following an abrupt sunlight reduction
scenario such as aer a nuclear war or asteroid impact in
around 9–14months, using only a small fraction of the ocean.163

6.5 Precision fermented food systems

Synthetic biology is grounded in the convergence of biological
science and engineering. The rapid development of synthetic
biology has enabled the tailoring of cells and their cultivation in
bioreactors to produce a range of compounds, has advanced the
eld of precision fermentation, which have applications across
many industries.164–166 Products using precision fermentation
include soy leghemoglobin produced by engineered Pichia
pastoris to produce plant-based “burgers that bleed”,167

recombinant egg and milk proteins,168 animal-free bio-
engineered milk, sweeteners, soy sauce, rice wine, fats, oligo-
saccharides, and lycopene.124,129

7. Alternative production systems: re-
emerging food production systems

The pressure on the sustainability of the food systemhas re-ignited
interests in methods of food production such as insect farming169

and rice-sh farming.170 With the rise in the urban population,
there has also been increasing relevance of urban and peri-urban
agriculture.171 The modernization and re-imagining of these
previously used practices have been made more attractive and
relevant to today's needs with the application of innovative
approaches and improvements enabled by technological
advancement.

7.1 Insect farming

The consumption of insects by humans (entomophagy) has been
practiced since early hominids and widely eaten in Africa, South
America and Asia but is not well accepted in Western
cultures.172,173 Edible insects include those that belong to the
orders of blattodea (cockroaches and termites), coleoptera
(beetles), diptera (ies), hemiptera (cicadas, stink bugs), hyme-
noptera (bees, wasps, ants), lepidoptera (butteries, moths),
Sustainable Food Technol., 2024, 2, 1365–1390 | 1375
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odonata (dragonies), and orthoptera (crickets, grasshoppers,
locusts). A compilation of approximately 200 edible insect
species174 revealed that insects are an excellent source of proteins
(containing all essential amino acids) in concentrations (e.g.,
crickets, yellow mealworm) comparable to salmon, chicken, beef
or pork, and fat (mono- and poly-unsaturated), carbohydrates
and ber higher than the above reference nutrient values.175,176

They also possess bioactive properties including antioxidant,
antimicrobial, anti-inammatory, immunomodulatory, antihy-
pertensive, and anti-obesogenic effects.176

Some of the advantages of farming insects compared to
livestock include the use of less land and water, lower green-
house gas emissions, high feed conversion ratios, ability to
convert low-value organic products into food and the possibil-
ities of using some insects (e.g., black soldier y Hermetia
illucens L., yellow mealworm Tenebrio molitor L.) particularly for
aquafeed.177 A comparison of resource requirement needed to
produce 1 kg protein from livestock and from insects shows for
feed 7.7 kg versus 1.7 kg; greenhouse gas emission 2835 g CO2,
114 g CH4 versus 1539 g CO2, 5 g CH4, ammonia emissions
170.0 mg versus 5.4 mg; water requirement 15 400 L versus
15.5 L; land requirements 200 m2 versus 15 m2.175 Several insect
species can transform low value organic side streams (e.g.,
manure, catering waste, expired foods) into high-value prod-
ucts, thus contributing to waste recovery and conversion.178 The
safety of insect products depends heavily on the substrate on
which insects are fed. Pesticides and mycotoxins can be
degraded in insect guts but heavy metals may accumulate.179

With the increase in insects farmed for insect protein, it is
expected that there will be increased availability of chitin (b(1-
4)-N-acetyl-D-glucosamine) and chitosan (water soluble, de-
acetylated chitin), which have broad applications in food and
other industries.180 The availability of chitin and chitosan, also
found in marine invertebrates181 and fungi,182 can help in some
of the activities for the restoration of the food systems.

7.2 Mushroom cultivation

Traditional cultivation of mushrooms involved transfer of
mushroom mycelium onto logs of food. Nowadays, mushroom
cultivation uses lignocellulose waste, thereby enabling recycling
of agricultural wastes.183 Mushroom production systems use
locally available substrates (e.g., paddy, wheat and soybean
straw; cotton and coffee wastes, sugar cane bagasse, saw dust).
Additionally advancements in technology which enable quick
composting methods and changes from log to bag cultivation
have reduced cropping time for various types of mushroom (e.g.
button, oyster and shitake mushrooms).184 Gene editing tech-
niques may be applied for breeding of mushrooms, and this
holds potential for creating new mushroom strains with
improved substrate conversion and environmental adapt-
ability.185,186 Recent mushroom cultivation operations include
indoor settings or in submerged cultures.104,187

7.3 Single cell protein production

The term single cell proteins (SCP) refers to microorganisms
such as microalgae, actinomycetes, bacteria, yeasts, molds and
1376 | Sustainable Food Technol., 2024, 2, 1365–1390
higher fungi grown in large-scale culture systems for use as
protein source in human foods or animal feeds.188 The rst
large-scale production was with yeast. Candida utilis was culti-
vated on sulte waste liquor from pulp and paper manufacture
during WWI and WWII. Industrial scale production was
reached in the 1970s157 but it was not economically competitive
with other protein source (e.g., soy). Yeast protein biomass is
considered an attractive alternative to traditional protein sour-
ces but its high contents of nucleic acid can cause health
problems such as gout, kidney stones.189 This necessitates
reducing nucleic acid contents.190 Saccharomyces cerevisiae
biomass can also serve as a source of next-generation food
preservatives.191 In addition, Saccharomyces cerevisiae has
recently been enabled to use light as its energy source.192

Protein production by conventional agriculture-based food
supply chains has become a major issue in terms of global and
environmental pollution such as greenhouse gas emission, land
use and water footprint. Microbial sources are effective substi-
tutes for more expensive protein sources such as sh and
soybean products. The current need to no longer disintegrate
but to upgrade low-value organic and inorganic side streams is
becoming a key driver for microbial bioconversions to valuable
nutrient sources.193 Food processing side streams as well as
food and agricultural wastes are considered as the most suitable
plant-based substrates for the production of these single cell
proteins.194 Bacterial single cell production from different
substrates was reported to reach up to 56.2%, fungal SCP
reached up to 44% and yeasts 56%. Additional nutrients
provided by single cell protein production include lipids,
carbohydrates, b-carotene, biotin, folic acid, niacin, pan-
tothenic acid, riboavin, thiamine, and vitamins B12, C and E.194

Generation of edible microbial proteins produced by meth-
anotrophic or hydrogen-oxidizing chemosynthetic bacteria
which rely on methane or hydrogen and CO2 instead of sugar as
energy sources is currently under development195 and work on
fungal proteins (mycoproteins) and evidence of its health
benets is also re-emerging.196,197 An interesting development is
the co-cultivation of methane and hydrogen oxidizing bacteria
(Methyloparacoccus murrelli LMG 27482 with Cupriavidus necator
LMG 1201) for production of microbial mass.198 Co-cultivation
resulted in 3.8 times higher protein concentration and 6.1
times higher essential amino acid content compared to pure
cultures, leveraging safe and sustainable gaseous substrates.198
7.4 Integrated agriculture-aquaculture systems

There has been co-cultivation of sh with crops practiced by
traditional farmers. Traditional symbiotics rice-sh farming
was reported in China about 2000 years ago and could be made
more sustainable with further development.199 Fish can be
cultivated with livestock, crops or a combination of the three in
a production system. The outputs from one sub-system can be
an input into the other sub-system.200,201 Integrated agriculture
systems which cultivate aquatic foods (e.g. sh/crustaceans) and
crops (e.g. rice, vegetables, fruits) are more environmentally
sustainable and support a natural ecological balance.202 Co-
culture technologies with proper conguration of elds for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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rice and sh is necessary for achieving sustainable of rice-sh
culture systems.203
7.5 Urban agriculture

Urban food production, as an alternative agricultural produc-
tion system, should receive more attention. Urbanization,
which started out as a rare way of life in human history is now
a key phenomenon structuring human lives, economics, poli-
tics, societies and Earth-system dynamics.204 In early cities
urban growth and agricultural intensication were intertwined
or low density forms of urbanisms with food production as part
of agro-urban landscapes or peri-urban agriculture systems
(including urban gardens, agroforestry, wetland raised foods)
existed, depending on climate zones or regions.204 Urban agri-
culture has been dened as “the growing, processing and
distribution of food or livestock within and around urban
centers with the goal of generating income”, or “the production
of food and non-food plants, as well as husbandry, in urban and
peri-urban areas”.205 Reported benets of urban agriculture
include local ecosystem services (increased biodiversity,
combating food insecurity, beautication, habitat for pollina-
tors, recycling of organic waste, increased rainwater drainage)
and climate change mitigation (potential reduction in green-
house gases, carbon sequestering by vegetation and crops,
protection of green spaces, potentially reduced energy and
resources inputs).205,206

Hydroponics use a nutrient-rich water solution for the
growth of crops. In aeroponics, plant are held in a soilless
Fig. 2 Simplified example of cyclical food production.

© 2024 The Author(s). Published by the Royal Society of Chemistry
container where the roots are hanging in air and nutrient rich-
water is sprayed onto the roots.207 It is possible to have indoor
vertical farms that employ cultivation techniques where plants
are grown in soil-free culture medium with nutrient-rich solu-
tions by suspension in a medium (e.g. rockwool, perlite) and
provided with nutrients.208 There are possibilities with the use
of alternative soilless systems made from renewable and envi-
ronmentally friendly organic material as growing media (e.g.,
composted organic waste, coir, so-wood pine bark). These
systems can prevent excessive spread of soil pathogens and
improve efficiency of water and fertilizer use whilst allowing for
optimal plant growth and productivity.209,210

The recent status of urban agriculture consists of vertical
farming, hydroponics, aeroponics (vertical farming using
nutrient mists spayed on plant roots), aquaponics (vertical
farms combining aquaculture and hydroponics) and digeponics
(hydroponics combined with anaerobic digester for organic
matter).206 Vertical farming has a long history of use which dates
back to ancient times. The Hanging Gardens of Babylon and the
oating gardens of the Aztecs are old concepts which have been
revolutionized with development in vertical farming systems.
The Sky Urban Vertical Farming System is an example of low
carbon hydraulic farming system, which maximizes the use of
space and reduces water use by employing a rotating tower
system, with growing troughs built to accommodate soil and
hydroponics as the growing medium, and is another example of
a sustainable solution to urban agriculture. It can also be used
as a hybrid farming system that combines aquaculture with
vertical farming.211
Sustainable Food Technol., 2024, 2, 1365–1390 | 1377
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Table 5 Key actions for food rural and urban production restorationa

Actions

General rural
Integration of benets of all existing and potential food production
systems
Increase production efficiency
Increase biodiversity
Explore new food sources
Apply reduced energy use systems
Re-cycle waste and up-cycle by-products
Connect sustainable agriculture with resilient food processing and
consumption

General from science policy
Remove incentives making food production and consumption harmful
to biodiversity
Accounting for true value and true cost of production by sector
Reduce food waste and loss across supply chains
Strengthen sustainability standards and certication
Promote the use of life cycle assessment
Promote sustainable and varied diets
Improve transparent reporting/denitions for describing sustainable
foods
Mainstream biodiversity considerations (cross-cutting)
Strengthen governance of sustainable food production and
consumption (cross-cutting)
Include climate change mitigation potential when developing dietary
guidelines

a Sources: ref. 171 and 218–221.
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Urban food (e.g., urban gardens, urban agriculture) is a key
lever for change with transformative outcomes such as changed
diets; greened urban spaces; improved food quality, self-
sufficiency, social resilience, ecological resilience; and (re)
connection to nature.171,212 Although urban agriculture has many
benets, greenhouse emissions are six times higher in urban
agriculture than conventional agriculture.213 Urban agriculture can
become more climate friendly by growing crops that are generally
grown in green-houses or air-freighted and using waste as
inputs.213 The development of green “sponge cities” is an example
where the ancient wisdom of peasantry in eld making, irrigating,
fertilizing, growing, and harvesting, have been revived and inte-
grated to build alternative ecological infrastructures to replace
conventional gray infrastructures of cities.214 This improves the
connection between human beings and nature and transforms
urban environments into productive and sustainable landscapes,
particularly around water management.214

8. Re-imagined synergistic alternative
agricultural practices to improve
circularity

Alternative agricultural practices can be combined in a syner-
gistic way with existing and emerging production systems to
optimize use of natural resources. Fig. 2 gives a simplied
example of an envisioned cyclic food production process which
incorporates the use of alternative agricultural processes for
restoring food production systems. It integrates elements of
land-based (plants, grass, chicken), aqua-based (algae), soil-free
systems (insects, mushroom) production systems and use of
waste streams as inputs into food systems.

9. Key actions for food systems
restoration

A paradigm shi from economically driven (poor environ-
mental and public health, mining natural resources) to one-
health driven food systems (improved environmental and
public health, management of natural resources) has promoted
a move away from cheap food at any cost to food within one-
health framework.215

There needs to be more input in climate change issues,
biodiversity, landscape/habitat preservation and societal
demands on food and health including safe, nutritious, and
sustainable food and animal welfare. There is also a need for
a coherent system that combines regulations, incentives and
sanctions following the “polluter pays, provider gets” prin-
ciple.59 To halt and reverse biodiversity losses, the European
Commission has proposed the Nature Restoration Law which
could become a cornerstone to restore biodiversity and
ecosystem services.216 It focusses on the protection and resto-
ration of habitats and the authors see additional potential to
operate on an ecosystem level, including enhancing landscape
structure and rewetting peatlands which increase drought
resilience, and restoring pollinator populations with direct
positive impact on agricultural production. Other actions
1378 | Sustainable Food Technol., 2024, 2, 1365–1390
include reconnecting rivers with their oodplains, increasing
green urban spaces, increasing forest diversity, and restoring
marine ecosystems to improve resilience, people's health and
diversity of ecosystems. Examples for key features of the
proposed law216 include that marine ecosystems reach good
condition (30% by 2030; 60% by 2040 and 90% by 2050). For
agricultural ecosystems, the goals are for the “Common Farm-
land Bird Index” to increase by 10% in 2030; 20% by 2040 and
30% in 2050, and restoration of organic soils in agricultural use
constituting drained peatlands (30% by 2030; 40% by 2040 and
50% by 2050). For example, peatland covering only 3% of earth's
land area holds the equivalent of half the carbon that is in the
atmosphere as CO2 (ref. 217) and the clearest threat to peatland
is agricultural conversion or drainage.

A review on the building of a resilient, sustainable, and
healthier food supply has been published.10 Possible solutions
suggested were: (i) improving food production through modern
biotechnology (e.g., CRISPR-based genome editing technologies),
(ii) improving food sustainability using circular agriculture (e.g.,
cultured meat, nutrient dense microbes), (iii) reducing waste
through biotechnology (e.g., innovative biotechnology
approaches), (iv) enhancing agricultural efficiency using nano-
technologies (e.g. nano-fertilizers and -pesticides), (v) digital
building block (big data, articial intelligence, machine learning)
to optimize the ability to produce and distribute foods and have
better information regarding food properties, (vi) advanced
robotics and autonomous machines (e.g., tractors and combine
harvesters, sensor technology), (vii) increased sustainability
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Alternative food production systems: (i) key principles, (ii) potential benefits & applications, and (iii) challenges & needs

Alternative food systems

Principles Benets & applications Challenges & needs

Traditional food production systems223–226

� One with nature � Resilience � Undervalued indigenous knowledge
� Adaptation to change � Preserve biodiversity � Loss of indigenous knowledge
� Ecological knowledge for management � Conserve natural resources � Lack of documentation
� Self-sufficiency � Low energy dependence on external

sources
� Lack of market access

� Collective rights over communal
resources

� Lack of supportive government policies

Leaf and grass proteins113,115,118,227

� Fresh leaves crushed or permeabilized/
grasses pressed

� Multiple annual harvests � Selection of high nutrient leaf/grass
sources

� Separation of solid and liquid by
centrifugation

� Unique nutritional and functional
proles

� Selection of extraction process

� Protein extraction from liquid fraction � Potential for source-dependent tailor-
made nutrient proles

� Sensory properties

� Good source of vitamins and
micronutrients

� Color (chlorophyll) removal

� Low-cost processing � Anti-nutritional components
� Grassland restoration � Consumer acceptance
� Good potential for development and
start ups

� Processing to remove anti-nutritional
compounds and pigments
� Food safety assessments
� Food regulation compliance

Plant cell and tissue cultures123,143,144,146

� Surface sterilized leaf discs placed on
solid medium for callus formation

� New generations of plant-based foods � Contamination

� Transfer to liquid medium � Food processing side streams useable
as nutrients sources

� Consistency of cell culture lines

� Scale up to bioreactor processing � Good nutritional value � Replacement needs for plant growth
regulators

� Acceptable sensory properties � Sterile process development & scale up
� Alternative to constrained traditional
soil-based processes

� Food regulation compliance

� Alternative to existing processes for
pharmaceuticals, food ingredients
production
� Potential for start-ups

Single cell proteins and microbial biomass72,132,154,188–190,195

� Growth of photosynthetic and non-
photosynthetic microorganism (yeast,
fungi, bacteria, algae)

� Substitutes for traditional food protein � Strain selection, stability, and high
nutrient generation

� Grown on carbon and energy sources � Climate, location, and season
independence

� High nucleic acids content/nucleic acid
reduction

� Fermentation and drying � Limited land space and water
requirements

� Consumer acceptance

� Good macro- and micro-nutrient
sources

� Safety assessments and food safety
compliance

� High product yields � Economics (energy and access to cheap
nutrient resources)

� Existing large scale production
expertise

� Life-cycle analysis data generation

� Environmental benets � Environmental impact studies
� Past industrial production � Use of waste streams as substrates

� Food regulation compliance

Cultured meat148,151,152,228

� Growth of muscle cells in culture media
in bioreactor

� Reduce animal use � Higher energy requirements

� Use of scaffolds for cell growth � Less water and land use

© 2024 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2024, 2, 1365–1390 | 1379

Review Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
0:

14
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00108g


Table 6 (Contd. )

Alternative food systems

Principles Benets & applications Challenges & needs

� Price and competition from other plant-
based substitutes

� Harvesting � Less greenhouse gas emissions � Difficulties in reproducing muscle texture
and meat structure

� Cell processing � Reduced nitrogen pollution � Life-cycle analysis data generation
� No killing of animals � Consumer acceptance

Mushroom cultivation104,153,229

� Inoculation of fungal mycelium in solid
organic medium (e.g., compost, sawdust,
soil, straw, hulls)

� Valuable source of proteins (essential
amino acids like animal protein, plant
source for vitamin D2)

� Underutilized resource

� Fermentation at pH 4–8, 20–40 °C, 60–
90% RH or in submerged culture
fermentation to eshy fruiting bodies

� Unique tastes and textures � Highly perishable
� Therapeutic properties � Accumulation of heavy metals and

radioactive isotopes
� Large diversity � Appropriate storage and preservation

systems
� Small to large scale production � Safety assessment and quality assurance

� Greenhouse cultivation systems
� Standardized cultivation procedures

Dark food chain140,141

� Chemoautotrophic conversion of CH4

and CO2 to biomass by methane- and
hydrogen-oxidizing bacteria

� Protein alternatives � Lack of knowledge about existing dark food
chains

� Reduce cropland need � Selection of suitable microorganisms and
process conditions

� Delivery of chemical energy � High nucleic acids content/nucleic acid
reduction

� Low water requirements � Identication of low-cost substrates
� Benecial use of greenhouse gases
(proposed based on marine and cave
dark chains examples, industrial
hydrogenotrophs, methylotrophs and
acetotrophs based concepts and
processes)

� Process optimization
� Safety and consumer acceptance
� Low energy bioreactor design
� Food safety assessments

Cellular agriculture/Precision agriculture/Culture based foods122–124,137,230

� Biological processes producing food
without agriculture

� Controlled and sustainable food
production

� Strain selection and stability

� Cultivation in bioreactor � Limited space and land needs � Process sterility/Contamination risks
� Harvesting � Weather-, season- and location-

independence
� Food safety maintenance

� Processing to obtain product of interest � Potential for optimized productivity � Toxicity & allergy issues
� Controllable processes � Extraction and purication
� Niche operations for crops and food
ingredients and start-ups

� Scale-up
� Safety assessment
� Long tern environmental studies
� Labelling
� Regulatory issues
� Consumer acceptance
� Economic barriers
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through innovative farming methods (e.g., climate controlled
greenhouses, hydroponic and aeroponic facilities, supply chain
shortening), and (vii) improved sustainability through alternative
proteins (e.g., plants, microbes, insects, tissue culture based).10

Table 5 summarizes additional key actions proposed for food
production restoration for rural and urban settings.

The United National Food Systems Summit (UNFSS) in 2021
highlighted the interconnections of food systems with
1380 | Sustainable Food Technol., 2024, 2, 1365–1390
Sustainable Development Goals (SDGs). Knowledge, science,
evidence, and technology are all essential for transforming food
systems. A UN Food Systems Coordination Hub following the
2021 Summit brings together knowledge and expertise on food
systems. Areas for actions identied were (i) nourishment for all
people within planetary boundaries, (ii) boosting of nature-
based solutions and production, (iii) advancing equitable live-
lihoods, decent work and empowered communities, (iv)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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building resilience to vulnerabilities, shocks and stresses, and
(v) ways of implementing transitions to transformation of food
systems.222
10. Challenges to adoption of
alternative food production systems

While it is recognized that alternative food production systems
can preserve biodiversity, landscapes, and improve the
sustainability of food systems, they have not been widely
adopted. Bringing produce from an unconventional source has
its challenges understanding the principles that underpin
alternative food systems, the potential benets and applicability
of the produce from these systems, as well as the challenges and
hurdles that need to be overcome are important for developing
policies and actions to facilitate their adoption. Table 6
summarizes the key principles, benets & applications, and
challenges & needs for alternative food production systems.
11. Conclusion

Investment in resilient food systems is especially critical in
vulnerable and fragile regions of the world. This requires
a halting of agricultural land expansion, investing in food
security and putting resilient landscapes at the heart of trans-
formation.231 Within this context, the resilience of indigenous
peoples to environmental change232 is noteworthy and evidence
supporting the benets of learning from their knowledge is
mounting.233 Accelerators to enable food systems innovation
include (1) building trust among actors (developing shared
visions and values), (2) transforming mindsets (promoting
acceptance of different ways of producing/handling foods), and
(3) enabling social license and stakeholder dialogue (ensuring
responsible innovation).234 Finally, we agree with the proposed
fundamental concepts that have to be considered to enhance
food systems resilience. These are (1) robustness (based on the
capacity of the food system actors to adapt their activities to
resist disruption to desired food system outcomes), (2) recovery
(based on the ability of food system actors to adapt their
activities so as to be able to return to pre-existing food system
outcomes following disruption), and (3) reorientation (based on
the ability of food system actors to adapt their activities based
on accepting alternative food systems outcomes as a strategy
before or aer disruption).235 We believe that such an appro-
priate balance is only achievable if consumers become a more
active and well-educated group regarding values and impor-
tance of foods, and if appropriate resource-efficient food pro-
cessing, distribution and preparation activities236 are applied.
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