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1. Introduction

Sustainable Life on Land depends on what people want. Some people have a
preference for food products labelled as “organic”, while others pay more attention
to food attributes (e.g., freshness, country of origin, regionality). Yet for others, food
itself is less important than the social aspects of food consumption. Moreover, the
cares and concerns that people have are not limited to food. They also care about their
family and friends, their work, their social life, and their leisure activities, among
many other aspects of life. Their wants and choices are shaped by cultural factors,
income, and available time, as well as by the places in which they are raised and
choose to live. Their preferences are also influenced by local, regional, national,
and international policies, over which they are also willing and able to exercise a
certain level of influence (Banerjee and Duflo 2019). All of these factors have an
impact on the allocation of aggregate-level natural resources—including land—over
time and space. These allocations are not static, and they are likely to change in
response to changes in relative prices resulting from new information, as is the case
with technological changes generating new information induced by knowledge and
ideas generated at home and abroad. The reallocation of natural resources over
time and space can be understood as a stochastic process with variations around
a trend, with new information inducing changes in both trends and the variations
surrounding them. The net present value of this process expresses the value of natural
resources by assigning a state-dependent and time-dependent price measured by
the owner’s opportunity costs for each resource (Zilberman et al. 2018). This can
also be calculated at an aggregate level for a sector. An increase in net present value
is generally understood to improve sustainability (Arrow et al. 2012) and hence,
contribute to the sustainable use of terrestrial ecosystems (SDG 15), but also to SDG 2
(End hunger, achieve food security and improved nutrition and promote sustainable
agriculture). El-Chichakli et al. (2016) have pointed out the importance of innovation
in the bioeconomy for reaching SDG 15 and in particular, from advancements in plant
breeding. The approach also indicates that a positive contribution will not necessarily
always be the case. As opportunity costs need to be considered, tradeoffs—but also
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synergies—with other SDGs are possible. Ronzon and Sanjuán (2020) assessed the
EU Bioeconomy Strategy and already identified a number of potential links with 53
targets distributed over 12 of the 17 SDGs. A positive synergy has been identified
with respect to SDG 7, SDG 11, and SDG 15, while a negative one has with SDG 2,
SDG 8, and SDG 12.

The generation of new ideas can have an important effect on the allocation
of resources, and thus, on trends and variations around them. The importance of
these effects has increased when responding to climate change (SDG 13), population
growth (Jatana and Currie 2020), and the associated increase in the demand for food,
all of which pose challenges to the sustainability of continuing “business as usual”.
It has been estimated that the agricultural sector alone contributes about 37% to
current greenhouse gas emissions, and this contribution is expected to increase to
between 47% and 60% by 2050 (SAPEA 2020). Based on projected population growth
through to 2050, an increase of about 35% in agricultural production is expected to
be needed in order to maintain current consumption levels. Some estimates are even
higher (SAPEA 2020).

Achieving such an increase in productivity will pose a challenge in light of
climate change and in reaching SDG 15. Cost-effective compliance with the objective
of the Paris Agreement (a warming limit of 1.5 ◦C) will require large-scale land-based
mitigation strategies involving bioenergy production and afforestation, which will
result in higher food prices (VanMeijl et al. 2018). Compensating for the increase in
food prices will require either further increases in productivity and/or a reduction
in meat consumption (Doelman et al. 2019). The magnitude of the changes in
agricultural productivity and meat consumption that will be required differs widely,
depending on the model used and the assumptions made (Rosenzweig et al. 2014;
VanMeijl et al. 2018).

In this contribution, we review and discuss recent technical changes in the field
of biotechnology from an economic perspective and how they can help to cope with
increasing food demand while also contributing to the sustainability of life on land.
We pay particular attention to the ways in which these technical changes will be
affected by policies at the national and international level.

In the next section, we provide a brief overview of recent historical developments
in the political economy of biotechnology and discuss recent major developments and
their implications for sustainable life on land. This is followed by Section 3, which
focuses on the importance of supply-chain design, and then by Section 4, which
addresses the policy dimension. We conclude (Section 5) by mentioning options for
policy changes that could enhance the sustainability of life on land.
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2. Brief History of Modern Biotechnology, Including Recent Developments

The field of modern biotechnology originated with the development of dDNA
technology in the mid-1970s. Early applications were made in various fields, including
the pharmaceutical and food-processing sectors. Applications with direct land-use
implications began with the development of seeds for plants that can express toxins to
protect themselves against pests, as well as for plants that were resistant to broadband
herbicides. These traits have since been introduced into major crops, including corn,
cotton, canola, soybeans, and sugar beet (ISAAA 2018). These crops are cultivated
primarily in the United States and Canada, Brazil and Argentina, China, India, and
a few other countries (Brookes and Barfoot 2020b). In recent years, insect-resistant
eggplants have been introduced in Bangladesh. Another noteworthy application
involves the cultivation of papayas that are resistant to ringspot virus in Hawaii.
These crops are often summarized under the term “genetically modified organisms”
(GMOs), a legal term used in the European Union (Eriksson et al. 2019).

Several meta-studies have pointed to an average increase in yield, a substantial
reduction in the use of herbicides and pesticides, and a substantial reduction in
greenhouse gas emissions (Brookes and Barfoot 2020a, 2020b; Klümper and Qaim
2014; Finger et al. 2011; Barrows et al. 2014a, 2014b). The increase in the productivity
of land has reduced the pressure on land use. Other countries (e.g., Brazil, Argentina)
have also experienced an increase in double-cropping (Zallesa et al. 2019; Trigo and
Cap 2006). Brookes and Barfoot (2020a) report an aggregate reduction of 775.4 million
kg in pesticide use and a reduction of 2.456 million tons CO2 emissions over the period
from 1996 to 2018, due to decreases in fuel consumption. These figures do not include
reductions in greenhouse gas emissions resulting from changes in land use through
the adoption of reduced-tillage systems, which can also be substantial. As reported
by Smyth et al. (2011), emission savings from the adoption of reduced-tillage systems
in Canada’s production system for herbicide-resistant canola amounted to about
381,000 to 434,000 additional tons in 2006.

Recent progress in molecular biology has provided opportunities for increasing
the scope of plant breeding. New plant-breeding technologies (NPBTs) reduce the
time and costs required to develop new plants with traits that protect them against
a number of abiotic and biotic stressors, including drought tolerance, pest and
disease resistance, and increased efficiency in the use of plant nutrients (Nationale
Akademie der Wissenschaften Leopoldina, Deutsche Forschungsgemeinschaft und
Union der deutschen Akademien der Wissenschaften 2019). An overview of
applications in plant breeding is provided in Table 1. Many more are under
development. Such developments can be expected to generate further increases
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in land productivity, to enhance preparations to counteract the adverse effects of
climate change, and to reduce the quantity of pesticides and inorganic fertilizer
applied. Taken together, these developments will increase the sustainability of
agriculture production and land use by reducing emissions and the pressure on
terrestrial ecosystems (Barrows et al. 2014a). Nevertheless, the judgment of the
Court of Justice of the European Union (CJEU) in 2018 on the legal treatment of
crops developed by using mutagenesis has been interpreted as subjecting crops
developed by new plant breeding technologies to the specific EU regulations on
GMOs (Purnhagen 2019). This implies that crops developed by those technologies
have to follow a lengthy, costly, and unpredictable approval process (Purnhagen and
Wesseler 2019; Smart et al. 2017).

New developments in modern biotechnology are not limited to plant production.
They have implications for food consumption in general (Tilman and Clark 2014).
Advances in biotechnology are being used to grow meat, not only by raising farm
animals, but also by growing meat from stem cells in laboratories—a procedure
known as “cultured meat” or “clean meat” (Dance 2017). The expectation is that
fewer inputs will be needed to grow meat from cell cultures. This is a reasonable
expectation, given that the energy needed to keep an animal alive (e.g., for growing a
heart, liver, and other body parts) will not be needed, and less land will be required for
producing the energy (e.g., in the form of feed and fodder). While the energy use per
1000 kg of cultured meat is comparable to that of beef, the land use and greenhouse
gas emissions are more than 10 times less (Dance 2017). Several companies have
invested in these technologies, and progress has been made, but it will be many years
before the results will reach the market (Thorrez and Vandenburgh 2019). They are
nevertheless quite promising from the perspective of both sustainable land use and
animal welfare.
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Table 1. Current and Potential Applications of new plant-breeding technologies
(NPBTs) in Agriculture (Examples).

Plant Trait

Improved food and feed quality

Alfalfa Reduced lignin content

Camelina Improved fatty-acid composition

Lettuce Increased Vitamin C content

Potato Reduced acrylamide formation

Oilseed rape Improved fatty-acid composition

Soybean Improved fatty-acid composition

Wheat Low gluten content

Improved fiber content

Improved agronomic properties

Banana Fungus resistance

Cassava Virus resistance

Cherry Virus resistance

Cocoa Fungus resistance

Flax Herbicide tolerance

Corn Drought tolerance

Fungus resistance

Oilseed Rape Disease tolerance

Herbicide tolerance

Shatter tolerance

Rice Fungus resistances

Herbicide tolerance

Salt tolerance

Soybean Drought tolerance

Tomato Bacterial resistance

Wheat Fungus resistance

Source: adopted from Purnhagen and Wesseler (2020).
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Similarly, a number of plant-based meat alternatives are under development,
and some have already reached the market. This reduces the amount of land
required for final consumer products by substituting plant-based consumer
goods for animal-based products by a factor of four or more (STATISTA 2020a).
As reported by Curtain and Grafenauer (2019), more than 4400 meat-substitute
products were registered worldwide as of 2015, and the market is approaching
a value of several billion dollars (King and Lawrence 2019). In addition to its
potential to reduce greenhouse gas emissions relative to equivalent meat products
(STATISTA 2020b), meat alternatives are expected to enhance human health by
reducing the over-consumption of meat (Willett et al. 2019).

Another development involves the production of insect-based protein. This is
accomplished either by raising insects directly for human consumption or by
converting maggots into protein—either for human consumption or for use as
a protein for animal feed (Pippinato et al. 2020). Insects have a much higher
conversion rate. Some can be raised on food waste, thereby increasing the circularity
of the food system. The production of protein from insects requires less land, as
maggots can grow in chambers, requiring much less space per unit of protein. As
reported by Akhtar and Isman (2018), compared to the amount of resources required
to produce one kilogram of protein from mealworms, beef protein requires more
than 100 times more land, more than 150 times more energy, and more than 110
times more water, in addition to producing at least 50 times more emissions of
greenhouse gases. The major markets for insect-based protein production are in the
Asia Pacific regions, with an expected value of USD 476.9 million for 2018, followed
by Europe, with a market value of USD 216.5 million. The insect protein market
in the United States is exhibiting the largest compound annual growth rate—about
28% for 2018–2023—followed closely by Europe, with an annual growth of 26%
(STATISTA 2020c).

A fourth development that is increasing the sustainable intensity of agriculture
per unit of land is the indoor production of vegetables through closed systems or
indoor farming. These techniques also enhance the efficiency of water usage, in
addition to requiring almost no pesticides and nearly eliminating nutrient emissions
into the environment. Indoor vegetable farming increases yields by a factor of 10,
relative to outdoor farming (STATISTA 2020b). The use of LED technology to resolve
one of the greatest challenges associated with indoor farming is expected to increase
both yield and the adoption of the technology (Tibbetts 2019). The worldwide market
is expected to increase by a factor of four, from about USD 4.4 billion in 2019 to about
USD 15.7 billion in 2025 (STATISTA 2020b).
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In yet another development, aquaculture production is increasingly shifting
to closed production systems, thereby reducing pressure on coastal regions (e.g.,
mangrove forests) (Romano and Sinha 2020). Closed and semi-closed aquaculture
systems, including recirculating aquaculture systems (RAS), are often combined
with closed vegetable-production systems in “aquaponic systems”. Although the
market is still developing, further growth is expected to be strong in response to
the “lighting revolution”. The forecasted worldwide market value for 2022 is about
USD 870.6 million (STATISTA 2020c). Overall, aquaculture production is expected
to exceed capture-fishery production in quantitative terms by 2024 (OECD/FAO
2020), also supported by the recent developments in genetically engineered salmon
(Van Eenennaam et al. 2021).

The five developments discussed above are moving food production closer to
urban and peri-urban areas, with greater density per unit of land and less release of
pollutants into the environment, including the emission of greenhouse gases. Each
of these developments has the potential to achieve sustainable increases in food
productivity. An overview of expected market values is provided in Table 2.

Table 2. Forecasted market values of sustainable intensification of food
production systems.

Production System Forecasted Market Value
(in USD Million) Year

Cultured meat 1 214.00–593.00 2027–2032

Plant-based meat substitutes 2 17,540.00 2022

Edible insects 2 954.44 2022

Vertical farming 2 15,700.00 2025

Aquaponic 2 870.60 2022

Source: 1 MarketsandMarkets (2019), 2 STATISTA (2020a, 2020b, 2020c, 2020d, 2020e).

New developments are also relevant to parts of the bioeconomy that are involved
with activities other than processing biomass into food and feed (as discussed
above). The bioeconomy is viewed as part of a strategy aimed at sustainable
development in general and, in particular, decarbonization and the transition from
an economy that relies on non-renewable resources to one that relies heavily on
renewable resources (EC 2018). The broad adoption of modern biotechnological
solutions combined with taking advantage of new information technologies and
applying precision agricultural techniques is expected to increase the input use
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efficiency of agriculture, in addition to enabling the farming of fine chemicals and
biofuels (Zilberman 2014). Many countries have developed bioeconomic strategies
involving such conversions, including the production of bioenergy (e.g., biofuels),
the extraction of biopolymers for bio-based products (e.g., food wrappings), and the
production of textiles and clothing, enzymes for detergents, and many more examples
(Wesseler and von Braun 2017). The main expectation is that these developments will
reduce the extraction of carbohydrates from fossil resources and contribute to the
reduction of greenhouse gas emissions through product substitution. This strategy
has received considerable attention in the European Union. Under the new green
deal, the EU plans to mobilize investments amounting to about EUR one trillion
to develop the EU bioeconomy (EC 2020). Several large biorefineries are under
development for the production of bioenergy, bio-based chemicals, and enzymes.
A report by Parisi (2018) lists 803 biorefineries, 507 of which produce bio-based
chemicals, 363 produce liquid biofuels, and 141 bio-based composites and fibers
(multi-product facilities are counted more than once). Germany has the highest
number of small-scale biorefineries producing energy in the EU in the form of biogas.
Further increases are expected for investments in biorefineries. The economic success
of many biorefineries depends in large part on government support. The rise in
biogas facilities in Germany was driven primarily by the fixed feed-in tariffs for
transferring energy into the grid system, resulting in a substantial reduction in price
uncertainty. The future development of smaller and larger scale biorefineries critically
depends on government policies (Theuerl et al. 2019) and in particular, on access to
advances in biotechnology (Purnhagen and Wesseler 2019).

The United States and Brazil have engaged in a massive effort to produce
ethanol as a biofuel. These efforts include the production of ethanol from feed stocks
(e.g., corn and sugar cane), as well as the production of second-generation biofuels
from grasses (e.g., miscanthus and switchgrass), corn stover and bagasse, and various
trees. The production of corn ethanol in the US originally caused a significant rise in
food prices and required substantial subsidies. Learning by doing and economies of
scale eventually reduced the costs of producing corn ethanol by 45% between 1983
and 2010, while the cost of producing sugar-cane ethanol declined by 75% between
1975 and 2010, thus making these biofuels much more competitive with fossil fuels.
The fuel-blend restriction in the US limits the ethanol content of gasoline to 10%,
while ethanol provides 30% of the fuel for gasoline cars in Brazil. Corn ethanol
production has had less of an impact on land use than was feared. In particular,
in 2014, the total crop acreage in the US was only 0.5% higher than it had been
in 2008 (Khanna et al. 2021). Furthermore, the introduction of corn ethanol led to
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a modest reduction in greenhouse gas emissions, as compared to the gasoline it
replaced (5–15%), while sugarcane ethanol reduced greenhouse gas emissions by
as much as 70% (Hochman and Zilberman 2018). Second-generation biofuels are
not yet competitive, especially due to the reduction in oil prices since 2014 and the
increased economic viability of electric cars that rely on solar energy. Nevertheless,
second-generation biofuels continue to be developed, utilizing recent advancements
in biotechnology to target air travel, in which battery use is unlikely to be feasible
(Debnath et al. 2019). More could have been achieved, but the use of flex-fuel vehicles
in the United States and elsewhere is limited by the E85 refueling infrastructure
(Kuby 2019).

Investments in the bioeconomy have not been undisputed. There has been an
intense debate about food versus fuel. The conversion of crops that could have been
used for food into fuel has been seen as morally unacceptable, given the high level of
poverty observed in many regions of the world. This is a somewhat narrow view
of the causes of poverty. Although access to food is obviously important, reducing
the debate to the provision of food ignores the importance of purchasing power
(Sen 1982). It can be extremely misleading to limit the understanding of purchasing
power or income to food alone, as it depends on a variety of factors (Schmitt 1989;
Acemoglu and Robinson 2012).

3. Developing Supply Chains

Many new technological developments in the bioeconomy require substantial
investments, combined with a high level of uncertainty. The supply chains for many
products are not yet developed, thus increasing the risk of an individual investor.
Public–private partnerships and contracting sales along the supply chain have become
important tools for developing new markets. This includes new bio-based products
that are associated with positive relative carbon emissions and other environmental
benefits (Rahmann et al. 2020).

The introduction of production standards and vertically integrated supply
chains has created new market opportunities (Beckmann 2000). Vertical integration
has allowed many farmers in Africa, Asia, and Latin America to benefit from
export opportunities to the European Union and the United States. In many cases,
this involves the export of high-value products, including the sourcing of aquaculture
products or vegetables (Reardon and Zilberman 2018).

The development of vertically integrated supply chains has been supported by
consumer demand, stakeholder groups, and government policies. The certification of
timber products by the Forest Stewardship Council (FSC) has become an important
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tool for supporting sustainability (Degnet et al. 2020). The Rainforest Alliance
and other groups support the production of soybeans without a direct link to the
deforestation of the Amazonian rain forest. Other certification schemes support other
forms of agriculture (including organic agriculture), with the aim of contributing
to sustainable agriculture, resulting in an overall increase in vertical integration
(Wesseler 2014). Although many of these initiatives are well-intentioned, their impact
on sustainability has been questioned in some cases (Ghozzi et al. 2016).

4. The Political Economy of Biotechnology

Sustainable life on land depends largely on policies and institutions. Policies can
directly increase or decrease the price of goods at home and abroad, thereby affecting
the allocation of natural resources. In particular, the impact of environmental and
food-safety policies on the allocation of natural resources and its related implications
for sustainability have been discussed by academics at the level of policy (e.g.,
Eriksson et al. 2019; Paarlberg 2008).

Concerns about environmental health and food safety have led to the
establishment of production standards including procedures, incentives, and
regulations that constrain land use (Winston 2002). In general, these measures
include a combination of ex ante regulations and ex post liability rules. Ex post
liability is understood as liabilities faced by producers in case they do not comply
with ex ante regulations. The dependent design of safety policies affects incentives
for investment in new food-production technologies. The clarity, severity, and
enforcement of safety policies vary across countries. In some countries, they provide
clear investment guidance, and in others, they add a layer of uncertainty, possibly
curtailing investments. In recent decades, safety policies have substantially increased
in importance, becoming non-tariff barriers to trade (e.g., Felbermayr and Larch 2013).

As suggested by Arrow et al. (1996), cost–benefit analysis is crucial for guiding
the establishment of safety guidelines. Such analyses require performing risk
assessments to estimate the relationship between risks to humans, to the environment,
and to human action under alternative regulations and conditions, in addition to
evaluating the benefits that the regulations will have for various parties (Antle 1999).
Safety regulations are based on tradeoffs. The introduction of transgenics in
agriculture benefited the consumers and producers who adopted it. At the same time,
it was costly to producers not adopting transgenics and to chemical manufacturers,
due to reduced commodity prices. Overall, however, the introduction of transgenics
increased social welfare, based on economic criteria (Hochman and Zilberman 2018).
In addition to precise and efficient regulations, the implementation of effective safety
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policies has required effective risk communication and management (Henson and
Caswell 1999).

The use of cost–benefit analysis could potentially be constrained by the lack of
data on the value of non-market benefits and the cost of regulation. An alternative
approach involves the use of cost-effectiveness criteria to establish cost-minimization
regulations, subject to an upper boundary of mortality risk (Lichtenberg and
Zilberman 1988). The resulting regulations require evaluating statistical life gain
(i.e., the value of statistical life; Aldy and Viscusi 2007). This evaluation can be
compared to those implied in other regulations, thereby allowing assessment of the
stringency of the risk constraint.

Herring and Paarlberg (2016) suggest that Latin American countries (e.g., Brazil,
Argentina), which are large feedbox producers (like the US), have applied regulatory
frameworks similar to those in the US, while African countries, which have strong
ties to Europe, have adopted a strict regulatory environment for biotechnology,
even though they also stand to reap significant benefits from such technology
(Shao et al. 2020; Wesseler et al. 2017).

Decisions about food safety regulations are inherently political, and the welfare
of different groups in society may have different weights, which may be affected by
political realities (Swinnen and Vandemoortele 2009). In particular, the economic
tradeoff between ex ante regulations and ex post liability (Beckmann et al. 2006,
2010) as well as the decision-making procedures (Smart et al. 2015) can have strong
implications for the incentives to invest (Purnhagen and Wesseler 2019). This has
been demonstrated by a number of studies that look into the approval process
and related costs of biotechnologies in agriculture. Those studies show that the
time lengths in approval can differ substantially between regions (Jin et al. 2019;
Frederiks and Wesseler 2019; Smart et al. 2017; Smyth et al. 2017) and of course,
in many cases, the approval process reaches infinity, i.e., similar to a ban.

In an analysis of the political economy of agricultural biotechnology, Graff et al.
(2009) suggest that existing restrictions on the use of biotechnology in Europe reflect
the political power of the coalition of a number of farm groups, environmental
groups, and chemical manufacturers, as well as the unique political structure of
the EU (Smart et al. 2015). The regulatory environment in the US is more receptive
to biotechnology, given that many biotechnological innovations have originated
in the US, with some traits having been beneficial to US farmers. Wesseler (2002),
McCluskey and Swinnen (2004), and Castellari et al. (2018) further suggest that in
both the US and the EU, opponents to GMOs have been able to utilize the media
to affect consumer preferences, even though consumers stand to benefit from the
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introduction of genetically modified varieties. Additionally, the semantics being used
in the public debate as well as in books, including teaching material, has a further
impact on shaping opinions (Aerni 2018). Tosun and Schaub (2017) show that in the
EU, the opposition to GMOs includes more active groups and has a stronger network,
while the same has also been observed for China (Jin et al. 2020).

While many safety policies are designed by national governments, several
international agreements impose additional costs and uncertainty for investors.
One example is the Nagoya Protocol on Access to Genetic Resources and the Fair
and Equitable Sharing of Benefits Arising from their Utilization to the Convention on
Biological Diversity. Plant breeders and others have complained that the protocol
increases the costs and related uncertainties associated with developing new
plant varieties with desirable traits, including drought tolerance, pest and disease
resistance, and the efficient use of nutrients and adds to the regulatory burden
already caused by the Cartagena Protocol on Biosafety to the Convention on Biological
Diversity (Deplazes-Zemp et al. 2018). While any international agreement will invoke
complaints by some, agreements that increase the costs of investing in sustainable
agricultural solutions are of particular concern. New technologies and the benefits
associated with them must be weighed against their potential negative implications,
particularly those that are irreversible. As stated in Principle 15 of the Rio Declaration
on Environment and Development of 1992: “In order to protect the environment,
the precautionary approach shall be widely applied by States according to their
capabilities. Where there are threats of serious or irreversible damage, lack of full
scientific certainty shall not be used as a reason for postponing cost-effective measures
to prevent environmental degradation.” (United Nations 1992, p. 3 )

The presence of irreversible damage does not imply that a technology should
be prohibited. As demonstrated by various scholars (Arrow and Fisher 1974;
Henry 1974), if an irreversible effect is present, one unit of irreversible costs requires
more than one unit of reversible benefits to compensate (Wesseler and Zhao 2019).
Unfortunately, many assessments fail to consider the tradeoffs between irreversible
damage costs, which are often uncertain, and the benefits foregone by delaying or
preventing the introduction of a new technology. Previous studies have indicated
that a one-unit increase in investment costs requires more than one unit in benefits to
compensate for related uncertainties. For example, as demonstrated by Purnhagen
and Wesseler (2019), the marginal effect of an increase in approval costs can be
substantial, possibly extending beyond a factor of 10. One prominent and widely
discussed example is the regulation of new plant-breeding technologies in the
European Union (e.g., Nationale Akademie der Wissenschaften Leopoldina, Deutsche
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Forschungsgemeinschaft und Union der deutschen Akademien der Wissenschaften
2019), which has resulted in court cases in which judges have applied an absolute
interpretation of the precautionary principle (Purnhagen and Wesseler 2020).

As mentioned previously, many new developments in biotechnology have the
potential to provide substantial sustainability gains. Nevertheless, they have been
rejected by important stakeholder groups, which also argue that these technologies
should be prohibited from entering the market, based on the perspective of
sustainability. Such arguments extend beyond the absolute application of the
precautionary approach, as the debate concerns the types of agriculture and land
use that should be preferable. The line is drawn largely between what is and
is not considered organic agriculture. Definitions differ by country and interest
group. Referring to the Austrian anthroposophist Rudolph Steiner, groups including
farmers market their products under the Demeter® label. While what is and is not
considered organic is a policy decision (Castellari et al. 2018), policy choices that favor
one over the other are questionable from a sustainable development perspective.
In many cases, large-scale applications of organic agriculture as defined by policy
makers result in lower yields per unit of land and reduce the total quantity of food
available. While one common argument holds that organic agriculture reduces the
emissions associated with fertilizers and pesticides, the application of copper sulfate
has sometimes resulted in environmental pollution, and the rejection of inorganic
fertilizer has led to soil mining in some cases. In other cases, the principles of organic
agriculture are likely to yield better results. Policy decisions in these matters can
result in a substantial misallocation of resources, thereby endangering sustainable
development (World Bank 2010).

5. Conclusions

Modern biotechnology offers a number of possibilities for addressing challenges
to sustainable life on land (SDG 15), but there is also a strong link with achieving zero
hunger (SDG 2) as achieving SDG 15 depends on the expected increase in population
and the related increase in food demand. In this contribution, we have listed several
of the possibilities. Many more exist, and some are better developed than others.
The promotion of sustainable life on land and protecting terrestrial ecosystems is thus
not mainly a technical problem; the major problem is both institutional and political.
This has been stressed by several authors before as well (Wesseler and von Braun
2017; El-Chichakli et al. 2016; Zilberman et al. 2018). More specifically, institutional
and political environments provide both incentives and disincentives for the private
and public sector to invest in the development of solutions. When the obstacles
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are lower, parties in the private and public sectors are more likely to invest in the
development of solutions. Obstacles can be reduced by harmonizing the standards
for safety assessments. Examples include the acceptance of animal-feeding trials and
nutritional studies across jurisdictions, as well as agreement on the procedures for
field trials and the exchange of field trial data for environmental safety assessments.
The relevance of harmonization of standards and the related benefits for all has been
demonstrated by the COVID-19 pandemic recently. Hence, the positive contribution
of biotechnology and the bioeconomy in general will go beyond SDG 15. This has
important implications for achieving zero hunger (SDG 2), but also for reducing
poverty (SDG 1), promoting sustainable growth (SDG 8), ensuring sustainable
consumption and production patterns (SDG 12), and relies on fostering innovation
(SDG 9). The UN Sustainable Development Goals initiative provides an opportunity
for implementing important policy changes for achieving “decent lives for all on a
healthy planet”.

Author Contributions: J.W. and D.Z. both equally contributed to conceptualization,
investigation, writing—original draft preparation, writing—review and editing. Both authors
have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

Acemoglu, Daron, and James Robinson. 2012. Why Nations Fail. New York: Crown Publishing
Group.

Aerni, Philipp. 2018. The use and abuse of the term ‘GMO’in the ‘common weal rhetoric’against
the application of modern biotechnology in agriculture. In Ethical Tensions from New
Technology: The Case of Agricultural Biotechnology. Edited by Harvey S. James Jr.
Wallingford: CABI, pp. 39–52.

Akhtar, Yasmin, and Murray B. Isman. 2018. Insects as an Alternative Protein Source. In Proteins
in Food Processing. Edited by Rickey Y. Yada. Cambridge: Woodhead Publishing, pp. 263–88.

Aldy, Joseph E., and W. Kip Viscusi. 2007. Age differences in the value of statistical life:
Revealed preference evidence. Review of Environmental Economics and Policy 1: 241–60.
[CrossRef]

Antle, John M. 1999. Benefits and costs of food safety regulation. Food Policy 24: 605–23. [CrossRef]
Arrow, Kenneth J., Maureen L. Cropper, George C. Eads, Robert W. Hahn, Lester B. Lave,

Roger G. Noll, Paul R. Portney, Milton Russell, Richard Schmalensee, V. Kerry Smith,
and et al. 1996. Is there a role for benefit-cost analysis in environmental, health, and
safety regulation? Science 272: 221–22. [CrossRef] [PubMed]

428

http://doi.org/10.1093/reep/rem014
http://doi.org/10.1016/S0306-9192(99)00068-8
http://doi.org/10.1126/science.272.5259.221
http://www.ncbi.nlm.nih.gov/pubmed/8602504


Arrow, Kenneth J., Partha Dasgupta, Lawrence H. Goulder, Kevin J. Mumford, and
Kirsten Oleson. 2012. Sustainability and the measurement of wealth. Environment
and Development Economics 17: 317–53. [CrossRef]

Arrow, Kenneth J., and Anthony C. Fisher. 1974. Environmental preservation, Uncertainty,
and Irreversibility. Quarterly Journal of Economics 88: 312–319. [CrossRef]

Banerjee, Abhijit V., and Esther Duflo. 2019. Good Economics for Hard Times. London: Allan Lane.
Barrows, Geoffey, Steven Sexton, and David Zilberman. 2014a. Agricultural Biotechnology:

The Promise and Prospects of Genetically Modified Crops. Journal of Economic Perspectives
28: 99–120. [CrossRef]

Barrows, Geoffey, Steven Sexton, and David Zilberman. 2014b. The impact of agricultural
biotechnology on supply and land-use. Environment and Development Economics 19:
676–703. [CrossRef]

Beckmann, Volker, Claudio Soregaroli, and Justus Wesseler. 2006. Co-Existence Rules and
Regulations in the European Union. American Journal of Agricultural Economics 88: 1193–99.
[CrossRef]

Beckmann, Volker, Claudio Soregaroli, and Justus Wesseler. 2010. Ex-Ante Regulation and
Ex-Post Liability under Uncertainty and Irreversibility: Governing the Coexistence of
GM Crops. Economics: The Open-Access, Open-Assessment E-Journal 4: 2010–9.

Beckmann, Volker. 2000. Transaktionskosten und Institutionelle Wahl in der Landwirtschaft:
Zwischen Markt, Hierarchie und Kooperation. Frankfurt: Ed. Sigma.

Brookes, Graham, and Peter Barfoot. 2020a. Environmental impacts of genetically modified
(GM) crop use 1996–2018: Impacts on pesticide use and carbon emissions. GM Crops &
Food 11: 215–41.

Brookes, Graham, and Peter Barfoot. 2020b. GM crop technology use 1996–2018: Farm income
and production impacts. GM Crops & Food 11: 242–61.

Castellari, Elena, Claudio Soregaroli, Thomas Venus, and Justus Wesseler. 2018. Food Processor
and Retailer non-GMO Standards in the US and EU and the driving role of regulations.
Food Policy 78: 26–37. [CrossRef]

Curtain, Felicity, and Sara Grafenauer. 2019. Plant-Based Meat Substitutes in the Flexitarian Age:
An Audit of Products on Supermarket Shelves. Nutrients 11: 2603. [CrossRef] [PubMed]

Dance, Amber. 2017. Engineering the animal out of animal products. Nature Biotechnology 35:
704–707. [CrossRef]

Debnath, Deepayan, Madhu Khanna, Deepak Rajagopal, and David Zilberman. 2019. The
Future of Biofuels in an Electrifying Global Transportation Sector: Imperative, Prospects
and Challenges. Applied Economic Perspectives and Policy 41: 563–82. [CrossRef]

Degnet, Mohammed, Verina Ingram, Edwin van der Werf, and Justus Wesseler. 2020. Do locals
have a say? Community experiences of participation in governing forest plantations in
Tanzania. Forests 11: 782. [CrossRef]

429

http://doi.org/10.1017/S1355770X12000137
http://doi.org/10.2307/1883074
http://doi.org/10.1257/jep.28.1.99
http://doi.org/10.1017/S1355770X14000400
http://doi.org/10.1111/j.1467-8276.2006.00932.x
http://doi.org/10.1016/j.foodpol.2018.02.010
http://doi.org/10.3390/nu11112603
http://www.ncbi.nlm.nih.gov/pubmed/31671655
http://doi.org/10.1038/nbt.3933
http://doi.org/10.1093/aepp/ppz023
http://doi.org/10.3390/f11070782


Deplazes-Zemp, Anna, Samuel Abiven, Peter Schaber, Michael Schaepman,
Gabriela Schaepman-Strub, Bernhard Schmid, Kentaro K. Shimizu, and Florian Altermatt.
2018. The Nagoya Protocol could backfire on the Global South. Nature Ecology & Evolution
2: 917–19.

Doelman, Jonathan C., Elke Stehfest, Andrzej Tabeau, and Hans van Meijl. 2019. Making
the Paris agreement climate targets consistent with food security objectives. Global Food
Security 23: 93–103. [CrossRef]

El-Chichakli, Beate, Joachim von Braun, Christine Lang, Daniel Barben, and Jim Philp. 2016.
Policy: Five cornerstones of a global bioeconomy. Nature 535: 221–23. [CrossRef]

Eriksson, Dennis, Drew Kershen, Alexandre Nepomuceno, Barry J. Pogson, Humberto Prieto,
Kai Purnhagen, Stuart Smyth, Justus Wesseler, and Agustina Whelan. 2019. A comparison
of the EU regulatory approach to directed mutagenesis with that of other jurisdictions,
consequences for international trade and potential steps forward. New Phytologist 222:
1673–84. [CrossRef]

European Commission. 2018. A Sustainable Bioeconomy for Europe: Strengthening the Connection
between Economy, Society and the Environment. Luxembourg: Publications Office of the
European Union.

European Commission. 2020. The European Green Deal Investment Plan and Just Transition
Mechanism explained. Available online: https://ec.europa.eu/commission/presscorner/
detail/en/qanda_20_24 (accessed on 27 August 2020).

Felbermayr, Gabriel J., and Mario Larch. 2013. The Transatlantic Trade and Investment
Partnership (TTIP)-Potentials, Problems and Perspectives. CESifo Forum 2: 49–60.

Finger, Robert, Nadja El Benni, Timo Kaphengst, Clive Evans, Sophie Herbert,
Bernard Lehmann, Stephen Morse, and Nataliya Stupak. 2011. A Meta Analysis
on Farm-Level Costs and Benefits of GM Crops. Sustainability 3: 743–62. [CrossRef]

Frederiks, Coen, and Justus Wesseler. 2019. A comparison of the EU and US regulatory
frameworks for the active substance registration of microbial bio control agents. Pest
Management Science 75: 87–103. [CrossRef] [PubMed]

Ghozzi, Houda, Claudio Soregaroli, Stefano Boccaletti, and Loïc Sauvée. 2016. Impacts of
non-GMO standards on poultry supply chain governance: Transaction cost approach
vs resource-based view. Supply Chain Management: An International Journal 21: 743–58.
[CrossRef]

Graff, Gregory D., Gal Hochman, and David Zilberman. 2009. The political economy of
agricultural biotechnology policies. AgBioForum 12: 34–46.

Henry, Claude. 1974. Investment Decisions Under Uncertainty: The “Irreversibility Effect”.
American Economic Review 64: 1006–1012.

Henson, Spencer, and Julie Caswell. 1999. Food safety regulation: An overview of
contemporary issues. Food policy 24: 589–603. [CrossRef]

430

http://doi.org/10.1016/j.gfs.2019.04.003
http://doi.org/10.1038/535221a
http://doi.org/10.1111/nph.15627
https://ec.europa.eu/commission/presscorner/detail/en/qanda_20_24
https://ec.europa.eu/commission/presscorner/detail/en/qanda_20_24
http://doi.org/10.3390/su3050743
http://doi.org/10.1002/ps.5133
http://www.ncbi.nlm.nih.gov/pubmed/29962019
http://doi.org/10.1108/SCM-03-2016-0089
http://doi.org/10.1016/S0306-9192(99)00072-X


Herring, Ronald, and Robert Paarlberg. 2016. The Political Economy of Biotechnology. Annual
Review of Resource Economics 8: 397–416. [CrossRef]

Hochman, Gal, and David Zilberman. 2018. Corn ethanol and US biofuel policy 10 years later: A
quantitative assessment. American Journal of Agricultural Economics 100: 570–84. [CrossRef]

ISAAA. 2018. Global Status of Commercialized Biotech/GM Crops in 2018: Biotech Crops Continue to
Help Meet the Challenges of Increased Population and Climate Change. ISAAA Brief No. 54.
Ithaca: ISAAA.

Jatana, Nina, and Alistair Currie. 2020. Hitting the Targets. London: Population Matters.
Jin, Yan, Dusan Drabik, Nico Heerink, and Justus Wesseler. 2019. Getting an Imported GM

Crop Approved in China. Trends in Biotechnology 37: 566–69. [CrossRef]
Jin, Yan, Simon Schaub, Jale Tosun, and Justus Wesseler. 2020. A Paradox of Genetically Modified

Crops in China: A Discourse Network Analysis of Public Mobilization on Weibo. Working
Paper. The Netherlands: Wageningen University.

Khanna, Madhu, Deepak Rajagopal, and David Zilberman. 2021. Lessons Learned from
Experience with Biofuels in the United States: Comparing the Hype with the Evidence.
Review of Environmental Economics and Policy. in press.

King, Thomas, and Sam Lawrence. 2019. Meat the Alternative. Australia’s Three Billion
Opportunity. Food Frontier. Available online: https://www.foodfrontier.org/reports/
(accessed on 27 August 2020).

Klümper, Wolfgang, and Matin Qaim. 2014. A Meta-Analysis of the Impacts of Genetically
Modified Crops. PLoS ONE 9: e111629. [CrossRef] [PubMed]

Kuby, Michael. 2019. The opposite of ubiquitous: How early adopters of fast-filling alt-fuel
vehicles adapt to the sparsity of stations. Journal of Transport Geography 75: 46–57. [CrossRef]

Lichtenberg, Erik, and David Zilberman. 1988. Efficient regulation of environmental health
risks. Quarterly Journal of Economics 103: 167–78. [CrossRef]

MarketsandMarkets. 2019. Cultured Meat Market by Source (Poultry, Beef, Seafood, Pork, and
Duck), End-Use (Nuggets, Burgers, Meatballs, Sausages, Hot Dogs), and Region (North
America, Europe, Asia Pacific, Middle East & Africa, South America)—Global Forecast to
2032. Available online: https://www.marketsandmarkets.com/Market-Reports/cultured-
meat-market-204524444.html (accessed on 27 August 2020).

McCluskey, Jill J., and Johan F. M. Swinnen. 2004. Political economy of the media and consumer
perceptions of biotechnology. American Journal of Agricultural Economics 86: 1230–37. [CrossRef]

Nationale Akademie der Wissenschaften Leopoldina, Deutsche Forschungsgemeinschaft und
Union der deutschen Akademien der Wissenschaften. 2019. Towards a Scientifically Justified,
Differentiated Regulation of Genome Edited Plants in the EU. Halle (Saale): Leopoldina.

OECD/FAO. 2020. OECD-FAO Agricultural Outlook 2020–2029. Paris: OECD Publishing.
Paarlberg, Robert. 2008. Starved for Science. How Biotechnology is Being kept Out of Africa.

Cambridge: Harvard University Press.

431

http://doi.org/10.1146/annurev-resource-100815-095506
http://doi.org/10.1093/ajae/aax105
http://doi.org/10.1016/j.tibtech.2019.02.004
https://www.foodfrontier.org/reports/
http://doi.org/10.1371/journal.pone.0111629
http://www.ncbi.nlm.nih.gov/pubmed/25365303
http://doi.org/10.1016/j.jtrangeo.2019.01.003
http://doi.org/10.2307/1882647
https://www.marketsandmarkets.com/Market-Reports/cultured-meat-market-204524444.html
https://www.marketsandmarkets.com/Market-Reports/cultured-meat-market-204524444.html
http://doi.org/10.1111/j.0002-9092.2004.00670.x


Parisi, Claudia. 2018. Research Brief: Biorefineries Distribution in the EU. Luxembourg: European
Commission—Joint Research Centre.

Pippinato, Liam, Laura Gasco, Giuseppe Di Vita, and Teresina Mancuso. 2020. Current
scenario in the European edible-insect industry: A preliminary study. Journal of Insects as
Food and Feed. in press. [CrossRef]

Purnhagen, Kai, and Justus Wesseler. 2019. Maximum vs. Minimum Harmonization: What to
expect from the institutional and legal battles in the EU on Gene editing technologies?
Pest Management Science 75: 2310–15. [CrossRef] [PubMed]

Purnhagen, Kai, and Justus Wesseler. 2020. EU Regulation of New Plant Breeding Technologies
and Possible Economic Implications for the EU and Beyond. Applied Economic Perspectives
and Policy. forthcoming. [CrossRef]

Purnhagen, Kai. 2019. How To Manage The Union’s Diversity: The Regulation Of New Plant
Breeding Technologies In Confédération Paysanne And Others. Common Market Law
Review 56: 1379–96.

Rahmann, Gerold, Daniel Grimm, Anja Kuenz, and Engel Hessel. 2020. Combining land-based
organic and landless food production: A concept for a circular and sustainable food
chain for Africa in 2100. Organic Agriculture 10: 9–21. [CrossRef]

Reardon, Thomas, and David Zilberman. 2018. Smart Food Supply Chains in Developing
Countries in an Era of Rapid Dual Change in Agrifood Systems and the Climate. In
Climate Smart Agriculture. Edited by Leslie Lipper, Nancy McCarthy, David Zilberman
Solomon Asfaw and Giacomo Branca. New York: Springer Press, pp. 335–52.

Ronzon, Tévécia, and Ana I. Sanjuán. 2020. Friends or foes? A compatibility assessment
of bioeconomy-related Sustainable Development Goals for European policy coherence.
Journal of Cleaner Production 254: 119832. [CrossRef] [PubMed]

Romano, Nicholas, and Amit Kumar Sinha. 2020. Husbandry of aquatic animals in closed
aquaculture systems. In Aquaculture Health Management. Edited by Frederick S. B. Kibenge
and Mark D. Powell. London: Academic Press, pp. 17–73.

Rosenzweig, Cynthia, Joshua Elliott, Delphine Deryng, Alex C. Ruane, Christoph Müller,
Almut Arneth, Kenneth J. Boote, Christian Folberth, Michael Glotter, Nikolay Khabarov,
and et al. 2014. Assessing agricultural risks of climate change in the 21st century in a
global gridded crop model intercomparison. PNAS 111: 3268–3273. [CrossRef] [PubMed]

Science Advice for Policy by European Academies. 2020. A Sustainable Food System for the
European Union. Brussels: SAPEA.

Schmitt, Günther. 1989. Simon Kuznets’ “Sectoral Shares in Labor Force”: A Different
Explanation of His (I + S)/A Ratio. American Economic Review 79: 1262–76.

Sen, Amartya. 1982. Poverty and Famines: An Essay on Entitlement and Deprivation. Oxford:
Oxford University Press.

Shao, Qianqian, Dusan Drabik, Marnus Gouse, and Justus Wesseler. 2020. Food security under
conflicts of interest: The case of South Africa. Agrekon 59: 110–28. [CrossRef]

432

http://doi.org/10.3920/JIFF2020.0008
http://doi.org/10.1002/ps.5367
http://www.ncbi.nlm.nih.gov/pubmed/30714289
http://doi.org/10.1002/aepp.13084
http://doi.org/10.1007/s13165-019-00247-5
http://doi.org/10.1016/j.jclepro.2019.119832
http://www.ncbi.nlm.nih.gov/pubmed/32362729
http://doi.org/10.1073/pnas.1222463110
http://www.ncbi.nlm.nih.gov/pubmed/24344314
http://doi.org/10.1080/03031853.2019.1664308


Smart, Richard, Matthias Blum, and Justus Wesseler. 2015. EU Member States’ Voting for
Authorizing Genetically Engineered Crops: A Regulatory Gridlock. German Journal of
Agricultural Economics 64: 244–62.

Smart, Richard, Matthias Blum, and Justus Wesseler. 2017. Trends in Genetically Engineered
Crops’ Approval Times in the United States and the European Union. Journal of Agricultural
Economics 68: 182–98. [CrossRef]

Smyth, Stuart, Michael Gusta, Kenneth Belcher, Peter W. B. Phillips, and David Castle. 2011.
Environmental impacts from herbicide tolerant canola production in Western Canada.
Agricultural Systems 104: 403–10. [CrossRef]

Smyth, Stuart, William A. Kerr, and Peter W. B. Phillips. 2017. Biotechnology Regulation and
Trade. New York: Springer Press.

STATISTA. 2020a. Meat Substitutes Market in the U.S. Hamburg: statista.com.
STATISTA. 2020b. Retail Sales Value of Meat Substitutes in the United States in 2019 and 2022, by

Protein Source. Hamburg: statista.com.
STATISTA. 2020c. Edible Insects. Hamburg: statista.com.
STATISTA. 2020d. Indoor Farming. Hamburg: statista.com.
STATISTA. 2020e. Forecasted Market Value of Aquaponics Worldwide from 2017 to 2022. Hamburg:

statista.com.
Swinnen, Johan F. M., and Thijs Vandemoortele. 2009. Are food safety standards different from

other food standards? A political economy perspective. European Review of Agricultural
Economics 36: 507–23. [CrossRef]

Theuerl, Susanne, Christiane Herrmann, Monika Heiermann, Philipp Grundmann,
Niels Landwehr, Ulrich Kreidenweis, and Annette Prochnow. 2019. The Future
Agricultural Biogas Plant in Germany: A Vision. Energies 12: 396. [CrossRef]

Tibbetts, John. 2019. Gardening of the Future—From Outer to Urban Space. BioScience 69:
962–68. [CrossRef]

Tilman, David, and Michael Clark. 2014. Global diets link environmental sustainability and
human health. Nature 515: 518–522. [CrossRef] [PubMed]

Thorrez, Lieven, and Herman Vandenburgh. 2019. Challenges in the quest for ‘clean meat’.
Nature Biotechnology 37: 215–216. [CrossRef] [PubMed]

Tosun, Yale, and Simon Schaub. 2017. Mobilization in the European Public Sphere: The
Struggle Over Genetically Modified Organisms. Review of Policy Research 34: 310–330.
[CrossRef]

Trigo, Eduardo J., and Eugene J. Cap. 2006. Ten Years of Genetically Modified Crops in Argentine
Agriculture. Buenos Aires: Argentine Council for Information and Development of
Biotechnology (ArgenBio).

433

http://doi.org/10.1111/1477-9552.12171
http://doi.org/10.1016/j.agsy.2011.01.004
http://doi.org/10.1093/erae/jbp025
http://doi.org/10.3390/en12030396
http://doi.org/10.1093/biosci/biz115
http://doi.org/10.1038/nature13959
http://www.ncbi.nlm.nih.gov/pubmed/25383533
http://doi.org/10.1038/s41587-019-0043-0
http://www.ncbi.nlm.nih.gov/pubmed/30833774
http://doi.org/10.1111/ropr.12235


United Nations. 1992. Report of the United Nations Conference on Environment and
Development. Available online: https://www.un.org/en/development/desa/population/

migration/generalassembly/docs/globalcompact/A_CONF.151_26_Vol.I_Declaration.
pdf (accessed on 27 August 2020).

Van Eenennaam, Alsion L., Felipe De Figueiredo Silva, Josephine F. Trott, and David Zilberman.
2021. Genetic Engineering of Livestock: The Opportunity Cost of Regulatory Delay.
Annual Review of Animal Biosciences 9: 10.1–10.26. [CrossRef]

VanMeijl, Hans, Petr Havlik, Hermann Lotze-Campen, Elke Stehfest, Peter Witzke, Ignacio
Pérez Domínguez, Benjamin Leon Bodirsky, Michiel van Dijk, Jonathan Doelman,
Thomas Fellmann, and et al. 2018. Comparing impacts of climate change and mitigation
on global agriculture by 2050. Environmental Research Letters 13: 064021. [CrossRef]

Wesseler, Justus, and Joachim von Braun. 2017. Measuring the Bioeconomy: Economics and
Policies. Annual Review of Resource Economics 9: 17.1–17.24. [CrossRef]

Wesseler, Justus, and Jinhua Zhao. 2019. Real Options and Environmental Policies—The Good,
the Bad, and the Ugly. Annual Review of Resource Economics 11: 43–58. [CrossRef]

Wesseler, Justus, Richard Smart, Jennifer Thomson, and David Zilberman. 2017. Foregone
benefits of important food crop improvements in Sub-Saharan Africa. PLoS ONE 12:
e0181353. [CrossRef]

Wesseler, Justus. 2002. The Economics of Agrobiotechnology. In Knowledge Support for
Sustainable Development. Volume I, Chapter 3.4.6.58.4.11 of the Encyclopedia of Life
Support Systems. Oxford: EOLSS Publishers.

Wesseler, Justus. 2014. Biotechnologies and agrifood strategies: Opportunities, threats and
economic implications. Bio-Based and Applied Economics 3: 187–204.

Willett, Walter, Johan Rockström, Brent Loken, Marco Springmann, Tim Lang, Sonja Vermeulen,
Tara Garnett, David Tilman, Fabrice DeClerck, Amanda Wood, and et al. 2019. Food in
the Anthropocene: The EAT-Lancet Commission on healthy diets from sustainable food
systems. Lancet 393: 447–92. [CrossRef]

Winston, Mark L. 2002. Travels in the Genetically Modified Zone. Cambridge: Harvard University
Press.

World Bank. 2010. International Assessment of Agricultural Knowledge, Science and Technology
for Development (IAASTD). Washington, DC: Independent Evaluation Group, The World
Bank Group.

Zallesa, Viviana, Matthew C. Hansen, Peter V. Potapov, Stephen V. Stehman,
Alexandra Tyukavina, Amy Pickens, Xiao-Peng Song, Bernard Adusei, Chima Okpa,
Ricardo Aguilar, and et al. 2019. Near doubling of Brazil’s intensive row crop area since
2000. Proc. Natl. Acad. Sci. USA 116: 428–35. [CrossRef] [PubMed]

Zilberman, David, Ben Gordon, Gal Hochman, and Justus Wesseler. 2018. Economics of
Sustainable Development and the Bioeconomy. Applied Economic Perspectives and Policy
40: 22–37. [CrossRef]

434

https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_CONF.151_26_Vol.I_Declaration.pdf
https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_CONF.151_26_Vol.I_Declaration.pdf
https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_CONF.151_26_Vol.I_Declaration.pdf
http://doi.org/10.1146/annurev-animal-061220-023052
http://doi.org/10.1088/1748-9326/aabdc4
http://doi.org/10.1146/annurev-resource-100516-053701
http://doi.org/10.1146/annurev-resource-100518-094140
http://doi.org/10.1371/journal.pone.0181353
http://doi.org/10.1016/S0140-6736(18)31788-4
http://doi.org/10.1073/pnas.1810301115
http://www.ncbi.nlm.nih.gov/pubmed/30559198
http://doi.org/10.1093/aepp/ppx051


Zilberman, David, Tim G. Holland, and Itai Trilnick. 2018. Agricultural GMOs—What we
know and where scientists disagree. Sustainability 10: 1514. [CrossRef]

Zilberman, David. 2014. The political economy of innovation and technological change.
Environment and Development Economics 19: 314–16. [CrossRef]

© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

435

http://doi.org/10.3390/su10051514
http://doi.org/10.1017/S1355770X14000278
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.



