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FUTURE OF AGRICULTURE AND ANIMAL PRODUCTION IN
A CHANGING WORLD: CHALLENGES AND INNOVATIONS

Vesna Gantner', Boris Ljubojevi¢’, Dragan Dokic?

Abstract

This paper analyses the future of agriculture and animal production under the
combined pressures of global population growth, demographic shifis, climate
change, political instability, and decreasing availability of natural resources.
Special emphasis is placed on the indispensable role of traditional animal
production in providing high-quality protein, essential nutrients, and ecosystem
services, including soil fertility, nutrient recycling, and landscape management.
While emerging technologies such as precision livestock farming, cultured meat,
and fermentation-based animal product substitutes offer potential pathways to
reduce environmental impacts and enhance production efficiency, they cannot
fully replace the biological, socio-economic, and cultural functions of conventional
livestock systems. By reviewing demographic trends, environmental impacts, and
technological innovations, this paper highlights the urgent need for sustainable,
resilient, and scientifically guided strategies in animal production. Maintaining
and improving traditional livestock farming is essential not only for food security
but also for preserving rural economies, cultural heritage, and the overall stability
of agricultural systems in both global and Balkan contexts.

Key words: Animal production, sustainability, food security, precision livestock
farming, lab-grown meat.

Introduction

The agricultural revolution marks a profound cultural transition in human history,
one that enabled early societies to shift from a nomadic lifestyle based on hunting
and gathering to the deliberate cultivation of plants and the domestication of
animals. Most of the staple foods consumed today originate from fewer than a
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dozen plant species and a limited number of domesticated animal species, whose
taming began several millennia ago. Archaeological evidence indicates that the
domestication process emerged independently in several regions of the world
during the Holocene, roughly 12,000 years before present, likely driven by climatic
fluctuations and growing demographic pressures (Picture 1).
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Picture 1. Origin of crops and domestic animals
Source: ECOCLIMAX, 2015.

This transition unfolded gradually as human communities identified and propagated
plant and animal populations with desirable traits. The emergence of agriculture
represents a fundamental milestone in human evolution, reshaping population
dynamics and settlement patterns. As domesticated species adapted to diverse
ecological conditions, human mobility and early trade networks facilitated their
dissemination across continents. Improved stability in food availability, particularly
the ability to store plant products and rely on animal resources throughout the year,
provided the foundation for permanent dwellings, the formation of villages, and
the eventual development of complex societies.

The advent of agriculture also triggered extensive environmental and social
transformations, including the clearing of forests, the introduction of irrigation
systems, and the creation of new technologies and economic structures. It
contributed to shifts in property relations, social hierarchies, and political
organization. With more predictable food supplies, individuals and communities
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gained time for intellectual, artistic, and spiritual pursuits, which in turn stimulated
the development of art, religion, and scientific inquiry. Without this profound
transformation, humans would likely have remained dispersed in small, mobile
groups dependent on wild resources, and global population levels would have
remained far lower than those we observe today. This paper analyses the future
of agriculture and animal production under the combined pressures of global
population growth, demographic shifts, climate change, political instability, and
decreasing availability of natural resources.

Global pressures on food production

Agricultural production is increasingly required to function within a highly
dynamic and complex global environment shaped by climate change, demographic
expansion, and the progressive depletion of key natural resources. Modern
agriculture must simultaneously meet rising nutritional demands and ensure
production stability under increasingly unpredictable environmental conditions.
Demographic projections indicate that the global population is expected to grow
from approximately 7.2 billion today to 9.6 billion by 2050 (Census Bureau,
2016). Such rapid population growth, combined with rising incomes, accelerating
urbanization, and shifts in dietary patterns, will place substantial additional
pressure on food production systems worldwide (FAO, 2011).
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Picture 2. Expected increase of human and domestic animals’ population

Source: FAO, 2011.
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According to FAO estimates, global demand for meat is projected to increase
by 73%, and demand for milk by 58%, relative to 2010 levels. To meet these
nutritional requirements, the global population of domesticated animals may need
to increase from approximately 60 billion to nearly 100 billion individuals by
mid-century (Picture 2). This expected expansion underscores the magnitude of
the challenge: the need to produce significantly more food while simultaneously
reducing the ecological footprint of agriculture and animal production.

In this context, sustainable intensification becomes the central strategic framework.
It seeks to increase the productivity and efficiency of agricultural systems without
proportionately increasing the use of land, water, energy, or other finite resources.
For livestock systems in particular, this requires the integration of innovations in
genetics, nutrition, reproduction, herd management, environmental control, and
health monitoring.

As herd sizes expand and the ratio of stockpersons to animals continues to
decline, precision livestock farming (PLF) emerges as an essential technological
paradigm. PLF integrates advanced sensors, real-time monitoring systems,
machine learning algorithms, and large-scale data analytics to produce continuous,
objective assessments of animal health, productivity, and welfare. The capacity
to process vast datasets allows producers to identify deviations in behavior,
detect subclinical disease, optimize reproductive management, and improve feed
conversion efficiency. This supports timely, evidence-based decision-making at
both individual and herd levels.

When effectively implemented, PLF contributes to economic sustainability by
increasing production predictability, reducing input losses, and improving long-
term farm profitability. Simultaneously, it enhances environmental stewardship
by reducing resource wastage, limiting emissions intensity, and promoting more
responsible use of land and water. Modern animal production systems thus
depend not only on biological knowledge but increasingly on digital technologies,
modelling tools, and interdisciplinary management strategies that integrate animal
science, engineering, data science, and environmental science.

Sustainable and technologically enhanced animal production will therefore be
indispensable for ensuring global food security in the coming decades. Addressing
demographic expansion, climate-related risks, and resource scarcity will require
coordinated scientific, technological, and policy-driven interventions designed
to maintain the resilience of global food systems while minimizing negative
environmental impacts.
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Animal production, environmental concern and food system sustainability

Despite significant technological progress and improvements in production
efficiency, animal production continues to face heightened public attention,
particularly in relation to greenhouse gas (GHG) emissions, land use, and
resource consumption. According to the Greenpeace report Farming for Failure
(2020), livestock and feed production in Europe generate more greenhouse gas
emissions annually than the combined emissions of all passenger cars and vans in
the European Union. The report argues that while emissions from the energy and
transportation sectors have declined due to investments in renewable energy and
sustainable transport solutions, increases in meat and dairy output have rendered
agriculture a relatively larger contributor to overall GHG emissions.

Similarly, ECOPEANUT (2021) highlights the negative environmental impact
ofanimal production, emphasizing emissions, water requirements, deforestation,
land clearing, and land occupation (Picture 3). This source further suggests that
eliminating animal-source foods from human diets, advocating population-
wide vegetarianism or a shift toward hunting, could theoretically reduce
anthropogenic emissions by up to 14.5%. Such numerical approximations have
gained notable public traction and often serve as the basis for policy proposals
and activist campaigns.
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Picture 3. Global statistics on land clearing and deforestation
Source: ECOPEANUT, 2021.

However, these perspectives frequently oversimplify complex ecological
interdependencies and ignore broader socioeconomic realities. Proposals
advocating the elimination of livestock from agricultural systems fail to consider the
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irreplaceable ecological services provided by domestic animals. Livestock play a
central role in nutrient cycling, soil fertilization, maintenance of soil organic matter,
and enhancement of soil biological activity. Manure, with its unique composition
and biological properties, cannot be substituted by synthetic fertilizers or currently
available alternative amendments without long-term negative consequences. The
complete removal of livestock from agroecosystems would result in progressive soil
degradation, reduced soil fertility, and impaired soil structure, phenomena with direct
negative consequences for global plant production and, ultimately, for food security.

Furthermore, many global regions are ecologically unsuitable for intensive
crop cultivation. Large areas of the world, such as savannas, steppes, drylands,
mountainous terrains, and marginal pastures, can sustain pastoral or mixed crop,
livestock systems but cannot produce sufficient quantities of plant-based food
(Picture 4). In such contexts, livestock are essential converters of low-quality
biomass into nutrient-dense foods that support human health. Eliminating
livestock from these environments would render vast land areas unusable for food
production, exacerbating hunger, destabilizing rural livelihoods, and increasing
dependency on food imports.

Picture 4. A reindeer on mossy tundra in the Norwegian archipelago of Svalbard

Source: Photo by Allan Hopkins.
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The socioeconomic implications of such proposals are equally serious. Removing
livestock from global food systems would undermine rural economies, contribute
to the loss of cultural and traditional heritage, disrupt established trade networks,
and risk triggering large-scale population displacement. In extreme scenarios,
these disruptions could contribute to political instability, resource conflicts, and
geopolitical tensions.

It is therefore crucial that debates surrounding animal production move beyond
simplified narratives and incorporate comprehensive scientific analyses. While the
environmental footprint of animal production must be addressed through improved
management, technological innovation, and reduction of emissions intensity,
livestock remain indispensable for global food system resilience. They support
biodiversity, enable efficient land utilization, contribute to nutrient cycling, and
provide essential high-quality proteins, micronutrients, and bioactive compounds
necessary for human health.

Greenhouse gas emissions and mitigation strategies in animal production

The livestock sector, as an integral component of the broader agricultural system,
plays a dual role in the context of global environmental sustainability. On one
hand, animal production contributes significantly to anthropogenic greenhouse
gas (GHG) emissions; on the other hand, it presents a substantial opportunity for
mitigation and sustainable intensification, complementing broader efforts to address
climate change. As discussed in previously, the challenge facing agriculture is to
meet the nutritional demands of a rapidly growing human population, projected
to increase from approximately 7.2 billion to 9.6 billion by 2050 (Census Bureau,
2016), while simultaneously reducing environmental impacts and preserving finite
natural resources (FAO, 2011). Animal production, in particular, sits at the nexus
of these pressures, as it is both a major contributor to emissions and a key provider
of nutrient-dense foods essential for global food security.
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Figure 1. GHG emissions related to animal species
Source: FAO, 2013.

According to the Intergovernmental Panel on Climate Change (IPCC, 2007),
total GHG emissions from livestock supply chains were estimated at 7.1 gigatons
of CO2-equivalent per year in 2005, representing approximately 14.5% of all
anthropogenic emissions globally (49 gigatons CO2-eq in 2004). Within this
sector, cattle are the dominant contributors, producing roughly 4.6 gigatons CO2-
eq, or 65% of livestock-related emissions, whereas small ruminants, including
sheep and goats, contribute between 7 and 10% (approximately 0.47 gigatons
CO2-eq; FAO, 2013).

The principal sources of emissions in ruminant production systems are enteric
fermentation and feed production, with meat-oriented systems generally exhibiting
higher emission profiles than dairy systems. Moreover, extensive grazing systems
tend to generate more GHG emissions per unit of land compared to mixed or
confined systems, a pattern observed across all major ruminant species.

A key relationship identified in multiple studies is the negative correlation
between productivity and emission intensity, whereby higher yields per animal are
associated with lower emissions per unit of product. This suggests that improving
productivity and production efficiency can serve as an effective mitigation strategy
without necessarily reducing total output. Consequently, potential pathways for
emission reduction in the livestock sector include: (i) reducing total production
and consumption, (ii) enhancing production efficiency to lower the emission
intensity, or (ii1) implementing a combination of both approaches. Depending on
species, production system, and geographical context, the application of mitigation
techniques could reduce sectoral emissions by 14-41%, demonstrating the
considerable potential of targeted interventions (FAO, 2013).
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Figure 2. Mitigation potential regarding the animal species
Source: FAO, 2013.

The contemporary livestock sector faces a particularly complex challenge. It
must reconcile the growing global demand for animal products, which FAO
(2011) projects will increase by approximately 70% between 2005 and 2050,
with the urgent imperative to reduce emissions. As highlighted in preceding
chapters, precision livestock farming (PLF) and other technological innovations
offer pathways to achieve this dual objective. By providing detailed monitoring
of animal health, productivity, and welfare, PLF allows for optimization of
feed utilization, reproductive performance, and overall herd management. In
this sense, technological adoption not only supports higher production but also
facilitates environmentally responsible practices, reducing emission intensity
and resource inefficiencies.

It is important to recognize that, while animal production contributes to GHG
emissions, it also offers a unique opportunity for environmental mitigation that
cannot be fully replicated by other sectors. Unlike industrial sectors such as steel,
cement, iron, oil, transport, and construction, the livestock sector can reduce
emissions while simultaneously increasing food output, maintaining soil fertility
through manure application, and supporting rural livelihoods. The nutrient cycling
facilitated by livestock is indispensable for sustainable crop production, particularly
in regions where arable land is limited or climatic conditions restrict purely plant-
based agriculture. Eliminating livestock from these systems would undermine both
soil health and food security, disproportionately affecting vulnerable populations
and potentially exacerbating global inequalities.

Integrating mitigation strategies into animal production is therefore essential not
only for climate objectives but also for broader sustainability of human civilization.
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Encouraging higher productivity through evidence-based management, adopting
low-emission feed and breeding strategies, and implementing PLF technologies
represent key avenues through which the sector can harmonize growing demand
with environmental stewardship. The dual role of livestock, as both a contributor
to and potential mitigator of GHG emissions, underscores the necessity of science-
driven policy, interdisciplinary research, and informed global governance.

The alternatives to animal products

Recent developments in cellular agriculture, particularly cultured meat produced
in bioreactors without animal slaughter, have been presented as potential solutions
to the environmental and ethical challenges of conventional animal production.
Regulatory approval for the commercial sale of cultured meat has been granted for
the first time, which the meat industry has hailed as a milestone in food technology
(Guardian, 2020). Cultured meat, also known as lab-grown, in vitro, or synthetic
meat, is generated by cultivating muscle cells in nutrient-rich media, which are
guided to form muscle-like fibres suitable for human consumption.

Cellular agriculture encompasses two principal approaches: tissue engineering-
based and fermentation-based systems. Tissue engineering-based methods derive
cells from living animals via biopsies or from genetically engineered cell lines
to produce consumable tissues, including meat and leather. Fermentation-based
cellular agriculture, in contrast, relies on genetically modified microorganisms,
such as bacteria, yeast, or algae, to synthesize animal-like compounds, including
collagen, casein, and gelatine, without direct use of animal tissues. While these
technologies represent innovative approaches to food production, the environmental
footprint of cultured meat remains largely uncertain, and robust life-cycle
assessments are still unavailable. Consequently, claims suggesting that artificial
meat could significantly reduce greenhouse gas emissions remain speculative.
Nevertheless, economic forecasts project that the cultured meat market could
reach approximately €140 billion within the next few years, indicating substantial
commercial interest despite unresolved sustainability questions.

Parallel to cellular agriculture, plant-based diets have grown in popularity,
motivated by health, ethical, and environmental considerations (BDA, 2023).
Such diets emphasize consumption of grains, legumes, nuts, seeds, fruits, and
vegetables, often excluding or minimizing animal products (Picture 5; Plant-Based,
2023). Proponents argue that plant-based diets reduce resource use, greenhouse
gas emissions, and ecological impacts.
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Picture 5. A plant-based diet — a food pyramid
Source: Plant-Based, 2023.

However, these alternatives are not without limitations. Plant-based products
heavily rely on monoculture crops, such as soy and palm oil, which are associated
with significant deforestation, habitat destruction, and biodiversity loss. For
instance, expansion of soy plantations in Mato Grosso, Brazil, led to the clearing
of over 1,000 km? of Amazon rainforest over the past decade (Jordan et al., 2022).
Similarly, palm oil production in Indonesia, Malaysia, Thailand, and Nigeria
has been linked to ecosystem degradation and serious social issues, including
exploitative labor practices and pesticide exposure (Trauger, 2022; Picture 6;
Future Environment Defenders, 2023).

Picture 6. Deforestation in Borneo

Source: Future Environment Defenders, 2023.
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Nutritionally, strict plant-based diets may also pose significant challenges. Research
in Guatemala indicated that limited consumption of animal-source foods can result
in deficiencies of cobalamin (vitamin B12), and folate (vitamin B9) among infants,
school-age children, and pregnant women (Casterline et al., 1997; Rogers et al.,
2003; Black, 2008). These deficiencies are associated with impaired cognitive
development, increased risk of depression, and adverse neurodevelopmental
outcomes, underscoring the essential contribution of animal products to human
health and development.

Taken together, these considerations raise a critical question: Why are cellular
and plant-based alternatives to animal products promoted as solutions, despite
unresolved environmental, nutritional, and social limitations? While such
innovations may complement conventional food systems, they cannot fully replace
the multifunctional roles of livestock. Animal production provides irreplaceable
benefits: it supplies high-quality protein and micronutrients, supports soil fertility
through manure application, enables food production in marginal and non-arable
lands, and sustains rural economies and livelihoods.

Therefore, while emerging alternatives deserve continued research and
cautious integration, responsible and efficient animal production remains
indispensable for global food security, nutritional adequacy, and ecological
stability. High-efficiency, technologically advanced, and environmentally
managed animal production systems are central to sustaining the human
population, particularly in regions where plant-based agriculture alone cannot
meet dietary or ecological requirements.

Conclusion

The future of agriculture and animal production will be shaped by the complex
interplay of global population growth, climate change, resource limitations, and
evolving dietary demands. Animal production, while contributing to greenhouse
gas emissions, remains indispensable for human nutrition, ecosystem services,
and the resilience of food systems. Precision livestock farming, technological
innovations, and sustainable intensification can enhance efficiency, reduce
environmental impacts, and optimize resource use.

Emerging alternatives, such as cultured meat and plant-based diets, offer
complementary strategies but cannot fully substitute the multifunctional roles of
conventional livestock. These alternatives face ecological, social, and nutritional
limitations, and their widespread adoption would not replace the essential
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contributions of animals in nutrient cycling, soil fertility, production in marginal
lands, and support of rural economies.

Sustainable and scientifically guided management of animal production is therefore
essential for ensuring global food security, maintaining ecological integrity, and
supporting socio-economic stability. Addressing the complex challenges of a
changing world requires an interdisciplinary approach that integrates livestock
management with forestry, biodiversity conservation, environmental protection,
policy frameworks, market dynamics, and consumer behavior. The continued
optimization of traditional animal production systems, coupled with technological
and environmental innovations, remains central to meeting these challenges while
safeguarding the long-term resilience and sustainability of human civilization.
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