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Preface

Nitrogen is a vital element for the natural environment and forms essential compounds
for all living organisms. As it cycles through air, soil and water, nitrogen plays a crucial
role in the functioning of ecosystems. The growth of agrifood systems has relied on the
access to nitrogen resources from both industrial sources and biological fixation. The
use of these nitrogen sources has increased agricultural production and has contributed
to food security for a growing world population. If not managed properly, overuse of
nitrogen affects air, water and soil quality. In contrast, mining nitrogen from soils leads
to soil degradation, thus driving biodiversity loss and exacerbating climate change.
Agrifood systems are a main driver of disrupted nitrogen cycles at national, regional
and global levels, and contribute to the negative impacts on the environment. To ensure
the sustainable use of nitrogen as a vital natural resource, all stakeholders in agrifood
systems should take action to adopt practices that enhance nitrogen use efficiency and
minimize pollution and waste.

This report gives a comprehensive overview of the role of nitrogen use and conse-
quent challenges in agrifood systems. It offers solutions for crop and livestock systems
on how to improve nitrogen management to enhance productivity and outlines the
potential of adopting circular bioeconomy approaches to enhance nitrogen use efficien-
¢y and minimize pollution. Through this, a transformation in agrifood systems where
nitrogen use is balanced can ensure food security, nutrition and farmers’ livelihoods.

A transformation of the agrifood system to enhance the three dimensions of sustain-
ability necessitates collaborative efforts from all stakeholders, from local to global levels.
This report underlines the importance of policies promoting sustainable nitrogen manage-
ment and how national commitments can reduce nitrogen pollution. By joining our efforts
to reduce nitrogen pollution and waste, agrifood systems contribute to the achievement
of the Paris Agreement and the Sustainable Development Goals, in particular, SDGs 2, 6,
12,13, 14, 15 and 17.

As such, this report is the first FAO publication on sustainable nitrogen management
in agrifood systems and how to ensure the use of this vital resource now and in the
future for improved production, nutrition, a healthier environment, and a better quality
of life. It is hoped that the results and recommendations of this report bolster efforts
of countries and agrifood system stakeholders to commit to addressing nitrogen chal-
lenges while transforming agrifood systems through better production, better nutrition,
better environment, and a better life for all, leaving no one behind.
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Executive summary

Nitrogen (N) is one of life's fundamental building blocks — a core ingredient in amino
acids and proteins — and essential for agrifood systems. With the invention of the
Haber—Bosch process, humans have converted unreactive N, to reactive forms of N
that can be used as mineral fertilizer, which has significantly contributed to increased
crop production and yields to feed a growing world population. This technological
breakthrough has altered the global N cycle, resulting in excess N release to the envi-
ronment, negatively impacting air and water quality, human health and biodiversity. The
anthropogenic release of N impacts both terrestrial and aquatic ecosystems, as altered N
flows have profound effects on natural ecosystem structure, function and services upon
which humanity depends. Nitrogen losses occur through emissions of ammonia (NHs)
and nitrogen oxides (NO,), which lead to air pollution, and nitrous oxide (N,0), a potent
greenhouse gas (GHG), which contributes to climate change. Additionally, N can be
lost through nitrate (NOs™) leaching in soil and water bodies. This causes eutrophication
and acidification, ultimately harming terrestrial and aquatic ecosystems, contributing
to biodiversity loss, and affecting the provision of clean air and water. As a result, the
substantial losses of anthropogenic N pose a risk to human health and contribute to the
triple planetary crisis of climate change, pollution and biodiversity loss.

Agrifood systems play a significant role in the alteration of N dynamics. Nitrogen
is an essential building block for crop and livestock production. While some plants,
such as legumes, can access atmospheric N through biological N fixation, most oth-
ers depend on N availability in soils. Synthetic N fertilizer has complemented natural
processes and significantly increased crop yields. The over-application of synthetic N
fertilizer has resulted in substantial losses of N through the leaching of nitrates when
the absorption capacity of soils is surpassed. Additionally, with the rising demand for
livestock products, the livestock sector has undergone significant changes, transitioning
from traditional and small-scale to intensive production systems in which large amounts
of concentrated feeds are used. Production of this feed is partly linked to deforestation
and heavy synthetic fertilizer use, causing gaseous N emissions and NOs~ leaching.
As feed production is typically decoupled from livestock-dense production areas, high
concentrations of manure are accumulated in the latter areas. Significant emissions
occur in livestock-dense housing systems where manure is accumulated and stored for
prolonged periods, causing emissions of NHs, N,O and NO,. The livestock sector is the
main contributor of N losses by agriculture and represents about one-third of total N
emissions from anthropogenic activities.

Conversely, many low- and middle-income countries still face opposite challenges,
as N fertilizers are more difficult to access. Here, soil health degradation occurs when
crops are harvested without compensating for the harvested N through the application
of organic (such as manure, compost and crop residues) or synthetic fertilizer, which
in turn results in crop yields well below their potential. Additionally, manure is often
not collected or correctly handled, resulting in emissions of N and loss of nutrients that
could otherwise be returned to the agricultural system.

Because of its significant role in environmental N pollution, the agricultural supply
chain must implement sustainable N management practices to minimize N losses and
increase balanced N cycling within the agrifood system. Sustainable N management is
defined as management practices that seek to minimize external N inputs and losses and
increase recycling of N within the production system. Increasing N use efficiency (NUE)
can contribute to sustainable N management. Nitrogen use efficiency is the ratio of N
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recovered in the final output to the total N used as input. Increasing NUE aims to recover
as much as possible of the N input as possible in the final product, thereby minimizing the
amount of N lost in the production process. Improved fertilization strategies contribute to
improving NUE and sustainable N management in cropping systems. In livestock produc-
tion, strategies at the farm level to increase NUE should focus on minimizing N excretion
through manure. When feeding high-protein diets, a significant amount of N is excreted
via manure (faeces and urine). Improved feeding strategies, including low-protein feed,
can decrease manure N excretion and associated N losses. Through improved manure
handling and storage and an adequate use of manure N in crop production, overall NUE
can be increased substantially. Reducing N losses from manure can be achieved through
innovative livestock housing systems, improved storage, and low-emission application
of manure to cropland. Beyond farm-level measures, crop-livestock integration and
recoupling of livestock to local feed production can enhance sustainable N management
on a regional scale. In general, livestock decrease the overall NUE of the food production
system compared with plant-based production systems, as they add additional steps in
the process where N can be lost to the environment. Integrating livestock systems with
crop production systems improves NUE of the system as a whole, thereby contributing to
an increase in sustainable resource use.

Improving resource use efficiency, including NUE, can be achieved by the adoption of
circular bioeconomy principles. The circular bioeconomy aims to provide sustainable solu-
tions in the production, utilization, conservation and regeneration of biological resources
within and across all economic sectors to enable a transformation to a more sustainable
economy. Within agricultural production systems, circularity principles are proposed to
improve resource use efficiency and NUE and can contribute to sustainable N manage-
ment as they aim to maximize the efficiency with which food is produced and utilized.
The main principles of a circular agrifood system are to reduce food losses and waste,
recycle inevitable food losses and waste back into the agrifood production chain, use
arable land primarily for direct human consumption to maximize resource use efficiency
and available food, and use livestock to convert biomass and waste streams unsuitable for
human consumption. Across these principles, many solutions are present to increase the
recycling of N and increase NUE of the agrifood system. In recognition of the importance
of these processes, countries can now use NUE as one of the indicators of the productivity
and sustainability of their agrifood systems when reporting on Sustainable Development
Goal (SDG) Indicator 2.4.1.

Nitrogen management policies in agrifood systems present disparities across differ-
ent regions. Policies often prioritize food security and productivity gains, leading to high
N inputs and low NUE. For instance, Asia’s Green Revolution saw significant crop vyield
increases as a result of fertilizer subsidies. These policies have led to massive environ-
mental pollution from the overuse of synthetic fertilizers. In response, Asian countries
have implemented reforms to reduce N fertilizer use and improve NUE. Africa has chal-
lenges related to low crop yields and soil nutrient depletion due to inadequate policies,
low-fertility soils, and limited access to affordable synthetic fertilizers. The European
Union and North America have achieved higher NUE through nutrient management
guidelines and environmental regulations. Conversely, Latin America and the Caribbean
face challenges due to heavy reliance on imported fertilizers, which are affected by
fluctuating prices and disruptions of supply chains.

Adoption of agricultural technologies and financial mechanisms, such as crop insur-
ance and joint responsibilities among agrifood chain stakeholders to decrease N loss
and share abatement costs are needed. Countries are encouraged to adopt policies that
promote sustainable N management and address other environmental challenges, such
as climate change, water use and biodiversity loss.

Sustainable N management is crucial for achieving the SDGs by 2030, particularly
those related to ending hunger (SDG 2), health (SDG 3), clean water (SDG 6), sustainable
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production and consumption (SDG 12), climate action (SDG 13), and preserving life under-
water (SDG 14) and on land (SDG 15). In developing countries, improving NUE can improve
soil health and fertility, increase crop production and yields, and increase food production.
Furthermore, improving NUE can contribute to improved human and environmental health
by reducing harmful emissions and protecting water bodies from pollution. For these efforts
to be successful, policies need to reconcile the dual role of N as an important nutrient nec-
essary for economic growth, human advancement and food security and as a pollutant that
causes serious ecosystem damage.

Key actions and policy options to promote sustainable nitrogen management should
focus on the following.

Improve nitrogen management in crop production through promoting the use of
biological N fixation in locally suitable crop rotations and encouraging the use of
manure as organic fertilizer. Low- and middle-income countries should enhance
access to synthetic fertilizers and promote agroecological practices, while the
fertilizer industry should take urgent action to cut GHG emissions during the
production of synthetic fertilizers.

Improve nitrogen management in the livestock sector through developing guide-
lines to adopt best practices in manure management and processing techniques,
enhance spatial integration of crop and livestock production, and implement circu-
lar bioeconomy principles at the landscape level. Livestock farmers should improve
feed formulation to optimize protein intake and improve feed use efficiency.
Agrifood system policies should focus on improving spatial planning and reducing
livestock numbers in areas with high geographical concentration to ensure crop
and livestock systems are balanced and integrated.

Reduce nitrogen loss and waste. Countries should bolster efforts to reduce food
loss and waste throughout the agrifood production chain and promote recycling
and treatment of food unsuitable for human consumption as livestock feed.
Promote public and private investment. National governments, the private sector,
international financial institutions, and local agricultural banks should mainstream
sustainable N management into development projects and programmes in agri-
food systems and promote investment in high-efficiency, low-emission mineral
fertilizers and production of organic residues to enhance system efficiency and
reduce waste of resources and environmental pollution. Agrifood system stake-
holders should promote investment in agroecology and sustainable crop-livestock
integrated development projects to enhance sustainable N - management.
Capacity building at scale. Countries and international development partners
should support national capacity building on sustainable N management among
different agrifood system stakeholders, including the public, private sector, civil
society organizations, farmers, and producer organizations; strengthen national
extension services, research, and knowledge transfer; and promote sustainable N
management practices through farmer field schools, and low-N footprint diets.
Policy options. Countries should promote the integration of sustainable N man-
agement in nationally appropriate mitigation actions and nationally determined
contributions, including targets to reduce N,O from agrifood systems to keep the
Paris Agreement goal of 1.5 °C in sight. Countries should set national commit-
ments to reduce N pollution, including NH3 and NO, emissions to air and NO3~
losses to water, in line with Target 7 of the Kunming-Montreal Global Biodiversity
Framework and SDGs 6, 12, 13, 14, 15 and 17. Finally, countries should address
consumption patterns and promote healthy diets with low environmental impact.



Chapter 1
Introduction

Nitrogen (N) is one of life’s fundamental building blocks.
Humans have heavily altered the global cycle of N to
increase food production to satisfy the needs of a grow-
ing population (Tian et al., 2022). As a result, excess N
has entered natural ecosystems and contributed to the
reduction of air and water quality worldwide. Through
agriculture and industry, each year, humans are now adding
around 150 teragrams (Tg) of reactive N (which includes
all compounds of N following the fixation of atmospheric
dinitrogen N,) to the Earth’s land surface, which is more
than double the rate of pre-industrial terrestrial N fixa-
tion (Schlesinger, 2009). Projected changes in climate are
expected to further increase biological and anthropogenic
N fixation, potentially reaching a total of around 600 Tg N/yr
by 2100 (Fowler et al., 2015).

The anthropogenic release of N to the environment
affects both terrestrial and aquatic ecosystems, as altered
N flows have profound effects on natural ecosystem struc-
ture, function and services upon which humanity depends.
According to Steffen et al. (2015) and Richardson et al.
(2023), global N flows have already surpassed the planetary
boundaries — a term referring to the environmental limits
within which humanity can safely operate. The degree
of this exceedance has dramatically increased since 2015
(Richardson et al., 2023). Emissions of ammonia (NHs) and
nitrogen oxides (NO,) have led to air pollution, nitrate (NO5")
loads in water bodies have caused eutrophication and
harmed aquatic ecosystems and biodiversity, and emissions
of nitrous oxide (N,0), a potent greenhouse gas (GHG),
contribute to climate change and Os depletion. This has
weakened ecosystem resilience and reduced the provision-
ing of clean air and water, recreation, fisheries, forest prod-
ucts and biodiversity both qualitatively and quantitatively.

The assessment of N effects on the environment is
challenging due to the complex nature of N dynamics.
Nitrogen cycles through various oxidized and reduced
forms via biological and chemical processes, allowing a
single emitted N molecule to initiate a series of effects
— both positive and negative — known as the N cascade
(Galloway et al., 2003). Because climate alters N dynamics,
climate-change-induced extreme variations in tempera-
ture and precipitation are likely to increasingly weaken
ecosystem resilience and alter ecosystem responses to N.
Moreover, the induced effects on ecosystems can exacer-
bate climate change, creating a positive feedback loop —
for example, N dynamics altered by climate change affect

ecosystem processes, which in turn influence climate
change. Thus, N pollution hinders human efforts to stay
within or return to the planetary boundaries of climate
change and potentially alters other boundaries, such as
stratospheric Oz depletion caused by catalytic cycles by N
oxides (Chipperfield and Bekki, 2024).

Agriculture plays a significant role in the alteration of N
dynamics. Nitrogen is essential for crop and livestock pro-
duction. While some plants, such as legumes, can access
atmospheric N through biological N fixation, most others
depend on N availability in soils. The use of synthetic N fer-
tilizer has complemented natural processes to significantly
increase crop yields. As N fertilizer application increased with
the growing demand for food and feed, losses of N to the
environment increased. At the other end of the spectrum,
many low-income countries still face challenges in accessing
N fertilizers, leading to soil health degradation and crop
yields well below their potential. Nitrogen losses in livestock
systems occur indirectly (e.g. through feed production) and
directly (e.g. from manure); livestock farming is the main
contributor of N losses from the agrifood system. These
losses contribute to environmental impacts such as air and
water pollution, eutrophication, acidification, biodiversity
loss and climate change (Galloway et al., 2010; Leip et al.,
2015; Otte, Pica-Ciamarra and Morzaria, 2019; Steinfeld et
al., 2006; Sutton et al., 2013). Sustainable N management,
which focuses on minimizing external N inputs and N losses
and/or maximizing N recycling, is vital for the transformation
of agrifood systems in which natural resources need to be
used sustainably, not exceeding planetary boundaries.

While the exceedance of the global N planetary bound-
aries is evident, regional heterogeneity needs to be con-
sidered, which requires different formulations of policies
and improvement options suitable for each set of local
conditions. For instance, countries with limited access to
N fertilizers, such as those in sub-Saharan Africa and some
in Latin America and the Caribbean, and Asia, currently
maintain N levels within the “safe” operating zone. In these
regions, a lack of nutrients in the soil often means that
nutrient mining by agricultural practices contributes to land
degradation, which reduces soil quality and undermines
agricultural productivity. In contrast, European countries
and some Asian countries have seen intense N-related pol-
lution because of the high use and misuse of N fertilizers
and manure. These regional disparities pose challenges to
farmers and policymakers — the latter need to develop N
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policy recommendations tailored to their specific political,
geographic and climatic conditions while still tackling the
N challenges at a global scale. Improving N management
in the agrifood system is crucial to reducing agriculture’s
contribution to the triple planetary crisis: climate change,
pollution and biodiversity loss (UNFCCC, 2022).

This report outlines the challenges and opportunities of
improving N management within the agrifood system and
provides information on practical interventions aimed at
enhancing the sustainable N management for FAO Members
and other agrifood system stakeholders, including the private
sector, non-governmental organizations, civil society organiza-
tions and farmers’ organizations. Sustainable N management
is defined as management practices that seek to minimize
external N inputs and losses and/or increase recycling of N in

the production system. The report emphasizes farm-specific
solutions, provides case studies that focus on how to improve
N use efficiency (NUE) and outlines the implications for the
global agrifood system when implementing sustainable N
management practices. Chapters 2 and 3 outline the challeng-
es and opportunities of N use in crop and livestock systems,
respectively. Chapter 4 comprehensively outlines the environ-
mental impacts of excessive N use and N mining and how this
impacts global ecosystems. Chapter 5 focuses on the circular
bioeconomy, how circular agrifood systems improve NUE,
and which N management practices contribute to a circular
bioeconomy. Lastly, Chapter 6 provides an overview of current
policies aimed at N management in agriculture and an outlook
on what future policies are needed to enhance sustainable N
management within the global agrifood systems.



Chapter 2

Nitrogen use efficiency in cropping systems

2.1 INTRODUCTION

Nitrogen is an essential resource in agrifood systems that
requires careful management to avoid environmental pollu-
tion, climate change, impacts on human health, and N mis-
use (Einarsson et al., 2024). Nitrogen is a macronutrient and
a critical component of food constituents, especially amino
acids and proteins required for plant, animal and human
growth (de Vries et al., 2024; Sutton et al., 2013). Judicious
use of N in agriculture helps to avoid soil degradation and
nutrient depletion and increases crop yields (FAO, 2019).
Excess emissions of N into the environment from agricultural

operations have damaged environmental and human health,
including exacerbating global warming, degrading air and
water quality, and depleting stratospheric Os.

Cropping systems represent the entry point for most of
the new N inputs into the agrifood system and the largest
losses to the environment (Figure 1). The proportion of N
inputs retained in agricultural outputs is defined as the N
use efficiency (see section 2.2). Improving NUE in cropland
is essential to enhancing agricultural and environmental
outcomes (Bouwman et al, 2013; Schulte-Uebbing and
de Vries, 2021). FAO has developed the global reference
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FIGURE 1
A schematic representation of N transfers (Tg N/yr) through the global agrifood systems in 2015
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data on cropland nutrient balances, jointly with a large
international community of experts from both private and
public sectors to report on different indicators, including
Sustainable Development Goal (SDG) 2.4.1 (FAO, 2023a;
Ludemann et al., 2024).

In 2022, the largest external N inputs to croplands at
global level came from synthetic fertilizers (102 Tg N/yr),
followed by symbiotic N fixation associated with legume
crops (40 Tg N/yr) and atmospheric deposition (16 Tg N/yr).
Croplands received a substantial amount of recycled N
from livestock manure, applied directly on soil as fertilizer
(25 Tg N/yr). A larger amount was left on pastures, grass-
lands and rangelands (92 Tg N/yr) (FAO, 2023a). Inputs to
both croplands and grasslands have grown considerably over
time (Lassaletta et al., 2016; Xu et al., 2019).

Nitrogen management, including all practices related to
N inputs, N recycling, and avoiding N losses across global
croplands, is complex and heterogeneous, with numerous
opportunities to improve NUE, improve crop production,
and decrease environmental degradation. The agronomic
and environmental outcomes of cropping systems can differ
substantially depending on how N is managed at the field
level, including decisions about fertilizer placement, source,
application rate and timing. Nutrient application with right
source, right rate, right time and right place (the 4Rs of
nutrient stewardship) optimize these management practic-
es, and are discussed further in section 2.4. Crop rotation,
including leguminous species, influences nutrient cycling
(Anglade et al, 2015), as do multi-purpose production
systems such as agroforestry, agropastoral, silvopastoral
and agrosilvopastoral systems. Furthermore, integration
between crop and livestock systems can enhance N recy-
cling and decrease the need for external inputs (Lassaletta
et al., 2024). Yield gaps across the world are related to the
unequal distribution of N resources (Mueller et al.,, 2012,
Sinclair and Rufty, 2012; Aramburu-Merlos et al., 2024);
for example, the use of N inputs in Southeast Asia is ten
times greater than in many low-income countries due to
the difference in cropping systems and access to mineral N
fertilizer (Zhang et al., 2021). Decreasing yield gaps requires
addressing a range of factors that define, limit and reduce
yield in conjunction with N, including issues associated with
crop varieties and crop rotation, soil health and fertility,
water management, weed management, pests and diseas-
es (Gerber et al., 2024, Waddington et al., 2010).

Improving the balance between the benefits and costs
of N is possible; here, the aim is to provide recent scientific
information that can enable improvements in cropland N
management. First, the following sections examine how
NUE is defined and used in cropping system management.
Second, they outline patterns and trends in NUE across the
world. Third, they identify options to improve NUE across
different scales of management.

2.2 DEFINING NITROGEN USE EFFICIENCY IN
CROPPING SYSTEMS

Nitrogen use efficiency in agriculture is an indicator defined
as the proportion of N inputs that are retained in agricultural
outputs in a system (Watson and Atkinson, 1999). This sec-
tion focuses on the crop system (or the plant-system scale),
although NUE can be estimated at other system levels (Zhang
et al, 2020); for example, the animal-plant-soil, agrifood
(including human consumption) and landscape (including nat-
ural areas and industry) systems. Likewise, NUE can be estimat-
ed at different spatial scales, for example, at the plot (Guardia
et al, 2021), farm (Quemada et al, 2020a), watershed
(Compton et al., 2021), country (Zhang et al., 2021) and global
(Lassaletta et al., 2014b; Ludemann et al., 2024) spatial scales.

Improving NUE at the cropping system scale (such as
enhancing the fraction of the nutrient that is taken up by
the crop) can be a win—-win for agronomic, economic and
environmental outcomes. Increasing NUE can improve the
cost-benefit balance at the farm scale through the rational
use of farm inputs, such as synthetic fertilizers (subject to
price fluctuations), and using alternative N sources. Increas-
ing NUE can reduce the environmental problems associated
with losses of N to the environment. In the face of the cur-
rent fertilizer crisis, improving NUE is a valuable tool to cope
with the reduced fertilizer accessibility and the 2021-2022
fertilizer price spikes (FAO, 2023e).

In cropping systems, the inputs comprise synthetic N
fertilizer, manure N, biological N fixation, atmospheric N
deposition, and N from crop residues derived from other
(internal or external) systems. Additional N inputs, such as N
in seeds and irrigation water and N from net mineralization
of soil organic matter (SOM), should also be considered. In
addition to the N in crop harvest, there are possible N losses
via volatilization, leaching, runoff and soil erosion.

Soils can be a significant source of N as they can store 20
to 100 times more N than the N content in crops. In particular,
SOM contains up to 5 percent N (Weil and Brady, 2017). Net
N mineralization or sequestration in the SOM is not commonly
evaluated, although it can be a substantial component of the
budget, particularly when estimating NUE in one season only
(Martinez-Feria et al., 2018). To solve this issue, NUE should
be defined at the scale of the full crop rotation cycle, as a
given crop can use soil N resources left over by the preceding
crop in the rotation. Thus, soil N is considered a source or a
sink within the cropping system; neglecting the accumula-
tion or depletion of soil N within a system will likely bias the
assessment of the system NUE (Billen et al., forthcoming). In
soils reaching a steady state, N change could be considered
negligible (van Grinsven et al., 2022) except for soils in which
the soil organic N content is in the process of evolution (Serra
et al., forthcoming). For example, soils rich in organic matter
may release a substantial amount of N every year through soil
cultivation practices.
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There are many ways to estimate NUE. Agronomic
approaches to NUE include agronomic efficiency, the ratio
between yield increase (over an unfertilized control) and N
applied as fertilizer; crop recovery efficiency, the increase
in N uptake in aboveground biomass as a function of
applied N; and the increase in yield related to the increase
in N uptake (Dobermann, 2006; Jones et al., forthcom-
ing; Ladha et al., 2005; Lopez-Bellido and Lopez-Bellido,
2001). These methods require a cultivated plot without
N additions (control plot) to be compared with the ferti-
lized plot (or a few of them receiving different application
rates). There are approaches allowing precise estimation of
N use and allocation by using an isotope tracer ("°N). All
these approaches are useful to understand biogeochemical
processes, to isolate the effect of the soil N legacy and to
define optimal fertilizer rates. They require crop and soil
data, investments and experimentation (Quan et al., 2021),
and they are applied in field trials. When working at large
spatial scales, from watershed to global, or at the field scale

without a field trial, the partial nutrient balance approach
to NUE, which refers to the sum of N outputs divided by
the sum of N inputs, is the commonly used approach (Fixen
et al., 2015). This indicator is complementary to N surplus,
which is estimated as the sum of N inputs minus the sum
of N outputs per unit of area, and it is used to analyse the
agro-environmental performance of a cropping system
about N use. Additional new indicators, such as Fertilizer
Dependency (Quemada and Lassaletta, 2024) or circularity
indicators (van Loon et al., 2023), complement NUE indi-
cators by providing information on N external dependency,
recycling and circularity.

The European Nitrogen Experts Panel proposes a general
framework for NUE based on the mass balance principle,
which includes a graphical tool to interpret and communicate
results (EUNEP, 2015). It consists of a simple two-dimensional
input-output diagram where the three interpretation
types are represented (Figure 2). Several lines delimit spac-
es, indicating system performance about multiple attributes.

FIGURE 2
Framework of the NUE two-dimensional input-output diagram
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Note: Possible NUE, productivity and surplus targets, and definition of the characteristic operating space (COS). Minimum productivity and maximum surplus
are defined based on expert criteria and regional knowledge and legislation. When including the 90 percent NUE threshold, the COS is delimited, and
45 percent of the farms are placed inside, indicating good agro-environmental performance.

Source: Authors' elaboration based on EUNEP. 2015. Nitrogen use efficiency (NUE) is an indicator of the utilization of nitrogen in food systems.

Wageningen University, Alterra, Wageningen, the Kingdom of the Netherlands and Quemada, M., Lassaletta, L., Jensen, L.S., Godinot, O., Brentrup, F.,
Buckley, C., Foray, S. et al. 2020. Exploring nitrogen indicators of farm performance among farm types across several European case studies. Agricultural
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Sustainable nitrogen management in agrifood systems

A line of minimum productivity can be drawn and should be
adapted regionally, locally or according to user preference. The
red line represents an established maximum desirable surplus.
This threshold must be established based on local vulnerabili-
ties and/or adaptation of legislation. Fields or farms above the
90 percent NUE line are at risk of soil N -mining, while fields or
farms below 50 percent NUE risk serious N pollution. European
Nitrogen Experts Panel (EUNEP) has established a guidance doc-
ument to assess NUE at the farm level; it includes a three-tier
approach (from default values to empirical figures) for several
budget components, the choice of which depends on the qual-
ity of the available data (EUNEP, 2015). This document proposes
a well-defined list of inputs and outputs for various systems for
which the calculation can be adapted to data availability. These
lines delimit a desirable space for acceptable production, low
pollution risk, and without mining soil N reserves. This space
has been defined as the characteristic operating space (COS).

Quemada et al. (2020a) illustrate an application of the
two-dimensional input-output diagram and the COS approach
with data from 83 farms under irrigated conditions in Spain.
Most of the rotations (two or three years) include one cere-
al (maize) and tubers or oil crops. The surplus threshold,
50 kg of N per ha per year, is established based on expert
criteria and can be modified according to new legislation or
an additional environmental protection indication. They estab-
lish the minimum productivity threshold as the 75 percent
quartile, but it could be modified based on changes in prices
or other agronomic considerations. In conjunction with the
90 percent NUE limit, the COS is now defined. With these
criteria, 45 percent of the farms had their NUE in the COS,
while the rest failed for various reasons: 6 percent risked soil
mining, 25 percent were not productive enough, 30 percent
had a high risk of pollution, and some of them had low NUE.
The question now is how to make each farm reach the COS,
given their current performance. In this chapter, several strate-
gies to improve the agro-environmental performance of crop-
ping systems are proposed (section 2.4). For assessments at the
national level, NUE features as one of seven sub-indicators of
the SDG 2.4.1 proxy, used by FAQO to report on the productivity
and sustainability of agriculture (FAO, 2024¢), in line with the
COS thresholds discussed above.

2.3 TRENDS AND STATUS OF NITROGEN

USE EFFICIENCY

2.3.1 Global trends

Global crop yield has been rising steadily from an average
of 19 kg N/ha/yr in 1961 to 65 kg N/hafyr in 2022 (FAO,
2023a). In contrast, NUE declined from 56 percent in 1961
to 40 percent in the 1980s and has since increased again to
56 percent in 2022 (FAO, 2023e; Ludemann et al., 2024).
The nutrient budget ranges vary by country (Zhang et al.,
2021; FAQ, 2023e). Regionally, crop production in Southeast
Asia increased more than threefold from 18 kg N/ha/yr in

1961 to 54 kg N/ha/yrin 2022, and in North America, it almost
quadrupled, from 22 kg N/ha/yr to 80 kg N/ha/yr. As for NUE,
in Southeast Asia, it decreased significantly from 65 percent
in 1961 to 45 percent in the 1990s, to increase again to
54 percent in 2022. In North America, NUE first decreased
from 65 percent in 1961 to below 50 percent in the 1980s,
then increased to 69 percent in 2022. Nitrogen use efficiency
varies at the crop level (Zhang et al., 2015b). For example,
soybeans had an NUE as high as 80 percent in 2010, while
fruits and vegetables had NUEs as low as 14 percent in the
same year. Rising productivity was accompanied by increas-
ing synthetic N fertilizer input and N surplus, indicating great-
er environmental stress caused by crop production.

2.3.2 Spatial patterns
Based on the benchmarking global database of FAOSTAT
(FAO, 2023e), the average global NUE (for the period 2017-
2021) was 62 percent but varied substantially around the
world, affected by both the ecological and socioeconomic
conditions of each country (Figure 3). The patterns exhibited
by countries can be categorized into five groups, as follows.
1. Low-yield-high-NUE. Many countries in sub-Saharan
Africa and Western Asia had limited use of mineral
N fertilizer during this period. According to FAO,
average cropland N balance has remained low, about
0-40 kg N/ha/yr (FAO, 2023a). As a result, crop
yield remained low, with NUE varying from 83 to
68 percent. Some countries experience a high aver-
age NUE of about 87 percent. Zhang et al. (2021)
found that some crop-specific NUEs were higher than
100 percent, indicating the risk of depleting soil N
stocks and land degradation, called soil mining.
2. Moderate-yield-moderate-NUE. Countries with N
inputs of around 100 kg N/ha/yr and yielded around
50 kg N/hatyr, with NUE around 50 percent (Figure 4).
These countries are widely distributed around the
world, such as in Oceania and Eastern Europe. One of
the major mineral N fertilizer users in this group is the
Russian Federation, which reached an NUE of around
85 percent in 2017, partly benefiting from rich soil N
stocks and high N inputs and genetic improvement
(Figure 3) (FAO, 20233; Zhang et al., 2021).
3. High-yield-moderate-NUE. A cluster of countries,
including in North America, Western Europe and
Latin America, achieved high crop yield at around
100 kg N/ha/yr with modest N inputs (Zhang et al.,
2021), resulting in a moderate NUE level of about
51-71 percent (FAO, 2023a). Such achievement bene-
fited from advancements in technologies and manage-
ment practices in crop production, as well as favour-
able climate and soil conditions for crop growth. The
countries producing a quantity of soybean, which can
biologically fix N, have achieved a high NUE.
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NUE (%) 2017-2021

FIGURE 3
Crop nitrogen use efficiency at the country scale (1961-1965 vs 2017-2021)
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Moderate-yield-low-NUE. Compared with coun-
tries in the “High-yield-moderate-NUE” category,
some countries in Southern Asia had similar N input
levels, but yields were only half, resulting in NUE
ranging from 37 to 63 percent (FAO, 2023a). South-
ern Asia is among the top mineral N fertilizer users
in the world. The intensification of crop production
in this region has been largely driven by intensive
fertilizer inputs, but the yield response has become
stagnant. Improving N management practice and
reducing the incentives for excessive N application is
critical for closing the yield gap and increasing NUE.

5. High-yield-low-NUE. A final group of countries

in Southeast Asia and Western Europe have inten-
sive cropland N input (e.g. above 200 kg N/ha/yr)
(Zhang et al., 2021). While the intensive N input has
almost maximized the yield at the existing techno-
logical and ecological conditions, it resulted in low
NUE and substantial N losses to the environment.
Most of these countries are mid- to high-income
countries but with low per capita cropland area and
dense populations, indicating tremendous pressure
to ensure food security with limited domestic land
resources (see Figure 4).
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* Former USSR refers to Former Union of Soviet Socialist Republics.

side) to the risk of N pollution (on the right side).

FIGURE 4
Nitrogen budgets in cropping systems at the regional scale (2017-2021)
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2.3.3 Regional trends

In the past decades, N inputs from synthetic N fertiliz-
er, manure, biological N fixation, and N deposition have
increased steadily, resulting in an increase in crop production
in all regions of the world (FAO, 2023b; Figures 5 and 6).

Comparing NUE in the most recent five years (2017-
2021) with the earliest five years (1961-1965) in the data-
base (FAO, 2023a), most countries had lower NUE in the
recent period (Figure 3). The high-income countries have
higher NUE and are characterized by intensified crop pro-
duction. Most countries that had a high risk of soil N mining
in the early 1960s have alleviated that risk, but soil N mining
remains prevalent in several countries in sub-Saharan Africa
and Central Asia.

The input of N from different sources (deposition,
fertilizer input, manure and N fixation) has been increasing
in the last decades. For countries that have achieved a
high NUE, most of them were able to improve their NUE.

For instance, Northern America and Western Europe had
declines in NUE during the early development stage and crop
production intensification, resulting in N surplus and losses to
the environment. In the 1980s, NUE started to level off and
increase despite the continuing intensification of cropping
(Figure 9; FAO, 2023b). The aggravating N pollution stress
has slowed down in recent decades. The levelling-off of the
NUE reduction in Western Europe has been driven by regu-
latory measures (such as the Nitrates Directive). At the same
time, Northern America has mostly benefited from market
incentives and voluntary measures.

For regions with lower NUE in the 2010s, most are in
the early intensification stage of the U-shape trajectory
(Figure 9). Some of these regions have started to level
off N fertilizer use Figures 5 and 6), and consequently, the
declining NUE has started to level off as well. Still, the
N surplus stress has already far exceeded the planetary
boundary (FAO, 2023b).


https://www.fao.org/faostat/en/#data/ESB

Chapter 2. Nitrogen use efficiency in cropping systems

Sub-Saharan Africa

100

75 &
50 5.0
o
25 /, 25
'f
0

1970 1980 1990 2000 2010 0o

Northern America

Share of inputs (%)

0 1970 1980 1990 2000 2010 0

Eastern Asia

0 1970 1980 1990 2000 2010 0

— Harvest Tg N — Inputs TgN

(for the period 1961-2021).

M Deposition

FIGURE 5

Relative share of N inputs of major world regions

Western Asia & Northern Africa

100

75

50

25

1970 1980 1990 2000 2010

Latin America
100

75

50

25

1970 1980 1990 2000 2010
Southern Asia

1970 1980 1990 2000 2010

I Fixation Manure [ Synthetic

Note: Relative share of nitrogen inputs is given by input category and total N inputs, and outputs by the amounts of N in harvested crops

Source: FAO. 2023. Cropland Nutrient Balance. FAOSTAT. https://www.fao.org/faostat/en/#data/ESB

Inputs and harvest (Tg N)



https://www.fao.org/faostat/en/#data/ESB

10

Sustainable nitrogen management in agrifood systems

Eastern Europe
100

75

50

25

1970 1980 1990 2000 2010

Former USSR

100

Share of inputs (%)

75

50

25

1970 1980 1990 2000 2010

— Harvest TgN — Inputs TgN

(for the period 1961-2015).

[ | Deposition

FIGURE 6
Share of N inputs of major world regions

Western Europe

100

75

50

25

1970 1980 1990 2000 2010

Oceania
100

75

Inputs and harvest (Tg N)

50

25

0

1970 1980 1990 2000 2010

I Fixation Manure I Synthetic

Note: Relative share of N inputs is given by input category and total N inputs, and outputs by the amounts of N in harvested crops

Source: FAO. 2023. Cropland Nutrient Balance. FAOSTAT. https://www.fao.org/faostat/en/#data/ESB

The spatial and temporal patterns of NUE both show a
typical U-shape pattern between NUE and vyield (as well as
the economic development stage). The pattern aligns with a
classic Environmental Kuznets Curve theory (Figure 7), which
hypothesizes that the early stage of agricultural development
and crop intensification is achieved at the cost of the envi-
ronment with more N inputs and lower NUE; as the economy
develops further with more technological options and better
environmental awareness, the economic development and
crop production will rely more on efficient use of the resources

such as N fertilizer and land (Zhang et al., 2015b). While such
relationships have been identified in most countries around the
world, it should not be assumed that NUE will automatically
change as the gross domestic product (GDP) grows. It is
critical to learn from the lessons and experiences of those
developed countries that exhibited the full course of the
Environmental Kuznets Curve trajectory and identify oppor-
tunities for technological transfer and policy intervention to
facilitate early intensification in countries without further
sacrificing NUE and increasing N surplus.
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FIGURE 7
Environmental Kuznets Curve for nitrogen surplus and NUE
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2.3.4 Nitrogen use efficiency and technologies
Improving technologies and management practices (TMP)
has often been considered the major option for improving
NUE, and tremendous efforts have been devoted to devel-
oping and identifying best management practices to bal-
ance the production and pollution-mitigation goals in crop
production. It is critical to recognize that socioeconomic
factors, such as market price, farmers’ attitudes towards
risks, fertilizer subsidies, and government price fixing, are
critical for determining NUE outcome of TMP implement-
ation (Zhang et al.,, 2015a). It is particularly important to
understand the impacts of these socioeconomic factors
in the current global market with volatile mineral fertilizer
and crop prices. Some examples of TMP include the use
of slow-release, nano and coated urea fertilizers, precision
farming, the use of bio-stimulants to enhance N crop
uptake, integrated plant nutrient management, and con-
servation agriculture (Das et al., 2021).

For a given farm and TMP level, yield response to N
inputs typically levels off as N inputs increase (Figure 8a;
known as the diminishing return in yield response function)
because other limiting factors for yield increase become
more important (e.g. water). Consequently, NUE decreases
as N inputs increase (Figure 8b). The level of N application
rate is determined by socioeconomic factors, such as the
market price of fertilizer and crop and the farmer’s risk
preferences. For a given TMP, NUE is not constant; rather,
it can vary considerably with fertilizer and crop prices and
fertilizer application rates.

Technologies and management practices may change
the yield response function in different ways, consequently
impacting NUE. Taking the evolution of N management in
the US corn production as an example, the yield growth
during the period of 1960-2011 can be considered as three
stages corresponding to NUE change:
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FIGURE 8
The role of technology in changing yield response to N inputs and NUE improvement
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e From 1961 to 1971, yield increase almost followed
similar yield production functions, suggesting that
yield increase was mainly achieved by adding more
N, and NUE decreased.

e From 197102001, yield increase was mainly achieved
by adopting technologies that require more N input,
and NUE levelled off or decreased.

e From 2001 to 2011, yield increase was mainly
achieved by adopting technologies that require simi-
lar or less N, and NUE increased.

Consequently, identifying and implementing TMP that
increase or maintain yield without requiring additional N
inputs are critical for ensuring a positive outcome for NUE
improvement.

2.3.5 Nitrogen use efficiency by crop type

The crop NUE at the country level is affected by the per-
formance of a mixture of crops that are produced in each
country, in addition to the general trends of economic devel-
opment and associated technological advancement. Even for
the same crop, NUE can vary greatly between regions and
practices. It is recognized that most leguminous crops, such
as soybean and alfalfa, typically have higher NUE than other
staple crops because they can biologically fix N and rely on a
few new N inputs. Fruits, vegetables and sugar crops typically
have NUE below 20 percent, lower than major staple crops.
Zhang et al. (2015a) demonstrated that even if countries in
Southeast Asia increased NUE for each crop type to the North-
ern American level, their overall NUE would be much lower

than that in Northern America. The reason is that Southeast
Asia has devoted about one-third of its fertilizer to low-NUE
fruit and vegetable production, while Northern America
has produced soybean as one of its major crop products.
With the call for increasing access to affordable, healthy
diets, reducing the consumption of energy-dense and highly
processed foods, and maintaining a balance between food
groups, including an abundance and variety of fruits and
vegetables, it is imperative to improve NUE for these crops.
Data for NUE by country and crop type is still scarce and
highly uncertain. FAO has disseminated (in the FAOSTAT
database) a time-series estimate of NUE per country and
region (Figure 9), (FAO, 2023b). Future efforts are needed
to improve data availability and quality to better evaluate
NUE for each crop type, environmental trade-offs, inter-
national trade patterns and production performance
(Mueller et al., 2017; Yao et al., 2021; Zhang, 2017).

2.4 IMPROVEMENT OPTIONS TO ENHANCE
NITROGEN USE EFFICIENCY

Optimizing NUE requires the combination of improved N
fertilizer use and management and the implementation
of other practices that contribute to improving the crop
status and the potential to achieve higher productivity,
which is closely linked to enhanced recovery of nutrients in
the “crop pool” (above- and below-ground crop biomass
rather than other pools or N loss pathways). Apart from the
substantial policy and regulatory adjustments required to
address N challenges (see Chapter 6), several technologies
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and practices can increase NUE at the farm level and
are described in section 2.4.1 (see 2.5.2 for a case study
describing different technologies and practices for crop
production in Mexico). The improved use of fertilizers,
usually known as the 4Rs approach (which means applying
N fertilizers with the right rate, right placement, right time
and right source; Bruulsema, 2018), is a set of valuable
and comprehensive principles described in more detail in
section 2.4.2. Finally, section 2.4.3 focuses on nature-based
solutions to increase NUE in cropping systems.

2.4.1 Management practices to increase
nitrogen use efficiency at the cropping scale
Improving NUE should be focused on practices that display
synergies with N fertilization, which is a key management
practice to enhance NUE (You et al., 2023). These synergistic
practices can be classified as follows.

1. Improvement of crop N status and nutrient
acquisition potential: These practices aim to
decrease the amount of reactive N in the soil
(liable to be lost to the environment) while enhanc-
ing the recovery of N (and other nutrients) in crop

biomass. These strategies include crop mixtures or
intercropping with N-acquisitive species (Abalos,
van Groenigen and de Deyn, 2018), crop breeding
conducted to increase N uptake, management of
crop density, balanced fertilization or integrated
nutrient management plan (with a sufficient sup-
ply of macronutrients, such as phosphorus [P] and
potassium [K], and micronutrients, with special
attention paid to those with synergies with N
acquisition) and the use of biostimulants and/or
biofertilizers (including plant growth promoting
microorganisms) (Ferreira, Soares and Soares, 2019;
Sutton et al., 2022).

2. Natural alteration of N cycling: including the use of
green manures (including fertilizer trees such as acacia,
Sesbania sesban, Gliridicia sepium) (Sileshi et al., 2014),
organic mulch, N-fixing microbes and biological nitri-
fication (and denitrification) inhibition (Galindo et al.,
2021; Galland et al., 2019; Saud, Wang and Fahad,
2022). Soil microbial communities play a key role in
the regulation of other N cycle processes, such as
mineralization/immobilization or the stabilization of
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organic N in the soil (Beed et al., 2011). The use of
organic fertilizers, slow-release and coated fertilizers are
considered more environmentally benign than conven-
tional fertilizers (Pan et al., 2016). Current technologies
and practices include stimulation of the dissimilatory
NOs~ reduction to ammonium (NH4*) (Dimkpa et al.,
2020) and nano fertilizers (Zhou et al., 2017), which are
effective in improving NUE. The effectiveness of these
strategies largely depends on soil conditions, agricul-
ture management, and climate (Dimkpa et al., 2020).
The key often lies in customizing N management
solutions and technology to the specifics of cropping
systems and the starting N situation in a specific region.

3. Improvement of soil health and fertility: involving
conservation agriculture (e.g. reduced or zero tillage,
crop rotation, cover crops) or the application of
organic fertilizers, compost and biochar (effective in
the mitigation of NO, and N leaching). These prac-
tices can mitigate N losses (Liu et al., 2018) and/or
reduce the dependence on external inputs such as
synthetic fertilizers (Kaye and Quemada, 2017). The
crop use efficiency of exogenous nutrients (including
N) strongly depends on soil health (such as the ability
of the soil to sustain the productivity, diversity and
environmental services of terrestrial ecosystems). The
technical and economic investment linked to organic
or synthetic fertilization is threatened if the soils
lack proper physical (erosion, compaction), chemical
(salinity, hydrogen ion concentration [pH], nutrient or
SOM depletion), or biological (contamination, loss of
biodiversity) quality. Soil health should be a primary
focus in sustainable N management. Furthermore,
soil fertility and N monitoring in N management can
improve decision-making.

4. Irrigation management or modification of evap-
oration rates: for example, the use of mulching to
reduce NHjs losses (Sha et al., 2021), irrigation dose
adjusted to crop needs (thus decreasing potential
drainage water), deficit irrigation and implemen-
tation of irrigation systems that improve water use
efficiency (e.g. micro-irrigation, subsurface irrigation)
while reducing reactive N losses (Kuang et al., 2021;
Quemada et al., 2013).

2.4.2 Fertilization management to improve
nitrogen use efficiency at the cropping scale

The improved use of fertilizers, usually known as the 4Rs
approach, is highly effective in increasing NUE (Bruulsema,
2018; Fixen, 2020). These practices are centred on the mit-
igation of N losses with the highest quantitative relevance
(depending on environmental or management conditions):
NOs~ leaching, NH; volatilization and N losses through denitri-
fication (Sutton et al., 2022, 2013). The 4Rs approach focuses

on the right rate, the right placement, the right source and the
right timing of fertilization (Figure 10).

The right rate, that is the adjustment of the N dose to
crop needs, decreases gaseous, leaching and runoff losses
globally, with neutral or negative effects on crop yields and
abatements of N uptake, ultimately increasing NUE (van Grins-
ven et al., 2022; Xia et al., 2017). In several cropping systems
(e.g. cereal crops) and areas, the main N source for plants can
be organic or synthetic fertilizers, as well as the turnover of
soil and crop residue N (Yan et al., 2020). Here, comprehensive
integrated soil fertility management can help adjust or reduce
synthetic N fertilizer needs. This would result in economic and
environmental benefits such as the reduction of upstream
GHG emissions from fertilizer manufacturing (a major compo-
nent of the carbon footprint of agrifood products).

The right placement of N has a critical influence
on N losses via NHs volatilization (which, on average,
accounts for nearly 18 percent of the applied N but with
substantial variability) (Pan et al., 2016). The incorporation
(i.e. mechanical or through irrigation) of urea, slurries or
solid manure is one of the most promising strategies for
increasing NUE while decreasing yield-scaled NHs volatiliza-
tion and surplus (i.e. the difference between N input and
N in the harvested parts of the crop, which is an indicator
of potential pollution). At a global scale, abatements of
reactive N losses have been described for band spreading,
trailing shoe application, injection, irrigation, mechanical
incorporation and particularly for deep placement (Sutton
et al., 2022; Xia et al., 2017).

The use of the right N source involves several decisions,
such as the comparison between organic and synthetic
sources, the comparison between ureic, ammonium-N-
or nitrate-N-based fertilizers and the use of enhanced-
efficiency fertilizers (such as slow/controlled release of
fertilizers, nitrification and/or urease inhibitors) (Li et al.,
2021; Thapa et al, 2016). Enhanced-efficiency fertilizers
are valuable technologies to reduce the loss of nutrients
and provide higher NUE. The development of biode-
gradable coatings (such as agricultural residues, biochar,
starch, lignin, chitosan and alginate) and natural inhibitors
(e.g. neem-coated urea) is currently of increasing interest
to improve the adoption/applicability of these compounds,
minimize the negative impacts on soil biological quality and
reduce the use of microplastics or synthetic molecules of
uncertain degradability (Jariwala et al., 2022; Singh, 2016).
Critical concerns about the use of organic fertilizers are
the availability of N, and the synchronization between N
supply and crop needs to avoid yield and NUE penalties.
A combination of organic and synthetic fertilizers could
help minimize negative side effects on yields, opti-
mize NUE, and avoid pollution swapping derived from
the excess of other elements such as phosphorus (Liu
et al., 2021). The choice of the right N source should be
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site-specific and matched to management, edaphic and cli-
matic conditions. For instance, in conditions with a high risk
of leaching and denitrification (e.g. humid grasslands, coarse-
textured soils with good drainage, and crops with a high
water demand), nitrate-based fertilizers should be replaced
with controlled-release technologies and/or ammonium-N-
containing or ureic fertilizers (Xia et al., 2017). In basic-pH
soils with a high risk of volatilization and nitrification losses,
nitrate-based fertilizers, or those containing urease and/or
nitrification inhibitors, have been shown to reduce pollut-
ant N losses, compared with urea alone (Guardia et al.,
2021). There are food safety issues associated with the use
of environmental inhibitors that need to be considered and
addressed, as elaborated by FAO (2023c). See section 2.5.1
for a case study on nitrification and urease inhibitors.

Applying N at the right time aims to synchronize N
availability and crop demand, decreasing the chances of
losing reactive N to the atmosphere or groundwater.

Sustainable improvements of NUE require the site-specific
combination of several 4Rs strategies or the use of practices
that involve the application of more than one “R” (Liang
et al., 2019; Nasielski et al., 2020). Examples of these practic-
es are the use of controlled-release technologies or fertilizers
with inhibitors (which are the “right” sources to decrease
some reactive N losses as well as improve synchronization —
right time — with crop N demand), fertigation (which helps
to improve the right placement and right time) or precision
agriculture (which acts mainly on the right rate and place-
ment). Among precision agriculture techniques, the use of
variable-rate N fertilization can optimize crop N status and
decrease N surpluses, while potentially increasing energy use
efficiency and farm profitability (Jovarauskas et al., 2021;
Pedersen et al., 2021). Variable-rate fertilization can be based
on real-time or near-real-time monitoring combined with
top-dressing fertilization (e.g. tractor-based sensors, man-
ual sensors/smartphones-based systems on remote sensing
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information) and/or on static information derived from soil
data, remote sensing (including satellite-based sensing) or
yield maps from previous years (Bacenetti et al., 2020). Nitro-
gen use efficiency related to precision agriculture has the chal-
lenge of accurate and timely detection of plant N requirement
and supplying fertilization accordingly, which still requires
closing the gap between spectral information and biomass
status and improving the distinction between N deficiency
and other abiotic stresses. The extension of soil analyses and
advisory facilities is a valuable tool for combining 4Rs practices
and optimizing NUE.

In addition to the effects of 4Rs strategies on NUE and
crop yields, it is essential to consider the side-effects on
GHG balance (including carbon [C] sink in soils), crop yield
and quality, and the net economic benefit, as well as the
potential barriers (social, technical, economic, etc.) and
opportunities for the adoption of 4Rs-based technologies
and management practices (Sanz-Cobena et al., 2017).
Cropping surface, the lack of agronomic capacity to address
nutrient losses, land tenure, and policy (e.g. crop insurance),
and biophysical factors (e.g. slope) are key factors driving
or constraining the widespread adoption of 4Rs (Upadhaya,
Arbuckle and Schulte, 2023).

2.4.3 Nature-based solutions to optimize
nitrogen use in cropping systems

Nature-based solutions can be viable and cost-effective
options for pursuing sustainable development, consistent
with conserving biodiversity and natural resources. In crop-
ping systems, this approach has the added value of sup-
porting the maintenance of ecosystem functions and servic-
es (Arnés and Santivafiez, 2021). Healthy soils, pulses, soil
microbes and agrobiodiversity are nature-based solutions
that help optimize N use and reduce N imbalances, and
are beneficial for nutrient cycling and soil biodiversity. Crop
nutrient replenishment can be supported through strat-
egies (or a combination of strategies), including N-fixing
leguminous crops (FAO, 2016), biofertilizers (Ibanez et al.,
2023; Tosi et al., 2020), recycled nutrient sources and the
addition of organic matter (Geissdoerfer et al., 2020; Valve,
Ekholm and Luostarinen, 2020). A holistic approach to N
fertilization, which includes the addition of organic matter,
helps to optimize soil physical and biological properties for
better assimilation and retention of soil nutrients, including
N. Organic matter addition improves nutrient availability,
gaseous exchange, water retention and infiltration, and is
essential for the growth and development of soil biodiversi-
ty (Lal et al., 2018; Lorenz and Lal, 2018; Stockmann et al.,
2013; Wiesmeier et al, 2019). Leguminous crops and
pulses can increase soil N through establishing symbiotic
relationships with soil bacteria. Lentils, for example, exhibit
a N-fixing capacity of 35-100 kg N/ha, which may reduce
reliance on synthetic fertilizers and mitigate N,O emissions

(FAO, 2016). The effectiveness of biological N fixation by
legumes depends on environmental and agronomic fac-
tors, including soil conditions, with enhanced crop yields
observed when combined with moderate synthetic fertili-
zation (Abdullahi, Aliyu and Gabasawa, 2020; Giambalvo
et al., 2004; Képke and Nemecek, 2010; Peoples, Boddey
and Herridge, 2002). Biofertilizers constitute another way
to benefit from nature. For instance, the use of biofertilizers
containing arbuscular mycorrhizal fungi and P-solubilizing
and N-fixing microorganisms has shown promise in increas-
ing agronomic yields and NUE (Schutz et al., 2018). How-
ever, some commercial microbial inoculants have been less
effective in enhancing root colonization and crop growth
(Koziol, Lubin and Bever, 2024). The efficacy of biofertilizers
is influenced by climatic conditions and SOM availability,
with reported optimal performance in arid climates (Tosi
et al., 2020). Weather alerts, along with the above strate-
gies, can be powerful tools for farmers and technicians in
increasing NUE, provided they are accessible, accurate and
timely, easy to understand, and locally adapted (Agyekum,
Antwi-Agyei and Dougill, 2022; Nepal et al., 2024).
Farming practices to increase NUE should include the
reduction of NOs~ leaching from croplands to minimize
degradation of ground and surface waters. This can be
effectively ensured through practices that closely monitor
and manage soil water and N status over the cropping sea-
son. In this context, drip irrigation and fertigation technol-
ogies are valuable since they increase both irrigation-water
and NUE efficiency, which in turn decrease NOs™ leaching.
Additional practices to reduce NOs~ migration to water
bodies are cover crops, which can scavenge residual N from
soil; conservation tillage, which enhances water infiltration
and reduces surface runoff; and the establishment of buffer
strips and riparian zones along water bodies to capture and
filter excess nutrients. Mapping the leaching potential of
regions and countries as affected by soil physical properties,
irrigation practice and crop management practices is need-
ed to identify high-risk areas and allow targeted mitigation
efforts. It is important to recognize that leaching plays a
critical role in mitigating salt accumulation, particularly in
arid climates. Extending the retention of NOs™ in the soil
can provide opportunities for the denitrifying community to
convert it to NO, N,O or N, depending on soil conditions.
The examples discussed above highlight how efforts
to reduce one type of pollutant can unintentionally lead
to increases in another. This underscores the challenge of
balancing different environmental impacts and trade-offs
associated with N management practices. Decision-makers
need to carefully consider how interventions targeted at
reducing specific forms of pollution might affect other
aspects of the N cycle and overall environmental quality.
Sustainable approaches to N management require holistic
strategies that account for the interconnectedness of various
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environmental processes and aim to minimize overall pollu-
tion impacts across different environmental compartments.

2.4.4 Models and technology-oriented solutions
to support multiple levels of nitrogen-related
decision-making

Various technological solutions are used to facilitate N
assessment and support decision-making at different scales.
For instance, sensors that gauge crop vigour by measuring
the Normalized Difference Vegetation Index (NDVI) using
infrared detectors have proven valuable at the farm level of
decision-making as they facilitate precision agriculture prac-
tices (Raun and Schepers, 2008). By mapping NDVI values
across a field, farmers can identify specific areas that require
targeted interventions, such as adjusting irrigation, apply-
ing fertilizers, optimizing resource allocation, and maximiz-
ing crop yields while minimizing inputs. In Africa, where
blanket fertilizer application is often practised, decision-
support tools for fertilizer recommendation are valuable
to address the waste of N resources and facilitate crop
growth by integrating data on soil types, nutrient levels,
climate, and specific crop requirements to provide tailored
fertilizer recommendations. At the global level, models such
as the Nitrogen Index (Delgado and Follett, 2011) and the
DayCent Century model (Parton et al., 2015) are successful-
ly used in different global regions to assess N management
practices. For instance, DayCent is designed to simulate C,
N and water dynamics in agroecosystems, forests, grass-
lands and other terrestrial ecosystems over daily to century-
long time scales. Other models such as the Global
Biosphere Management Model and the climate model
IMAGE have been used to perform N assessments and
quantify total N budgets at global and continental scales
(de Vries et al., 2011). While these models operate at global
scales, simulations can inform broader agricultural strat-
egies and policies that may indirectly influence farm-level
practices.

2.4.5 Nitrogen use efficiency at the crop
rotation scale

Agroecological strategies of crop diversification such as
agroforestry, intercropping, cover cropping, cultivar mix-
ture and rotations have substantial and variable benefits
on biodiversity, yield improvement and ecosystem services
(Beillouin et al., 2021; Gaudin et al., 2015a, 2015b). Crop
rotations and cover crops can play an important role in the
N cycle, boosting the reuse of available sources, reducing
N surpluses and pollution, reducing the demand for new
inputs and, in summary, increasing NUE. Specifically, diverse
rotations (including cover crops) can increase cumulative N
and water uptake, increase organic C inputs, water infiltra-
tion and retention while reducing NOs~ leaching (Renwick
etal., 2019).

While N management is scheduled at the one-year
single-crop scale, the consideration of the full rotation is firmly
recommended as is the definition of well-planned multiyear
rotations (Lassaletta et al., forthcoming). Even for mono-
cropping systems, the evaluation of optimal fertilization rates
should be estimated based on a long-term assessment of the
system (van Grinsven et al., 2022). This is associated with the
relevant legacy effect of N from one season to the next, which
occurs in monocropping systems (Quemada et al., 2019; Vonk
etal.,, 2022; Yan et al., 2020).

Both conventional and organic systems can include crop
rotations and cover crops. In general, crop rotations of con-
ventional systems are shorter than those in organic systems
(Barbieri, Pellerin and Nesme, 2017). In conventional systems,
N extracted is restored by the application of new synthetic
N fertilizers, and possibly include leguminous crops, while in
organic systems much of the N fertility comes from the direct
incorporation of N fixed by a leguminous crop or through live-
stock manure. The N embedded in this manure can originate
from the leguminous part of the rotation if crop and livestock
systems are connected (Garnier et al.,, 2016). Crop rotations
producing fodder crops and including livestock make it possi-
ble to take advantage of local N, boosting circularity in agricul-
tural systems. Soil health, quality and SOM content should be
taken into account when considering the use of either organic
or synthetic N fertilizer (Birkhofer et al., 2008; Pahalvi et al.,
2021; Tripathi et al., 2020).

Conventional rotations usually cover two or three years
including cereals and in some cases leguminous crops such
as the two-year soy—maize rotation of the Corn Belt in
North America (Farmaha et al.,, 2016) and Southeast Asia
(Liu et al., 2013), two-year wheat-maize in Southeast Asia
(Liu et al., 2011), two-year bean—maize in Eastern Africa
(Franke et al.,, 2018) and three years of cereals (wheat
or barley) with grain and leguminous crops (e.g. peas or
beans) and oilseeds (e.g. sunflower or rapeseed) in Western
Europe (Anglade, Billen and Garnier, 2017; Benoit et al.,
2015; Lopez-Bellido and Lépez-Bellido, 2001; Nemecek
et al., 2008). Three- to ten-year rotations are established in
Western European organic systems and can improve NUE
substantially. Organic rotations commonly include two- or
three-year rotations of N-fixing fodder crops (e.g. alfalfa or
clover, temporary grasslands) introducing new N into the
system. Cereals, tubers and grain-legume crops (lentils,
beans, chickpeas or peas) are planned and can be com-
bined with flax or hemp, which helps to integrate a spring
crop into the rotation with low N requirements (Billen,
Le Noé and Garnier, 2018; Petersen et al., 2006).

Thus, when analysing the agro-environmental perfor-
mance of the system including efficient N management,
the full crop rotation should be considered. An isolated
one-year analysis will result in misleading conclusions con-
cerning NUE production and pollution. A high N surplus
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is frequently observed after grain-legume crop cultivation
(Anglade et al., 2015; Beillouin et al., 2021). When legu-
minous crops are introduced, the reduced need for syn-
thetic fertilizer for the whole rotation must be considered
(Nemecek et al., 2008).

Figure 11 illustrates an input—output chart including each
crop of the rotation individually and considering the full rota-
tion (Lassaletta et al., forthcoming). Nitrogen use efficiency
limits at 90 percent and 50 percent are shown, as well as an
indicative line of maximum surplus set at 85 kg N/ha/yr (this
threshold should be adapted to local conditions and vulner-
abilities). Part of the high surplus estimated for some indi-
vidual crops is likely not emitted to the environment but can
be a valuable source of N transferred to the next crop — this
must be considered in fertilization planning. Individual crops
presenting high NUE (over 90 percent), which could indicate
soil N mining and could be the diagnosis resulting from a
one-year-only analysis, is the result of this fertility transfer.

Rotations including leguminous crops should be careful-
ly planned, promoting practices that alleviate N,O emissions
and NOs™ leaching that could be triggered after its culti-
vation. These practices include the mixture of cover crops
(legume—cereal) (Hansen et al., 2019). Crop diversification
through the cultivation of cover crops replacing fallow
reduces NOs™ leaching, increases soil organic C and intro-
duces new N when there are N-fixing crops (Constantin
et al., 2012; Guardia et al., 2019; Quemada et al., 2020b).
When they are cultivated and harvested, they are to be
included in the N budget and NUE estimation of the full
rotation.

In conclusion, the diversification of crop rotations and
inclusion of cover crops is recommendable for their multi-
ple benefits, including better N use. The rotations must be
carefully planned and adapted to local agro-environmental
conditions to maximize the benefits while reducing N loss-
es. It is strongly recommended that N budgets and NUE
estimations in cropping systems are based on information
including the full crop rotation.

2.4.6 Landscape approaches to improving
cropland nitrogen use efficiency

Agricultural systems are often highly specialized and region-
alized, which can exacerbate N losses and inefficiencies.
For example, some areas with good access to marine ports
are specialized in livestock production and other separate
areas are specialized in crop production (Billen et al., 2010;
Rodriguez et al., 2023; Wei et al., 2023). When crops and
livestock are spatially disconnected, the agro-environmental
problems associated with N use can be magnified (Bai
et al., 2022). On the crop side, the lack of manure availabil-
ity results in a constant need for new N as synthetic fertiliz-
er; the system becomes linear, and the applied N embedded
in the grain never returns to the territory. On the livestock

side, external dependency grows, and large amounts of
manure cannot be efficiently reused as fertilizer in the
surrounding cropping systems (Lassaletta et al, 2024;
Le Noé et al, 2016). Thus, the reconnection of crop
and livestock systems has great potential to circularize N
flows in agricultural systems, simultaneously reducing the
demand for new N inputs and pollution while increasing
regional self-sufficiency (Simon et al., 2024; Gu, 2022,
Schut et al., 2021). As a result, the NUE of the system will
rise (Bittman et al., 2023; Garnier et al., 2023; Spiegal et al.,
2020). This topic is further discussed in Chapter 3.

Aligned with crop-livestock reconnection, and the goal
of avoiding hotspots of N overuse, is the more general
strategy of optimal spatial allocation of N inputs across
croplands. Here the term “optimal allocation” refers to
the distribution of a given amount of N inputs across
a cropland system in a way that maximizes N yield and
minimizes N surplus (Bodirsky and Muller, 2014; Mueller
et al., 2017; Zhang, 2017). If N-yield response functions
are known, “optimal” N rates (from the perspective of mini-
mizing pollution) can be calculated for the spatial unit of
interest. At the field scale, optimal allocation is consistent
with using the 4Rs principle of the right rate, which may
vary across management zones within a field. At the farm
scale, optimal allocation involves preferentially applying N
according to the productivity of each field and crop. At the
global scale, increasing N inputs in regions with large yield
gaps and low N inputs while simultaneously decreasing N
inputs in high-input regions could either increase total N
production, decrease total N pollution, or achieve some
combination of these objectives (Mueller et al., 2017).
Most farmers optimize for profit, not NUE, and coordinated
shifts in N management practices are difficult in most cases;
nevertheless, this approach can help identify opportunities
across scales for more efficient N use (Zhang, 2017). Opti-
mal N fertilizer application rates should consider other limits
on crop productivity and the need for balanced fertilization
with other nutrients, including P and K (Ren et al., 2022).
Balanced fertilization requires considering the full nutrient
composition of manure resources (Bouwman et al., 2017).

The reuse of the N embedded in human excreta as fer-
tilizer has the potential to recover part of the N embedded
in human food (Billen et al., 2021). Recent studies highlight
that available technologies could recover 70-80 percent
of N in human excreta, particularly in the urine where N
is concentrated (Martin et al., 2022; Patel, Mungray and
Mungray, 2020). Assuming a 70 percent recovery rate, if
well treated, 23 Tg N could be recovered as fertilizer at the
global scale, representing more than 20 percent of synthetic
fertilizer use. Potential replacement of synthetic fertilizers
would contribute to increasing NUE of the agrifood system
while decreasing GHG emissions associated with the produc-
tion of synthetic fertilizers, which are estimated to account
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FIGURE 11
Comparison of N inputs and outputs in harvested crops in five cropping systems under conventional
and organic management in France and Spain
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for roughly 1 percent of global GHG emissions (Menegat,
Ledo and Tirado, 2022). Systemic changes in dietary pat-
terns, incorporating an increased plant-based diet, together
with systemic structural changes, could have a significant
impact on future pathways for N use in cropping systems
(Billen et al., 2024). Combined with population growth, pro-
jected trends toward greater animal product demand across
many low- and middle-income countries (LMICs) suggest
continued increasing demand for land for feed production
and N input requirements across the globe (Gerten et al.,
2020; Springmann et al., 2018). Shifts towards more plant-
based diets in high-income regions represent an important
demand-side complementary action and can reduce the
growth of the demand for global animal feed (Billen et al.,
2021; Bodirsky et al., 2022; Garnier et al., 2023).

2.5 CASE STUDIES

2.5.1 Use of nitrification and urease inhibitors
in Spain

Ammonia volatilization and N leaching are two major N
loss pathways from both environmental (i.e. impacts on
ecosystems, indirect N,O emissions and human health) and
quantitative viewpoints (i.e. under favourable conditions
both N loss pathways can become notable “holes in the
pipe” that connects N inputs and N outputs). These losses
occur once organic or synthetic fertilizers are applied to ara-
ble crops and grasslands. The use of urease inhibitors such
as N-(n-butylthiophosphoric triamide (NBPT) with ureic-N-
based fertilizers (e.g. urea) has been described as an effective
practice to facilitate the incorporation of urea into the soil
profile and to decrease NHs volatilization. Moreover, the
temporary decrease of NH,* concentrations in the soil can
result in lower nitrification rates and mitigation of derived
N-loss pathways (i.e. NO, emission or NOs™ leaching). Among
the enhanced-efficiency fertilizers, the use of nitrification
inhibitors is the most effective tool for abating leaching
losses and nitrification/denitrification-induced NO, emissions.
Nitrification inhibitors such as dicyandiamide, nitrapyrin and
pyrazole-based compounds (e.g. 3,4-dimethylpyrazole phos-
phate) can be used with ureic-N- and NH,*-N-based fertilizers
(including organic sources such as animal manures) to delay
NH,4* oxidation to NOs™ through nitrification (by inhibiting the
ammonia monooxygenase enzyme involved in the first step
of nitrification). As a result, the use of nitrification inhibitors
extends the availability of NH;*-N for plant uptake but could
result in pollution swapping through the increased opportu-
nities for NH3 volatilization under high pH conditions (Qiao
et al., 2015). The use of a double (or dual) nitrification plus
urease inhibitor appears a promising strategy for effectively
reducing both volatilization and nitrification rates and the
derived reactive-N losses, thereby increasing NUE in crop-
lands. Its use with one of the most widespread synthetic
fertilizers worldwide (urea) can mitigate the negative impacts

of this fertilizer (reactive N losses, particularly those of NHs)
while potentially keeping its advantages of lower upstream
emissions than other inorganic N sources, price, availability
and storage. In this context, the use of urea with and without
a double inhibitor (containing NBPT as urease inhibitor, and
DMPSA (2+(3,4-dimethyl-1H-pyrazol-1-yl)-succinic acid) as
a pyrazole-based nitrification inhibitor) was evaluated in a
three-replicated field experiment in central Spain (semi-arid
Mediterranean conditions), in a rainfed winter wheat
(Triticum aestium “Marcopolo”) crop. Gaseous losses (NH;3
and N,0), soil mineral N and agronomic response (yield and
NUE) were monitored during the 2019/20 cropping season
(Guardia et al., 2021).

Results showed that the use of a double inhibitor
with urea significantly reduced average NOs~ concen-
trations in the soil, leading to significant mitigation of
NHs volatilization (by 51 percent) and N,O emissions
(by 92 percent) compared with conventional urea without
inhibitors. Synthetic N fertilization elicited a greater response
in N yield than in biomass yield, leading to low agronomic
and physiological efficiencies but acceptable crop recovery
efficiency. This could be explained by the effect of genotype
(wheat variety) by environmental conditions, which cause
wheat grown in a Mediterranean climate to have lower
yields but higher protein content in comparison with the
average global values for wheat (Savin, Sadras and Slafer,
2019). As a result, the use of the double inhibitor resulted
in a significant enhancement of crop recovery efficiency
(by 36 percent), partial nutrient balance (by 30 percent),
and a significant abatement of N surplus (by 38 percent),
compared with urea alone (Guardia et al., 2021).

These results are consistent with global meta-analyses.
For instance, Abalos et al. (2014) obtained a significant
increase in NUE with the use of nitrification and urease
inhibitors (15 percent), while Sha et al. (2020) found a glob-
al increase of 50 percent in fertilizer-N recovery through
crop uptake. Both reports highlight the quite consistent
response and the broad applicability (arable/fruit trees,
rainfed/irrigated, humid/dry climates), but some significant
effects of soil (pH, texture, organic matter), environmental
and management factors (including application rates, split
applications and timing) on the agronomic effectiveness.
Some unusual examples of inefficacy have been found:
(i) when conditions are favourable for low N losses such as
leaching, denitrification or volatilization, thus masking the
N-loss mitigation effect of the enhanced-efficiency fertilizer;
(i) in field trials with enough or excessive N supply, so the
potential for improving N acquisition is limited (Rose et al.,
2018); and (iii) under conditions with severe biotic or abiotic
stresses which seriously limit crop development.

The increased cost of fertilizer appears to be the main
barrier to the widespread adoption of enhanced-efficiency
fertilizers. Potential solutions for the economic barriers
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include economic policy incentives and better awareness
of the opportunities for improving crop yield and quality
or maintaining the agronomic performance by using lower
N-fertilizer rates (through improved NUE), which offsets the
extra cost of the fertilizer.

2.5.2 Technology-oriented solutions to increase

nitrogen use efficiency in intensive cereal grain

agriculture in Mexico

The cereal production systems of Northwestern Mexico are
characterized by the availability of irrigation water, mainly
from reservoirs. Irrigated systems are associated with high
use of inputs due to their high yield potential. The Yaqui
Valley of Mexico in the state of Sonora is no exception.
While there are several crops in the cropping system, such
as safflower, maize and chickpeas, it is dominated by durum
wheat (Triticum turgidum). The NUE of wheat in the Yaqui
Valley has been estimated at around 31 percent, the N that
is not recovered by the crop has significant environmental
consequences. At least three pathways of N loss have been
documented in the valley. The first is atmospheric emissions.
Matson et al. (1998) demonstrated substantial emissions of
the potent greenhouse gas N,O in the Yaqui Valley in an
already difficult scenario of climate change and high ferti-
lizer prices. More recently, an N,O emission factor of nearly
0.5 percent at 260 kg N/ha application has been reported in
the region (Millar et al., 2018). The second pathway is runoff
from wheat fields, which feeds large phytoplankton blooms
(54-577 km?) in the Gulf of California (Beman, Arrigo and
Matson, 2005). These algal blooms occur within days of
high-rate N fertilization and irrigation in the intensive wheat
production fields. The inefficient use of N leads to eutroph-
ication in the Gulf of California. The third N loss pathway is
through NOs™ leaching in wheat fields, as demonstrated by
Riley et al. (2001). Low NUE results in N losses greater than
60 percent, of which 20-40 percent is lost to surface waters
(Riley, Ortiz-Monasterio and Matson, 2001).

The Yaqui Valley is the birthplace of the Wheat Green
Revolution, which promoted the use of modern high-yielding
semidwarf wheat varieties, irrigation and high input use. This
region is responsible for supplying durum wheat for domestic
consumption and for export to ten countries (SIAP, 2023).
Wheat production in Sonora represents almost 60 percent
of the national production and contributes to the country’s
eleventh place in the world for bread wheat production and its
being the third largest exporter of durum wheat (SIAP, 2023).

The following combination of strategies has been used
and documented to reduce N losses in the Yaqui Valley.

1. The link between plant breeding and N fertilization
has been studied in the region. It is well docu-
mented that modern semidwarf wheat cultivars
respond more to N fertilization, which translates into
higher economic rates and higher returns when N

fertilizer is available compared with older cultivars
(Ortiz-Monasterio et al., 1997).

2. Increased efficiency of N fertilizer use can be
achieved with management practices that account
for spatial variability in soil properties and temporal
variability in climate. Lobell et al. (2004) developed
an N management decision model for wheat in the
Yaqui Valley that incorporates hypothetical diag-
nostics of soil N and growing season climate. The
model is then used to quantify the potential value
of these forecasts concerning wheat yields, farmer
profits, and excess N application.

3. The GreenSeeker technology uses an optical sen-
sor combined with a reference N-rich strip and a
crop-specific algorithm to make mid-season fertilizer
N recommendations. The technology has three basic
components: (1) establishing a reference or rich strip
where a non-limiting dose of N is applied; (2) using
the GreenSeeker sensor to measure the response
in the reference strip and the rest of the plot being
diagnosed; and (3) plugging the resulting sensor
readings into an equation that determines the opti-
mal dose of N to apply to the plot, thus avoiding
over-application of N fertilizer. As a handheld tool
available at low cost, it can be an appealing option
for both extension providers and low- and middle-
income farmers for whom more expensive technolo-
gies are inaccessible or unaffordable (Lapidus et al.,
2022; Ortiz-Monasterio and Raun, 2007).

The following results have been measured through

these strategies.

1. From 1950 to 1985, wheat breeding at the Inter-
national Maize and Wheat Improvement Center
(CIMMYT) improved NUE by almost 2 percent per
year at high fertility levels in the Yaqui Valley
(Ortiz-Monasterio et al., 1997).

2. Nitrogen diagnostic tools and weather forecasts:
Soil variability is about three times as important as
climate variations as a potential impact on profits in
Sonora. The model was used to simulate the effect
of increases in fertilizer price, which have similar
positive effects on excess N application but nega-
tively influence farm profits. Finally, it was concluded
that even limited information on soil or climate can
be useful for farm management decisions (Lobell,
Ortiz-Monasterio and Asner, 2004).

3. The GreenSeeker: In the Yaqui and Mayo valleys,
where the technology has been adopted for the lon-
gest time, the GreenSeeker use has led to an average
of USD 38 per hectare in additional farmer profits,
totalling USD 1.9 million of additional earnings over
ten years. It has reduced GHG emissions by an esti-
mated 9.5 tonnes CO,eq (Lapidus et al., 2022).
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Strategies to optimize N use have undoubtedly helped
reduce application rates, N losses, pollution and emissions.
They have allowed producers to spend less on fertilizer.
Part of the effectiveness of these strategies is that they
have been adapted to the type of soil, climate, crops and
varieties and the problems prevalent in the Yaqui Valley.
Much remains to be done to improve the implementation,
adoption and scaling up of N fertilizer optimization prac-
tices. Although technical assistance and the promotion of
public and private investment are elements that would con-
tribute to improving the adoption and scaling up of practic-
es, it is the change in the mentality of producers and better
governance that would boost the long-term adoption of
strategies to make N fertilizer use more efficient. Dissem-
ination of best practices, capacity building, and raising
awareness of the linkages between soil management, pol-
lution and climate change can help address the root causes
of inappropriate N fertilizer use and the associated impacts.

2.6 CONCLUSIONS AND KEY MESSAGES
Improving the management of N across global croplands
is essential for sustainable food production, climate stabi-
lization, biodiversity, and improving air and water quality.
Croplands play an important role in the flow of N through
the agrifood system, as croplands are the entry point for
most of the external N inputs into the agrifood system.
Nitrogen use efficiency is an essential indicator for
assessing the agro-environmental performance of cropping
systems and can be defined as the proportion of N inputs
that are retained in agricultural outputs. High-performing
cropping systems achieve the combination of high produc-
tivity, adequate rotations, high NUE, and low N surplus.
Looking across the globe reveals massive variability between

countries in their NUE and yield performance. Many factors
influence country NUE, including the local and regional crop
mix, agronomic technologies, and management practices.
As agricultural sectors evolve, each of these factors deter-
mines national NUE.

Many strategies now exist for improving NUE from field
to farm to society. These include a set of recommendations
for applying N fertilizers with the right rate, right place-
ment, right time and right source (4Rs) that can be fostered
by precision farming and remote sensing and reinforced by
other management practices and technological innovations
aiming to improve crop status. Diversifying crop rotations
and increasing leguminous crops represent additional
integrative approaches to increasing NUE while reducing
regional pollution. Furthermore, implementing agroeco-
logical practices such as strip cropping, cover cropping and
conservation agriculture can increase soil nutrient status
and health and minimize N losses. Moreover, sustainable
N management should not be focused solely on ensuring
N crop status and fertilization but on ensuring soil health
and include (regenerative) practices to ensure healthy soils.

The fate of N in manure as a pollutant or as a useful
source of N fertilizer is a major determinant of agrifood
sustainability, and a variety of efforts related to spatial plan-
ning, redistribution of livestock, and reduction of livestock
numbers in densely animal-populated areas, to improve crop
and livestock integration, can improve NUE. Other systemic
approaches include examining the optimal allocation of N
resources across scales, the use of human excretion, and
demand-side approaches that address consumption pat-
terns. Regardless of the specific strategies adopted, historical
and contemporary cropland N budgets provide a foundation
from which to assess more sustainable N futures.
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Nitrogen use efficiency in livestock systems

3.1 INTRODUCTION

The livestock sector plays an essential role in the livelihoods
of rural people and contributes to food security and nutrition.
With the growing demand for terrestrial animal source food
(TASF), livestock production has been growing rapidly (Gerber
et al, 2013). In middle- and high-income countries, small-
scale mixed systems have transitioned towards medium and
large operations that are characterized by increased efficiency,
productivity, and high outputs (Gerber, Vellinga and Steinfeld,
2010; Tullo, Finzi and Guarino, 2019). This intensification of
livestock systems in middle- and high-income countries has
been accompanied by the use of concentrate feeds (cereal
grains, soybeans) and shifting away from open-range feeding
and backyard systems (Bouwman et al., 2013; Ramankutty et
al., 2018). Feed production has expanded in countries with a
large availability of land, mainly in Latin America and North-
ern America, and is exported to countries with geographical
concentrations of livestock farms. The economies of scale,
globalization, and internationalization of livestock supply
chains have been fuelled by the availability of low-cost labour,
investment in agricultural assets, favourable domestic policies,
development of cold chains, and the efficiency of maritime
transport (Gerber, Vellinga and Steinfeld, 2010).

This expansion of livestock systems has resulted in a
disruption of N cycles on a global scale. In regions where
feed crops are grown, the demand for synthetic N fertilizer
has increased and resulted in their excessive application,
leading to high N losses in the environment. Regions with a
high concentration of livestock rely on the import of N-rich
feed, which, when ingested by animals, is partially convert-
ed into animal products. The remaining N is excreted in
manure. This manure is often poorly managed at the farm
level (Bai et al., 2016; Gerber and Menzi, 2006). In many
cases, it cannot be recycled effectively due to the unavail-
ability of agricultural land in livestock-dense areas or the
high cost of transport. Thus, in some countries, manure is
discharged into water bodies or overapplied to limited agri-
cultural lands. Despite these changes, livestock systems in
low-income countries are still characterized by small-scale
producers and pastoralists, who depend on low input levels
and biological N fixation to access N from grazing natural
grasslands and use crop residues and food leftovers as feed.

Feed demand for the global livestock sector was esti-
mated to be 6 billion tonnes in 2010 (Mottet et al., 2017).
About 40 percent of global available arable land is used to
grow feed materials, and 15 percent of terrestrial land is

used for grazing (Mottet et al., 2017). The global produc-
tion of TASF is one of the main drivers of N losses in the total
agricultural system (Galloway et al., 2010; Sakadevan and
Nguyen, 2017). Livestock consumed about 106.9 Tg N/yr
in animal feed in 2010, of which almost 90 percent was
excreted in urine and faeces (Uwizeye et al.,, 2020). The
excreted N is vulnerable to losses via NH; volatilization,
denitrification, and leaching during collection, storage,
treatment, and following application to cropland.

This chapter focuses on NUE in livestock agrifood sys-
tems, explaining how NUE can be quantified in livestock
systems (section 3.2) and outlining the major factors influ-
encing NUE (section 3.3). Section 3.4 provides an overview
of N use and challenges in major livestock systems, and
section 3.5 highlights a global perspective on N use and
flows. Section 3.6 presents different case studies on NUE in
livestock systems and lastly, a summary of the chapter with
key points is given in section 3.7.

3.2 QUANTIFICATION OF NITROGEN USE
EFFICIENCY IN LIVESTOCK SYSTEMS

Nitrogen use efficiency provides insight into the efficiency of N
use at animal, herd, farm or regional level, depending on the
chosen system boundary. The NUE indicator can indirectly indi-
cate potential environmental pressures but does not account
for the environmental impacts associated with N losses. In the
context of global livestock systems, NUE has been expanded
to the supply chain level, referred to as life-cycle-NUE (Suh and
Yee, 2011; Uwizeye et al., 2016). This indicator considers N
inputs, reuse, recycling, changes in stocks, and the efficiency
of new N inputs recovery in final products.

A review by Gerber et al. (2014) revealed that NUE
at animal level varies across different livestock categories:
15-35 percent for dairy cattle, 4-8 percent for beef cattle,
10-44 percent for pigs, and 25-62 percent for poultry. At
the farm or system level, considering all livestock species,
NUE ranges between 5 and 45 percent. These indicators are
further discussed in the subsequent sections. Recent estimates
of NUE in the livestock sector in Europe found high values of
NUE at the farm-system level. For instance, Hutchings et al.
(2020) found that NUE for dairy production systems was in the
range 54-55 percent and 44-62 percent for ruminant meat
systems on unconstrained land. For dairy systems, Uwizeye et
al. (2020) found NUE at the animal production stage, ranging
from 69 to 84 percent. These differences are due to the con-
sideration of manure in the outputs due to its fertilizer value.
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FAO, through the Livestock Environmental Assessment
and Performance (LEAP) Partnership, has developed a
comprehensive guideline to quantify nutrient flows and
associated environmental impacts in livestock systems (FAO,
2018a). The guidelines provide a step-by-step approach to
analyse N and P flows in livestock and crop-feed systems,
impact assessment methods, and guidance to interpret the
results. The guidelines have been applied in different case
studies in different regions and scales (Hutchings et al.,
2020; Low, Karatay and Osterburg, 2020; Uwizeye et al.,
2020).

3.3 FACTORS INFLUENCING NITROGEN USE
EFFICIENCY IN THE LIVESTOCK SECTOR

3.3.1 Animal genetics and breeding

As N is an essential building block for animals, part of the
N taken up through the diet is retained to form proteins
and nucleic acids. Proteins are necessary for the main-
tenance, growth and production of animal products.
Animal genetics plays an important role in increasing NUE.
Through breeding and breeding improvement technolo-
gies, animals with a high feed conversion efficiency can be
selected. Animal productivity can be increased substantially
through improved feed quality, feeding management, and
improved animal health, which can decrease the amount of
N excreted through manure (Sutton et al., 2011).

3.3.2 Animal physiology and categories

The efficiency with which N in feed is converted into animal
products is an indicator to determine how much of the N
intake is used for production purposes. The feed conversion
ratio (FCR) of livestock categories is used as an indicator to

TABLE 1

measure how much feed is needed to produce a unit of
product. This is largely dependent on the animal’s physiolo-
gy, health, performance, and feed quality. Feed conversion
ratios differ greatly between animal species and categories
(Mekonnen et al., 2019). Peters et al. (2014) calculated FCRs
of different livestock categories on different per-unit bases
(kg feed dry matter [DM] per kg output) and protein con-
tent (kg feed DM/100 g). The latter is particularly needed to
determine the NUE of a given livestock category. Although
the study showed substantial variation between livestock cat-
egories and per-unit bases, overall cattle for beef production
showed the lower FCR and excretion of a large proportion
of N, resulting in low NUE. Chicken and pigs show a higher
FCR, with layer hens showing the highest efficiency in terms
of protein content (kg feed DM/100 g) compared with
broilers and pigs. Low NUE is typically associated with high
losses of N through NHs volatilization, with an average of
20 percent of ingested feed N lost as NHs across livestock
categories (Groenestein et al., 2019).

It is important to not only look at animal physiology and
the feed conversion efficiency to determine its influence on
NUE. Land use for feed production and accounting for the
proportion of human-edible and inedible feed in the diet
alters the efficiency of livestock categories (Peters et al.,
2014; Wilkinson, 2011). Cattle for beef and milk typically
have a low NUE, but when correcting for inedible human
feed, its feed conversion efficiency increases substantially.
On the other hand, when looking at the edible protein FCR,
Wilkinson (2011) found that all monogastric species have
a value > 1, meaning that more human-edible protein is
consumed by the animal than protein produced in the end
product (Table 1).

Feed conversion ratios (total protein in feed and human-edible protein in feed) for different livestock categories

Total feed protein Human-edible protein
(kg/kg edible protein in animal product) (kg/kg edible protein in animal product)
Milk 5.6 0.71
Upland suckler beef 26.3 0.92
Lowland suckler beef 23.8 2.0
18-20 months beef 14.9 1.6
‘Cereal’ beef 8.3 3.0
Average (upland/lowland) lamb 33.0 1.4
Pig meat 43 2.6
Poultry meat 3.0 2.1
Eggs 3.2 2.3

Note: Suckler beef refers to calves reared with their mother. Cereal beef are cattle fed on a diet with a high proportion of cereal crops.

Total feed protein indicates how much dietary protein in feed is used to produce human-edible animal protein in milk, meat and eggs. Human-edible
protein indicates how much dietary protein in feed suitable for direct human consumption is used to produce human-edible animal protein in milk,
meat and eggs. A value > 1 indicates that more protein was consumed than produced.

Source: Adapted from Wilkinson, J. 2011. Re-defining efficiency of feed use by livestock. Animal, 5(7): 1014-1022. https://doi.org/10.1017/5175173111100005X
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3.3.3 Livestock feed production
The significant contribution of livestock to environmental
impacts is largely due to feed production to sustain the
global demand for TASF (Bouwman et al., 2013; Galloway
et al., 2010). Feed production encompasses the production
of fodder, grains, cereals, and other concentrates, as well
as by-products from crop production. On a global level, the
main feed materials used for livestock production are grass-
es and leaves (46 percent) and crop residues (19 percent).
Feed materials suitable for human consumption account for
about 14 percent of livestock feed (Mottet et al., 2017). It is
estimated that about 80 percent of the N harvested in crops
is used to feed livestock (Sutton et al., 2013). Intensive
systems are characterized by diets rich in soybeans, grains,
and other supplements to maximize production efficiency.
In many parts of the world, feed crops (including grains
and cereals) are grown with high N inputs that exceed the
N requirements of the plant. The current mean global effi-
ciency with which N is recovered in (food and feed) crops is
48 percent (Quan et al., 2021; You et al., 2023), whereas
for cereals, the global average is 35 percent (Omara et al.,
2019). It is estimated that around 70 percent of N that
enters the crop system from fertilizer is lost to the envi-
ronment (Galloway et al., 2010) via leaching and runoff in
soils and air through the volatilization of NH; and other N
gases. Hence, feed crops are associated with these losses.
When feed is exported, N ends up in high-density livestock
regions, where a large part of this N is excreted in manure.
In intensive systems, largely dependent on external (con-
centrated) feed inputs and with limited access to cropland,
N excretion in manure is accumulated. If not properly
managed, substantial manure N losses to the environment
occur. Feed production and associated intensive livestock
systems depending on external input of concentrated feed,
create a disrupted N cycle, with excessive losses of N to
the environment from high synthetic N fertilizer input and
accumulation of manure N.

3.3.4 Manure management

How manure is managed and processed greatly influenc-
es N losses, and proper manure management plays an
important role in the overall NUE of livestock systems. Most
of the N in feed ingested by animals is excreted through
manure (faeces and urine). In many parts of the world,
poor manure management systems result in the loss of
N compounds (Uwizeye et al., 2020). Nitrogen emissions
from manure occur in housing systems, storage, and dur-
ing the application to grasslands and croplands, as well as
during grazing (Oenema et al., 2008; Rivera and Chara,
2021). Manure contains organic-bound and mineral-bound
N. Organic-bound N can be lost through NHs; and N,O
emissions during the breakdown processes of organic N by
urease enzymes (Sigurdarson, Svane and Karring, 2018).

The extent to which NH3 emissions occur depends on the
type of manure, temperature, moisture content and pH. In
housing systems where urine and faeces are combined and
stored as slurry, significant NH3 emissions occur when the
urea in urine is converted to NHs by the urease enzyme in
the faeces fraction. Nitrous oxide, a potent GHG, is formed
from organic-bound N. There are still uncertainties about
the magnitude of these emissions from manure (Amon et
al., 2006). Nitrogen is lost through leaching of NOs™ during
storage on sites in direct contact with soils or following
unregulated disposal of manure into the environment.
Measures to increase sustainable manure management are
further discussed in section 3.4.

3.3.5 Rangelands and grasslands management
Grasslands play a significant role in ruminant production
systems around the world. A large part of grasslands is
overused and poorly managed due to the high demand for
forage production for both grass-based milk (27 percent)
and beef (23 percent) production (Conant, Paustian and
Elliott, 2001). Grasslands have a high inherent SOM con-
tent, which supplies plant nutrients, limits soil erosion,
and increases their water-holding capacity. These positive
aspects are counteracted if they are poorly managed. For
instance, overgrazing in ruminant systems with a high
stocking rate, can result in soil degradation and N stock
decline. As a result, these grasslands degrade and lose their
productivity and capacity to sustain livestock herds. On the
other hand, grassland in intensive ruminant grazing sys-
tems can receive high amounts of nutrients from deposited
faeces and urine, exceeding the capacity of grassland soils
to hold these nutrients for grass production. This results in
leaching of NOs™ and emissions of NH3 and N,O. Sound
rangeland and grassland management can, therefore, con-
tribute to balancing N cycling and minimizing N mining or
N losses (see section 3.4.1).

3.4 REVIEW OF NITROGEN USE AND
CHALLENGES IN DIFFERENT LIVESTOCK SYSTEMS
Nitrogen use in livestock systems heavily depends on the
type of livestock species and the system in which the ani-
mals are kept. Solutions to increase NUE and minimize loss-
es to the environment differ across various livestock systems
and depend on the specific challenges farmers encounter.
This section considers the major livestock systems and
describes N challenges and potential solutions for selected
production systems.

3.4.1 Grassland-based systems

Ruminant species (e.g. cattle, sheep, goats) keptin grassland-
based systems are characterized by a wide variety of farm
characteristics, which can be subdivided into pastoral,
extensive and intensive grazing systems. The following
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sections describe the general characteristics of these sub-
systems and their challenges and possible solutions to
increase NUE.

Pastoral systems

Pastoral systems are a form of mobile grazing system pre-
dominantly found in drylands of Africa, Asia, Australia and
some parts of Eastern Europe (FAO, 2021a). Pastoralism
relies on marginal lands often unsuitable for crop production.
Marginal lands are defined as less favourable agricultural areas
characterized, among other factors, by limited agriculture
potential, resource degradation, and low productivity
(Ahmadzai et al., 2022). These systems are characterized
by the daily and seasonal movement of livestock, where
animals grazing during the day are moved to drink water
in the morning and evening and are sometimes housed in
enclosures overnight (Carbonell et al., 2021). This results in
the translocation of N as animals move to pastures, enclosures
and waterholes. In enclosed areas, manure accumulation
is high and can lead to N accumulation and loss. In Kenya,
for example, manure accumulated in enclosures (bomas)
is collected by crop farmers and added to their croplands
(Carbonell et al., 2021). During the dry season, pastoralists
rely on crop residues to feed their livestock and thus cooperate
with crop farmers who benefit from the manure excreted
on their croplands. Pastoral systems working together with
crop systems and the exchange of resources during the dry
season result in a balanced system where grasslands in dryland
regions are managed sustainably. Challenges within pastoralist
systems include the intensification of crop production that
is increasingly dependent on synthetic fertilizers (Kasymov
et al., 2023). Manure decreases in value for crop farmers,
and grazing of crop residues during the dry season becomes
either unavailable or only possible with payment. As a result,
overgrazing of grassland regions occurs, which depletes soils,
decreases nutrient cycling within the system, and eventually
degrades grasslands and rangelands. Globally, rangelands
affected by degradation are estimated to be about 50 percent
(UNCCD, 2024). In low- and middle-income regions, where
drought periods are prolonged due to climate change,
degraded grasslands and rangelands are not able to sustain
productivity. Furthermore, if cattle are kept on pastures for
prolonged periods, cattle trampling can cause soil compaction
and reduction of soil fertility and productivity of grasslands
(Hamza and Anderson, 2005). It is essential that these systems
are managed properly to sustain soil health and productivity
and mitigate detrimental effects on the environment.

As the use of synthetic fertilizers is sometimes subsidized
and stimulated, policy incentives could play an important
role in restoring the pastoral and crop production systems.
Sustainably managed grasslands not only increase nutrient
cycling in the agricultural system but increase resilience to cli-
matic changes through healthy soils and fodder production.

A study by Carbonell et al. (2021) showed that major N
losses in pastoral systems occur through the leaching of NO5~
and NH3 emissions from manure accumulation in enclosures.
Different management strategies enhance N cycling, mini-
mize N hotspots and related leaching to the environment,
and increase soil health and productivity. A key strategy is to
prevent overgrazing and nutrient mining by identifying how
much livestock can be supported by a specific grazing area,
known as the stocking rate (Carbonell et al., 2021; Kasymov
et al., 2023). The optimum stocking rate can be determined
by estimating the number of livestock that can be sustained
by the available natural resources necessary to meet their
energy requirement needs. With this, an estimation can be
made of the amount of N manure that will be returned to
the soil to enhance fertility. Rotational and seasonal grazing
and resting of pastures allow vegetation to recover and plant
growth and productivity to increase. Further prevention of
nutrient losses can be realized through improved manure
management. Pastoralists who enclose their animals at
night can increase the mobility of the enclosures and limit
the period animals stay in the same enclosure to decrease N
losses from there (Carbonell et al., 2021; Fenetahun and Xu
Xinwen, 2018).

Extensive and semi-extensive systems

There is a vast variety of extensive and semi-extensive
systems, including cattle kept for beef production in Latin
America (Jaurena et al., 2021; Nin, Freirla and Munoz,
2019); small ruminants and cattle production systems
where animals are grazed on marginal lands, including
grasslands and rangelands (Oosting et al, 2022); and
smallholder systems that either focus solely on livestock
production or are combined with crop production (Oosting
et al., 2022; Paul et al., 2021).

When grazing is the primary feeding strategy, overgrazing
can become a challenge. Overgrazing leads to plant degrada-
tion from the mining of soil nutrients, which ultimately results
in the depletion of soil N stocks (McSherry and Ritchie, 2013).
Improving N cycling in pastures should focus on improved
grazing management, such as rotational grazing, which can
be done in various ways with different stocking rates and
seasonal or rotational frequencies (Franke and Kotzé, 2022;
Rueda et al, 2020; Teutscherova et al, 2021). Improved
manure application and increased use of N fertilizers can con-
tribute to improving soil health, replenishing depleted soils,
and improving nutrient cycling (Alecrim et al., 2023; Cardenas
etal., 2019; Dos Santos Cordeiro et al., 2021). Improving pas-
tures and grazing management play a key role in enhancing
the sustainable development of livestock in grassland-based
systems (Paul et al., 2021), as shown in Figure 12. Moderate
grazing intensities have been shown to increase the NUE of
the livestock system by 6.2 percent as compared to intensive
grazing (Xu, Jagadamma and Rowntree, 2018), and improved
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FIGURE 12
Results from a livestock expert survey on promising livestock practices and focus areas
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manure management and application in smallholder systems
can increase overall NUE by 5-20 percent (Rufino et al., 2007).
See section 3.6.3 for a case study assessing N flows and NUE
of dairy systems in East Africa.

Intensive grassland-based systems

Livestock systems in intensive grassland systems have a
higher stocking density, and grasslands are more intensively
managed than livestock systems in extensively managed
systems. Practices may include rotational grazing and exter-
nal N inputs through fertilization. Countries where these
systems are among the most prevalent are New Zealand
and Ireland (Luo and Ledgard, 2021; O’Donovan, Hen-
nessy and Creighton, 2021). Grassland-based systems are
characterized by low inputs of external feed, with pasture
intake representing 80-90 percent of total feed intake. In
the last decades, grazing systems have intensified with an
increased demand for external inputs such as synthetic N
fertilizers and feed. These practices are linked to an increase
in N losses and an overall decrease in NUE (O’Donovan,
Hennessy and Creighton, 2021). Livestock kept in grassland-
based systems can have a high protein intake as the grass
is consumed in an early physiological growth stage, which
is high in degradable protein. This can result in an excess
of dietary N intake, which will be excreted mostly in urine.
To increase NUE from grassland-based systems, the focus

should be on balanced N fertilization, grazing or harvesting
the grassland at a later physiological growth stage, and
the use of low-protein supplementary feed (Sutton et al.,
2022). Maintaining grasslands rich in leguminous mixtures
for increased biological N fixation reduces the need for
external N inputs. If unfertilized, grasslands have the poten-
tial to prevent the leaching of NOs™ to neighbouring water
bodies and can be used as buffers to prevent losses of N
to natural land or streams (Sutton et al., 2022). Grasslands,
both grass—clover mixtures and predominantly grass pas-
tures, can play an important role in reducing losses of N due
to their increased capacity of N storage in plant biomass
and litter. Perennial grass pastures have a longer N uptake
period than annual crops. Overall, permanent grasslands
increase soil N (and C) and increase N retention capacities
(Sutton et al., 2022).

3.4.2 Smallholder zero-grazing systems

A prevalent livestock system in LMICs is smallholder
zero-grazing, where cattle and small ruminants are kept in
enclosed areas and have limited or no access to pastures.
Animals are fed with fodder crops and concentrates either
grown on agricultural land or harvested from communal
areas through cut-and-carry. Through continuous harvest
of fodder and insufficient returns of N to soils, these sys-
tems are linked to low soil fertility and nutrient depletion.
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Furthermore, manure is poorly managed or either uncollect-
ed, collected and stored as uncovered heaps or discharged
into the environment (IAEA and FAO, 2008; Ibrahim, Graham
and Leitner, 2021; Rufino et al., 2007; Teenstra et al., 2014).
As a result, significant amounts of N are lost through emis-
sions and leaching. Improving NUE and minimizing losses of
N to the environment should focus on improving manure
management systems, promoting manure composting and
recycling to cropland, and high-quality fodder production.

Minimizing storage time significantly reduces N losses
from manure and, if direct land application is possible, this
should be prioritized as the first management practice.
Direct manure application is only possible when vegetation
is present to take up the N from manure. In smallhold-
er farms, different storage techniques have been found
(Teenstra et al., 2014). If stored in a heap, without cover
or hardened floor, N losses will occur through emissions
and leaching. Storage units with a concrete floor can sig-
nificantly reduce NOs5~ leaching if the leachate is collected.
Additionally, roofing or covering the manure heap with a
plastic sheet has been found to substantially decrease the
amount of N that is lost from manure and increase the
overall N cycle of smallholder farms (Rufino et al., 2007;
Tittonell et al., 2010). The application of manure stored in
covered pits has been shown to increase crop yields sig-
nificantly compared to uncovered, stored manure (Mutiro
and Murwira, 2004). The adoption of improved manure
management and storage techniques should be reinforced
by supporting manure policies, which are often lacking in
LMICs (Ndambi et al., 2019).

A manure treatment technique that could be adopted
by smallholder farms is the anaerobic digestion of manure
(Ndambi et al., 2019) to produce biogas as a renewable
source of energy for cooking or lighting in rural households.
The digestate that remains after the digestion process can
be used as organic fertilizer, which could reduce synthetic
N fertilizer input. The installation of a digester requires a
high initial investment and, for many smallholder farmers,
requires technical and financial support through subsidies
(Ndambi et al., 2019).

3.4.3 Backyard monogastric systems

Monogastric animals kept in backyard systems form an impor-
tant source of livelihood in many regions of the world. These
systems are characterized by family farms keeping a small
number of animals that provide an important source of food.
In the tropics, the majority of TASF is produced through these
small-scale farms, contributing to food security and nutrition
for the rural population (Herrero et al., 2010). Pigs and poultry
held in backyard systems typically scavenge their food and are
supplemented with household leftovers (Oosting et al., 2022).
These systems are characterized by low external inputs, and
on-farm labour is relatively low. Manure is typically collected

and spread on cropland or is sometimes disposed of in the
environment.

Nitrogen use efficiency of backyard systems is relatively
high when compared to other livestock systems, with aver-
ages ranging from 35 to 45 percent for backyard pig and
poultry systems (Uwizeye et al., 2020). There is a trend of
intensification in these systems, as population growth and
higher demand for TASF drive farmers to increase their pro-
duction. This shift to medium-sized farms is linked to a great-
er use of external inputs and, subsequently, an increased risk
of N losses to the environment. Measures to recycle nutrients
in these systems and minimize losses to the environment
should focus on sound manure management practices,
where manure collection is maximized, and storage facilities
minimize losses through leaching and emissions. As a result,
manure can be a valuable fertilizer for croplands in small-
holder systems, increasing yields and minimizing dependency
on external inputs. Other measures to increase NUE on farm
level are to reduce FCR (i.e. the amount of feed needed to
produce a unit of product), balance protein intake from feed,
and improve animal performance (Ma et al., 2021).

3.4.4 Intensive dairy and feedlot systems
Intensive cattle systems can be subdivided into sub-systems:
e Intensive dairy systems vary across regions but
are characterized by mixed farms where feed is
composed of forage and is supplemented with
maize silage and other concentrated feed, either
produced on-farm or purchased from external mar-
kets. Dairy cows can be kept in housing systems and
partially grazed (either seasonally or year-round).
Ammonia emissions occur in housing or yards and
manure management systems because manure is
often stored as slurry under the slatted floor of the
barn. Increasing the grazing days per year of housed
dairy cattle is an effective measure to decrease NHs
emissions due to rapid infiltration of urine and plant
uptake. This measure could decrease emissions by up
to 50 percent if all-day grazing were implemented
(Sutton et al., 2022).

For dairy cows, research has shown that lower-
ing the protein content in the diet can lower NH3
emissions by 46 percent and N,O by 20 percent
compared to the average emissions per dairy cow
without decreasing animal health and productivity
(Schrade et al., 2023). Overall, NUE in dairy cows
could be increased by 25 percent through this feed-
ing strategy (Chowdhury, Wilkinson and Sinclair,
2023). This measure is most applicable to housed
animals, as the protein content in their diet is bet-
ter controlled and more easily managed. Farmers
play a key role in adopting these measures as the
main stakeholders in animal feeding management.
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Tan et al. (2023) conducted a comprehensive study
on farmers’ decision-making processes on animal
feeding. Their study found that 65 to 85 percent
of farmers did not know of low protein feeding
and that feeding strategies were mainly influenced
by suppliers. Concerns around low protein feeding
mainly revolved around potential negative impacts
on animal productivity, animal health, and overall
farm performance. Positive impacts such as reduced
feeding costs and emissions and improved animal
health were recognized. The study underlines the
importance of access to information about the bene-
fits of low protein feeding and training programmes.

e Feedlot systems are characterized by the fattening

and finishing stages of beef production and are
dominant in Northern America, Latin America and
Oceania (Cowley et al., 2019). In these systems,
many beef cattle are kept in open pens with a high
stocking density. Feedlots rely on imported feed.
The diet consists mainly of silage, cereals (maize,
barley and wheat) and soybean meal. Manure is
typically accumulated in the pens or stockpiled,
which forms the main source of N losses from these
systems through NH; and N,O emissions (Cowley et
al., 2019). Over 80 percent of N fed to the animal is
excreted in urine and faeces, of which 67 percent is
lost through NHs emissions (Kissinger et al., 2007),
resulting in an NUE of about 20 percent at animal
level (Koenig, McGinn and Beauchemin, 2013). In
combination with large amounts of imported feed
associated with high synthetic fertilizer inputs, feed-
lot systems have a relatively low NUE. Measurements
to reduce N losses from feedlots are primarily linked
to reducing protein-N content in diets and improved
manure management (Cowley et al., 2019; Galles
etal., 2011). Nitrogen losses are largely driven by the
spatial disconnection between animals and feed pro-
duction, and recycling of manure in livestock-dense
areas is linked to high transportation costs to crop-
lands (Uwizeye et al., 2020). The on-farm measure-
ments described above will therefore not lead to
significant improvements of the life-cycle-NUE of the
livestock supply chain.

Feeding a low-protein diet is seen as a cost-effective
method to decrease N losses and increase NUE. Bittman et
al. (2014) and Sutton et al. (2022) give a comprehensive
overview of feeding measures that can be taken for different
livestock species, indicating that for each percent decrease
in protein content, NHs is decreased by 5-15 percent,
while reducing N,O emissions (Sutton et al., 2022), and for
increases in overall NUE (Hristov et al., 2015; Koning, Evers
and Sebek, 2021; Schrade et al., 2023). Sutton et al. (2022)
have provided detailed guidelines for feeding measures per

livestock species to reduce N losses and increase efficiency.
Manure management focused on minimizing emissions and
nutrient losses plays an important role in decreasing N emis-
sions from dairy and feedlot systems. Manure is a valuable
resource of N (and other nutrients) and can decrease losses
of N to the environment as compared to synthetic fertilizers
(see section 3.6.2 for a case study on the use of dairy slurry
as fertilizer).

3.4.5 Industrial pig systems

Pigs held in industrial systems are characterized by large
numbers of animals housed in groups, typically on (partly)
slatted floors. Pig diets contain high amounts of grains
and soybeans and are indirectly linked to N losses from
synthetic fertilizer input for feed production. Increasing
the use of agrifood by-products and food losses and waste
(FLW) could decrease the dependence on imported feed,
potentially increasing NUE and reducing N losses (Uwizeye,
2019). According to Parfitt et al. (2010), FLW is the “whole-
some edible material intended for human consumption,
arising at any point of the food supply chain that is instead
discarded, lost, degraded or consumed by pests”. (See
section 3.6.1 for a case study outlining the potential to use
FLW as feed.) On average, 60-70 percent of N fed to pigs
is excreted through manure. Feeding strategies that focus
on lowering the crude protein content in the diet have been
proven to have significant effects on reducing N in manure,
resulting in lower N losses (Sajeev et al., 2018). Reductions
of over 30 percent have been measured from pig housing
systems when implementing this dietary measure (Le Dinh
etal., 2022).

Manure and urine are collected and stored as slurry, either
under the slatted floors or in lagoons. The storage of slurry for
long periods is linked to substantial NH; and N,O emissions
(Kupper et al., 2020). Measures to decrease emissions from
manure include frequent removal combined with anaerobic
digestion, acidification of the slurry, applying additives and
covering lagoons with different types of cover, such as imper-
meable or permeable synthetic cover, a concrete lid, plastic
tiles or natural covers (peat, straw, wood chips, etc.) (Peterson
etal., 2020; Sajeev, Winiwarter and Amon, 2018; VanderZaag
et al., 2015). Storing urine and faeces separately through
housing systems that separate the waste from the moment of
excretion or through a solid-liquid separation after excretion
can decrease N emissions substantially, too, if low-emission
processing and storing techniques are applied for the solid
fraction (Sutton et al., 2022). The solid fraction contains most
of the P excreted by the animal and has a relatively high
organic matter content, whereas the liquid fraction contains
most of the mineral N (available from crop uptake) and K.
The separated fractions have specific properties and can be
applied to agricultural land according to specific soil and crop
needs and thus enhance more balanced fertilization.
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To minimize losses from storage of manure (fractions),
storage in enclosed silos until application is preferred.

Manure (both slurry and liquid fraction after separation)
can be used for anaerobic digestion to produce biogas
that can be converted to electricity or renewable fuels.
The digestate is a by-product that can be used as organic
fertilizer. Digestate typically has a higher organic-bound N
content and low dry matter content, which increases crop
NUE. The organic-bound N can increase NHs emissions
during storage and field application if appropriate meas-
ures are not taken (e.g. covered and/or airtight storage and
low-emission application) (Sutton et al., 2022). Digestate
can be processed further to create fertilizer products that
enhance nutrient recovery and crop nutrient utilization (see
Figure 13). These techniques include stripping manure,
pelleting and concentrating, producing solid and liquid
manure fractions, organic fertilizer pellets, and mineral
concentrates.

3.4.6 Intensive poultry systems

Poultry systems encompass both broiler systems for meat
production and layer systems for egg production. Broilers
and layers are bred for their efficient production. They are
housed in indoor systems and fed mainly a concentrated
diet composed of grains (maize, wheat, barley), soybean
meal, minerals and vitamins. The intensive poultry sector

has increased significantly over the past decades and plays
an important role in producing high-quality TASF. It is asso-
ciated with significant N losses and contributes approxi-
mately 15 percent to total N losses from the livestock sector
(Uwizeye et al., 2020). Most of the N emitted by poultry is
in the form of NHs (and to a lesser extent N,O) emissions
from manure storage. Moreover, poultry systems are asso-
ciated with indirect N,O emissions related to the production
of concentrated feed.

Poultry manure contains high amounts of uric acid,
which can easily form NH3 through hydrolysis. Keeping
solid manure stored in dry conditions reduces N emissions
and leaching. Ammonia emissions from housing systems
of both broiler and layer systems can be minimized with
several measures, as summarized by Sutton et al. (2022).
Frequent removal of manure from the housing system
to an enclosed external storage unit reduces N losses
in housing systems. Dry storage of poultry manure can
reduce leaching of N, while quickly drying solid manure
after removal from the housing system prevents NH3 form-
ation from uric acid. Additionally, air scrubbers in housing
systems can capture NHs and improve the air quality of
the housing system.

Regarding lowering N losses through feeding, as with
ruminants and pigs, poultry show significant reductions
when fed diets with low protein content and balanced
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FIGURE 13
Options to combine treatment and processing techniques of manure

& [
SOLID MANURE SLURRY/DIGESTATE
Separation )
e: o‘ ®
Drying SOLID FRACTION LIQUID FRACTION
! Pelleting Pyrolsis | Gasification | | Combustion i Composting | | Precipitation i Concentration i Stripping |
! ... ! & * oo i
E § SALTS MINERAL CONCENTRATES
P05 >P ! | Chemical extraction :
R N IS A | == =

‘ Organic fertilizer ‘ ‘ Biuch'a.r fé;tilizer‘ ‘ Elemental P ‘ ‘

Ash-based fertilizer ‘ ‘ Compost soil amendments

Mineral fertilizer

default/files/2022-11/UNECE_NitroOpps%20red.pdf

Note: Treatment and processing techniques are applicable for pig and cattle manure.

Source: Authors’ elaboration based on Sutton, M., Howard, C., Mason, K., Brownlie, W. & Cordovil, C. 2022. Nitrogen opportunities for agriculture, food
& environment. UNECE guidance document on integrated sustainable nitrogen management. UK Centre for Ecology & Hydrology. https://unece.org/sites/



https://unece.org/sites/default/files/2022-11/UNECE_NitroOpps%20red.pdf
https://unece.org/sites/default/files/2022-11/UNECE_NitroOpps%20red.pdf

Chapter 3. Nitrogen use efficiency in livestock systems

31

amino acid requirements (Brink et al., 2022; Malomo et al.,
2018; Musigwa et al., 2020; Wiedemann et al., 2016). This
solution is crucial for farmers feeding poultry a high-pro-
tein diet that exceeds the nutritional requirements of the
animal, resulting in decreased NUE and potentially higher
feeding costs. Table 2 summarizes the effect of low-protein
diets on poultry performance based on the review of Malo-
mo et al. (2018). Decreasing the crude protein content of
the diet may necessitate supplementation of amino acids
(depending on the specific diet formulation and animal
needs) to meet animal requirements without compromising
animal health and performance (Malomo et al., 2018).

3.4.7 Camelid production systems

Camelid production systems can be found on different conti-
nents, depending on the camelid species. Bactrian and drom-
edary camel populations are primarily present in Africa and
Asia, whereas llamas and alpacas are found in South America
(Zarrin et al., 2020). The largest population of camels is
found in East Africa, where animals are mainly kept for milk
and meat. Traditionally, camels are kept in migratory pas-
toralist systems but are found in (semi-)sedentary pastoral-
ist and mixed farming systems as well. In South America,
camelid species are primarily kept for fibre production and
play an important role in the livelihoods of communities
in the Andean highlands. There is little information on N
inputs, outputs and losses in camelid production systems
and NUE and improvement pathways for these systems have
not yet been developed. The resilience of camelid species
to live in harsh climatic conditions has been increasingly
seen as an adaptive strategy to climate change to ensure
food production and security (Rahimi et al., 2022; Wako,
Tadesse and Angassa, 2017; Zarrin et al., 2020). Camelid

species require less protein in their diet for production and
research has shown that camel housing systems emit less
NH; than dairy cattle systems (Nadtochii et al., 2018; Rahimi
et al., 2022; Smits and Montety, 2009).

3.5 ASSESSMENT OF NITROGEN USE EFFICIENCY
AND FLOWS IN LIVESTOCK SUPPLY CHAINS

The livestock supply chains vary from local to global scale.
While the production of most TASF in LMICs is still localized,
livestock supply chains have increasingly become lengthier
and more internationalized. Decoupling of the produc-
tion stage has caused several challenges to sustainable
N management. Understanding cascading impacts on N
across the entire value chain is crucial to ensure informed
policy and decision-making to reduce pollution while pro-
moting measures to enhance NUE. The two main stages
of the livestock supply chain where losses occur are feed
production and animal production. To decrease N losses
to the environment, measures must address these stages
regardless of their geographical location. This is important
to avoid the shift of the burden from one production stage
to another. For instance, decreasing N losses in one stage
could potentially increase losses in successive stages if no
measures are implemented. It is important to understand
where N losses occur along the chain and determine N loss
hotspots. In this section, N flows and opportunities for sus-
tainable N management are described on national, regional
and global scales.

3.5.1 Global nitrogen flows and losses

In 2010, feed ingested by global livestock systems contained
about 106.9 Tg N (Uwizeye et al., 2020). The production of
this feed required about 90 Tg N of new N composed of

TABLE 2
Effects of feeding low crude protein diets on N output of poultry
Type of poultry Protein level in diet N-related parameter Level of reduction in N-related parameter
N output 49.2-65.6 percent
Broiler 16-20 percent
N output intensity 12.5-45.8 percent
N output 16-38 percent
Broiler 20-22 percent with methionine + lysine
N output intensity 18.8-40.6 percent
N output 25.8-35.1 percent
Broiler 20 percent + enzymes supplementation
N output intensity 37.5-43.8 percent
N output 26.6-36.3 percent
Laying hens 11.5-17.5 percent
N output intensity 20.0-33.3 percent
N output Similar
Laying hens 13.5 percent + enzymes supplementation
N output intensity 12.5-43.7 percent

Source: Adapted from Malomo, G.A., Bolu, S.A., Madugu, A.S. & Usman, Z.S. 2018. Nitrogen emissions and mitigation strategies in chicken production.

In: B. Yucel and T. Taskin, eds. Animal Husbandry and Nutrition. InTechOpen. http://dx.doi.org/10.5772/intechopen.74966
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60 percent synthetic N fertilizer, 23 percent biological N
fixation, and 11 percent atmospheric N deposition. It relied
on 56.7 Tg N of recycled N composed of crop residues
(63 percent) and manure (37 percent) used for feed produc-
tion. It used about 25.2 Tg N from soil N mining mainly in
LMICs where access to new N is limited. Furthermore, feed
production is associated with about 44 Tg N of N losses
to the environment in the form of NO3™ (54 percent), NHs
(34 percent), NO, (9 percent), and N,O (3 percent), as well
as 28.1 Tg N lost via runoff and leaching. Figure 14 shows
the global N flows of the entire livestock supply chain.
Nitrous oxide emissions from feed production exacerbate
climate change and are equivalent to 355 Tg CO,eq.
Ammonia and NO, have a high impact on air quality,
whereas NOs™ contributes to water pollution.

In animal production, N inputs were estimated at
122 Tg N/year in 2010 and were sourced from feed
(106.9 Tg), synthetic amino acid (12.7 Tg N) and swill
(i.e. feed from food waste: 2.5 Tg N). Only 10 Tg N were
recovered in final animal products, whereas 28.4 Tg N was
lost into the environment in the form of NHs (41 percent),
N, (29 percent), NOs™ (15 percent), NO, (13 percent) and
N,O (2 percent) (Uwizeye et al., 2020). An additional
61.8 Tg N was recovered in manure stored, recycled or
deposited on grazing lands. At the processing level, only
0.9 percent of N in final products is lost, mainly through
wastewater or organic waste.

Spatial differentiation on a global scale can be seen with
several hotspots of emissions. Most emissions take place in
South Asia (35 percent), followed by East and Southeastern
Asia (28 percent) (Figure 15).
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FIGURE 15
Hotspots of N,O, NH; and NO;~ emissions from livestock supply chains
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Overall, N emissions along the livestock supply chains
are estimated at 65 Tg N, representing circa one-third of
total N emissions from anthropogenic activities (Uwizeye et
al., 2020). Nitrogen emissions in the form of NO3™ (28 Tg
N) and NHs (26 Tg N) are dominant, followed by NO, (8 Tg
N) and N,O (1.8 Tg N). When looking at animal categories,
ruminants (cattle, buffalo, sheep and goats) are responsible
for most N emissions globally, emitting 45 Tg N/yr, which
is 70 percent of the total N emissions from livestock. In all
regions, most N emissions come from at least one cate-
gory of ruminants. Only in Western and Eastern Europe,
besides cattle, do monograstrics play a significant role in N
emissions. The high concentration of emissions in South-
ern and Eastern Asia is related to a high density of cattle
and buffalo populations. Excreted manure is often poorly
managed and application rates of synthetic fertilizer are
high, contributing to total N emissions in the region (Beig
et al., 2017).

3.5.2 Enhancing nitrogen use efficiency in the
global livestock supply chain

The life-cycle-NUE indicator was developed to improve the
NUE of the entire livestock supply chain (Uwizeye et al.,
2020). This indicator refers to the efficiency of recovering
N mobilized at each stage of the supply chain into the final
animal product, thus the portion of N input that ends up
in an animal product for human consumption. A similar
approach is described by Sutton et al. (2013) as the “full
chain NUE"”, which is defined by the ratio of N in a final
product to new nutrient inputs (e.g. N produced through
the Haber-Bosch process, biological N fixation, mining of N
and NO, formation). Erisman et al. (2018) propose the use
of the “whole food chain NUE”, which is defined as the
N available in food for consumption divided by the newly
formed N that was used to produce the food and can be
calculated at the country and region level. In this way, it
describes the percentage of N invested in food production
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that is contained in the final product for consumption. All
these indicators ultimately indicate how effectively new N
mobilized for food production is converted into protein N
available for human consumption and, thus, how efficiently
N has cycled through the whole production chain. For each
step and component of the production chain, efforts can
be made to improve NUE, and the combination of measures
that improve component efficiencies will contribute to the
overall life-cycle-NUE of the supply chain. Through this,
objectives to improve efficiency and recycling of N can be
set for each stage of the livestock supply chain, while the
life-cycle-NUE indicator shows the overall performance of
the sector on a global, national or regional scale.

Uwizeye et al. (2020) carried out a disaggregated global
study on the NUE performance of various livestock supply
chains where both newly formed N as well as recycled N
(e.g. through manure or crop residues) were included to

calculate the life-cycle-NUE. This analysis was conducted for
275 countries and territories for different livestock species
and systems, as seen in Figure 16.

Systems with the highest efficiencies are broiler chicken
systems and backyard chicken systems for both egg and
meat production with life-cycle-NUE values ranging from
32 to 67 percent. Ruminant systems with relatively high
life-cycle-NUE (more than 36 percent) include small ruminant
systems (both grazing and mixed systems) and dairy cattle
in grazing systems. When looking at industrial and interme-
diate pig systems, median life-cycle-NUE values range from
28 to 36 percent. The lowest efficiencies for N use are found in
large ruminant (buffalo, beef and dairy cattle) intensive grazing
and mixed systems, as well as feedlot systems. This is in line
with previous studies that show the low NUE with which large
ruminants convert feed into meat or milk because they need
large quantities of feed. There is large variability per country, as

Livestock systems

Broiler chicken
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Mixed small ruminant milk
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Grazing dairy cattle

Industrial pigs

FIGURE 16
Life-cycle-NUE by livestock species and systems
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diamonds indicate the mean values, the horizontal lines indicate the five (left-end) and 95 percentiles (right-end), and the dots represent outliers. The
coloured boxes refer to different livestock types. The smaller the boxes, the smaller the variations in NUE between countries within a certain livestock
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can be seen in Figure 16, by the size of the boxes per livestock
system, as well as the outliers. When looking at NUE of the
whole food system (including both crop and livestock produc-
tion) for a country or region, Erisman et al. (2018) evaluated
the different studies carried out. Results showed an average
NUE of 5-15 percent, indicating that only a small portion of
N invested in global food production is contained in the final
products suitable for human consumption. The higher values of
life-cycle-NUE found by Uwizeye et al. (2020) can be attributed
to the fact that they consider N flows, such as recycling of crop
residues, manure, and soil N stock change at each stage as
output.

The inclusion of livestock in a food production system
leads to lower NUE values as it lengthens the nutrient chain
and thereby increases the steps and opportunities for N to be
lost to the environment (Sutton et al., 2013). It is important
to look closely at the livestock supply chain and its different
stages to identify opportunities to improve efficiency and
resource use and increase the overall sustainability of live-
stock production. Studies have shown that increasing the
efficiency and quality of manure management and recycling
increases the overall NUE (Sutton et al., 2013; Uwizeye,
2019) as more products are produced from the same level
of new nutrient inputs. For this reason, recycling nutrients
and feeding livestock with by-products or swill contributes to
increasing overall NUE as well, as less N embedded in feed
crops is mobilized to feed livestock.

Focusing solely on NUE does not necessarily lead to
a reduction in total N emissions as increased efficiency
leads to decreased production costs, which could lead to
a consumption surge (Uwizeye, 2019). It is fundamental to
combine NUE of livestock systems with control of the sec-
tor's expansion, consider other sustainability indicators and
address over-consumption of animal products and behav-
ioural change by consumers. For instance, options to shift
to a more plant-based diet in high-income countries could
increase NUE of agrifood systems, and decrease N waste,
pollution, and losses to the environment, while considering
trade-offs with other sustainability indicators (Erisman et
al., 2018; Leip et al., 2023; Sutton et al., 2013).

3.5.3 Embedded nitrogen in international trade
The international trade of food and feed is a key element
in the global agrifood system and has increased significant-
ly from the second half of the past century, where circa
25 percent of the food and feed produced globally is trad-
ed internationally (Lassaletta et al., 2014b). International
trade can contribute to achieving food security and nutri-
tion in countries where domestic production is insufficient
and can offer a wider range of food and feed products.
The international trade of food commodities plays an
important role in the disruption of N cycles and N pollution
linked to biodiversity loss, climate change, deforestation,

eutrophication and acidification (Billen, Lassaletta and
Garnier, 2015; Oita et al., 2016; Wang et al., 2022a). This
is specifically the case for international trade linked to the
livestock supply chain, with livestock feed being the most
important commodity. Approximately 8 percent of total N
emissions from the livestock supply chain is embedded in
feed and livestock commodities from international trade,
which amounts to approximately 5.5 Tg N, of which
1.5 Tg N/yr is entirely attributed to the production of feed,
whereas livestock commodities contributed about 4 Tg N/yr
(Uwizeye et al., 2020). Figure 17 shows the magnitude of
embedded N emissions in the international trade of feed
for the major importing and exporting countries.

Through international trade, the livestock supply chain
is lengthened, which results in an increased number of
production steps where N losses can occur. As N losses
linked to international trade increase, the life-cycle-NUE
typically decreases. Wang et al. (2022a) found that for both
importing and exporting countries, NUE of the food system
decreased between 1963 and 2011 and was associated with
an increase in international trade of food and feed, food
supply, fertilizer N use and biological N fixation. Furthermore,
N balances for both importing and exporting countries were
positive and showed an increase over time, concomitant
with increased international trade. A positive N balance is
associated with an increased amount of N losses to the envi-
ronment. As international trade plays such a significant role
in N transfer within the global agrifood system, associated N
losses and NUE, it can play a key role in finding solutions for
sustainable N management along the food production chain.
Figure 18 shows embedded N emissions in the international
trade of feed commodities (cereals and soybean products).
These feed products represent some of the major commod-
ities traded in the livestock supply chain, with cereals repre-
senting 60 percent of total emissions and soybean products
representing 39 percent of total N emissions.

Regarding the livestock commodities, Figure 19 shows
N emissions embedded in the dairy and beef cattle prod-
ucts, which include the feed used to produce them. Beef
meat represents 31 percent of embedded N emissions in
the international trade of livestock products and cattle milk
represents 43 percent of total embedded N emissions.

3.5.4 Enhancing nitrogen use efficiency at
national and regional scale

The options described in section 3.4 to improve NUE have
focused on farm-level measurements. This section describes
how NUE can be enhanced when looking at the agrifood
production system. Integration of crop and livestock systems
has been widely accepted as one of the major ways to recycle
N (and P) efficiently, decrease systems’ reliance on external
inputs and minimize losses of N to the environment (Baker
etal., 2023; Billen et al., 2021; Castillo et al., 2023; Watson,
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Topp and Ryschawy, 2019; Lassaletta et al., forthcoming).
As the development of the livestock sector in different
regions (e.g. Northern America, Western Europe and South-
east Asia) has resulted in livestock-dense areas that largely
depend on external resources, crop and livestock systems
are decoupled, resulting in N hotspots in areas where
livestock are kept, and N losses where feed production is
prevalent. Ultimately, this results in a disruption of the N
cycle and increases the dependence on newly produced
N. To create a more balanced system where N recovery is
maximized, re-integration of crop and livestock production
can be done at farm, national or regional level (Schut
etal., 2021). Integrated crop-livestock systems can not only
significantly reduce N losses, but they have proven, in dif-
ferent regions and management systems, to increase crop
yields and animal productivity compared to specialized sys-
tems without crop-livestock integration (Farias et al., 2020;

Schut et al., 2021; Sekaran et al., 2021). For instance, Farias
et al. (2020) and de Faccio Carvalho et al. (2018) found soy-
bean systems integrated with livestock generated a 58 and
60 percentincrease in soybean yield equivalents, respectively.
De Faccio Carvalho et al. (2018) found that introducing
grazing cover crops in grain production systems increased
yields of the grain crops from around 3.5 to 11 percent
compared to conventional grain crop production systems,
along with additional output from the livestock component.

On what level (e.g. farm, national, regional) integra-
tion of crop and livestock systems is possible and profit-
able, both on environmental and economic levels, highly
depends on the farming systems and characteristics of the
region. For example, on farm level, mixed crop-livestock
systems require different skills and activities and might
not be favourable for large, specialized farms. Smallhold-
er farms under tropical and sub-tropical conditions have
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FIGURE 18
Embedded N emissions in international trade of cereals
(maize, wheat and barley [a]) and soybean products (b)
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FIGURE 19
Embedded N emissions in international trade of dairy products (a) and beef meat (b)
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benefited from differentiation of production on the farm,
which improves productivity (through improved fertilization
of arable land), increases animal health and productivi-
ty (through increased availability of feed) and enhances
overall resilience of the farming system (Devkota et al.,
2022; Rufino et al., 2007; Sekaran et al., 2021). Further-
more, integration of crop and livestock can increase food
availability and security for smallholder farmers (Paramesh
et al., 2020; Sekaran et al., 2021). For specialized farms,
characterized by high technological input and benefits
from economies of scale, integration of crop and livestock
production is more beneficial on a regional scale (Russelle,
Entz and Franzluebbers, 2007; Schut et al., 2021). Between
farms, resources such as manure, fodder crops and crop
residues are shared, which results in a more efficient use of
(land) resources and better utilization of labour throughout
the year. Similarly, agreements between shepherds and
arable farmers to allow temporary grazing can decrease
crop weeds, and increase soil nutrients and access to fresh
pastures (Schut et al., 2021). If livestock can be kept out-
doors in winter through this kind of exchange, an addition-
al reduction of feed imports can be realized as well (Boyle
et al., 2008). Different studies have shown that integrated
crop-livestock systems are more sustainable and resilient to
external shocks, such as market conditions, fluctuating pric-
es and weather extremes (Bell and Moore, 2012; Moraine,
Duru and Therond, 2017; Schiere, Ibrahim and van Keulen,
2002). Schut et al. (2021) outlined the different ways in
which specialized farms can collaborate as: (1) exchange
products and resources while keeping the same crop rota-
tions as before; (2) adapt crop rotations to complement
the needs of the livestock farmer (i.e. produce feed); and
(3) increase mutual benefits and synergies by exchanging
fields that allow increased production of high-value crops
or widen the crop rotation. Adoption of any of these three
options for specialized farms is dependent on factors such
as distance between farms, preferred level of independ-
ence by farmers and other socio-cultural barriers. All three
options can be of significant value for the development of a
sustainable agrifood system if, through this, nutrient cycles
are closed, resources are used more efficiently, losses of N
to the environment are minimized and soil quality through
organic fertilization is improved. Additionally, integrated
crop-livestock systems on a regional scale can enhance
biodiversity and contribute to ecosystem services (Baker et
al., 2023; Billen et al., 2021; Schut et al., 2021).

Overall, the adoption of integrated crop-livestock sys-
tems on a regional scale, optimizing collaboration between
specialized farms, can result in higher efficiency of resource
use, and a reduction of external inputs with similar or
higher yields. Using manure, significant amounts of syn-
thetic fertilizers can be replaced, resulting in improved N
balances at a national level. Furthermore, the NUE of the

agrifood system can be improved, with research showing
that low-efficiency components, which is typical for live-
stock systems, can significantly increase the NUE of the
crop system, resulting in a high NUE of the overall inte-
grated crop-livestock systems (Castillo et al., 2023). Lastly,
integrated crop—livestock systems can greatly contribute to
the productivity, resilience, livelihoods and food security of
smallholder farmers.

3.6 CASE STUDIES

3.6.1 Using swill as feed

In a circular food system, one of the primary focuses is
to avoid waste from agricultural production processes to
maintain nutrients within the system (Chapter 5). There will
be unavoidable waste streams that are linked to harvesting
and food processing steps (i.e. crop by-products and waste
streams), as well as food losses at the consumer stage (typ-
ically known as swill), which encompass total FLW streams
from the agrifood system. These can potentially form a valu-
able source of livestock feed, especially for monogastric ani-
mals such as pigs and poultry. By-products from the process-
ing industry are already being used as feed (e.g. vegetable,
baking, brewing and sugar beet by-products). This encom-
passes only a small part of feed used in pig and poultry
production, as grains and oil seed cakes make up most of the
diet in industrial systems (Mottet et al., 2017). The amount
of FLW potentially available for feed is significantly higher.
Currently, swill is used as feed in several countries, including
Japan, Republic of Korea and Thailand. These countries have
successfully implemented a recycling system wherein swill is
collected and treated, ensuring that the quality and safety
of the feed is maintained (zu Ermgassen et al., 2016). On
the other hand, there are still many countries where the use
of swill for feed is prohibited due to concerns about public
health and infectious disease transmission. Currently, in the
whole of the European Union and the Kingdom of Great
Britain and Northern Ireland, swill feeding has been prohibit-
ed altogether after the foot-and-mouth disease outbreak in
2001, which was caused by illegal (untreated) swill feeding
to ruminants (zu Ermgassen et al., 2016).

In a circular food system, pigs and poultry are used
to convert waste streams into high-quality nutrients for
human consumption. Including swill from the FLW stream
to feed monogastric livestock would contribute to the
development of a circular agrifood system and could have
multiple benefits, such as decreasing losses of N from the
agrifood processing chain, replacing high-quality livestock
feed (i.e. cereals and soybeans), and thereby decreas-
ing land use for livestock production (Boumans et al.,
2022). Furthermore, Uwizeye et al. (2019) showed that
the replacement of conventional feed with swill increases
the life-cycle-NUE of the livestock production chain by
6-30 percent, depending on the ratio of swill in the feed
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and the original proportion of grains and soybeans. With
the right treatment techniques, incentives to include FLW in
livestock feed, and certificates for animal products fed with
swill, Japan and Republic of Korea have successfully recycled
around 36 percent and 43 percent of household waste,
respectively (zu Ermgassen et al., 2016). As the implemen-
tation of swill feeding has been proven to be successful in
these countries, several studies have outlined the possibilities
of implementing a similar system in regions where this is still
illegal (Boumans et al., 2022; zu Ermgassen et al., 2016).
Furthermore, both studies show that swill feeding has no
negative effects on the growth of the animal and the quality
of the end product. Recycling of FLW for livestock feed is
seen as a robust and efficient measure to reduce N losses,
increase NUE of the livestock production chain and to play a
role in the development of a circular agrifood system.

3.6.2 Decrease nitrate leaching through the
application of cattle slurry

The leaching of NOs~ from agricultural soils is one of
the main sources of N losses from agriculture. Through
this, NOs~ end up in ground- and surface water where it
affects (drinking) water quality and can result in eutro-
phication when NOs~ concentrations are high. Reduction of
NOs~ leaching plays a key role in preserving water quality
and wetlands while it increases NUE in the agricultural
production cycle. The case study presented here is based

on results from a field experiment by de Boer et al. (2024),
where research done on the level of NOs™ leaching from
grasslands fertilized with cattle slurry and synthetic fertilizer
was compared to the use of synthetic fertilizer only. This
is especially applicable to dairy farms in temperate regions
with permanent grasslands. In these systems, where cattle
are either housed year-round or grazed during the spring/
summer season, cattle slurry is collected and can be used as
fertilizer for grasslands and croplands. Through this, N excret-
ed through manure can be recycled back into the system.
Through a two-year field experiment, applications of
either 100 percent synthetic fertilizer calcium ammonium
nitrate (CAN) or a combination of 40 percent CAN and
60 percent cattle slurry (CS) were done on cut grassland
on a leaching-sensitive sandy soil. Applications were made
during five harvest cycles per growing season. The results
showed that the NOs;~ concentration in pore water was
44 percent lower for the CS-CAN compared to CAN only
in the first growing season, and 35 percent lower for the
CS-CAN combination in the second growing season, while
herbage N uptake was similar for both treatments (Figure 20).
The N present in cattle slurry can only be lost through
leaching after mineralization and nitrification of the organic-
ally bound N. This slow process, combined with a large
plant uptake potential of the organic N, suggests a lower
risk of N losses. The study by de Boer et al. (2024) con-
firms that the use of organic fertilizer through cattle slurry

FIGURE 20
Nitrate concentration (mg/l) in pore water at 1.0 m below field level
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can substantially reduce NOs~ leaching into groundwater.
This not only benefits water quality but decreases the use of
synthetic fertilizers and increases N recycling and NUE. Cattle
slurry forms a valuable resource that can increase N recycling
and avoid substantial N losses when applied on time.

3.6.3. Assessment of nitrogen flows and use
efficiency in dairy system flows in East Africa
Dairy systems in countries such as Kenya, Rwanda, Uganda
and the United Republic of Tanzania contribute to high-nu-
tritional dairy products and support rural livelihoods. Most
milk production occurs in traditional and agro-pastoral
systems, except in Rwanda and Kenya, where improved
crossbreed or exotic dairy cattle dominate. Milk productivity
remains low due to constraints related to animal health,
water availability, and feed resources. The Global Livestock
Environmental Assessment Model (GLEAM), based on
Uwizeye et al. (2020) methodology, estimates N flows, effi-
ciency and emissions from different dairy systems. Kenya’s
dairy cattle population of 4.9 million comprises indigenous
(54 percent) and exotic (46 percent) breeds (Kenya National
Bureau of Statistics, 2019). Rwanda emphasizes sustainable
livestock management, with 1.6 million cattle, including
local, crossbreed and exotic breeds (NSIR, 2020). In the
United Republic of Tanzania, traditional dairy farming relies
on Tanzania Shorthorn Zebu, while intensive systems com-

TABLE 3

bine exotic breeds with local cattle (The United Republic
of Tanzania, 2021). Uganda’s dairy production includes
both traditional and commercial systems, with small-scale
household production and limited decision-making power
for women and youth (FAO and NZAGRC, 2019).

In East Africa, N intake by dairy cattle varies from
25 kg N/animal/yr in Uganda to 46 kg N/animal/yr in Kenya
and Rwanda. The excretion of N in manure ranges from
22 kg N/animal/yr in Uganda to 41 kg N/animal/yr in Rwan-
da and Kenya (Figure 21). Approximately 18-28 percent of
the excreted N is lost into the environment in the forms of
NHs, NO,, N,O and NOs~ (Figure 22). Ammonia emissions
dominate, accounting for about 60 percent of N emissions
in Rwanda and Kenya, and 39-41 percent in Uganda and
the United Republic of Tanzania. These differences are
linked to the prevalence of zero-grazing or intensive systems
in Rwanda and Kenya.

Nitrous oxide emissions are higher in the United Repub-
lic of Tanzania (5 kt N/yr) compared to Kenya (0.9 kt N/yr),
Rwanda (0.6 kt N/yr) and Uganda (0.58 kt N/yr). Similarly,
NOs~ emissions are elevated in the United Republic of
Tanzania (9 kt N/yr) relative to other countries. Nitrogen
oxides emissions, resulting from manure used as a fuel
source, are significant in the United Republic of Tanzania
(80 kt N/yr) and Uganda (29 kt N/yr). The details of N flows
and emissions are provided in Table 3.

Detailed N flows and emissions from dairy systems in East Africa

Population N intake | N excreted | N losses | N recycled NH; N,O NO, N:);;I?:rc‘l;if?g
Million head Thousand tonnes of N
Kenya 4.9 169.3 150.9 32.1 118.8 19.3 0.9 0.3 1.4
Rwanda 1.8 81.8 73.4 20.3 53.1 12.4 0.6 0.2 0.7
United Republic of Tanzania 37.3 1094 995.4 248.6 746.8 96.0 5.2 80.2 9.1
Uganda 24.2 370.8 317.4 56.7 260.7 234 0.6 28.7 0.4

Source: Authors’ elaboration.
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FIGURE 21
Total N losses from manure management systems for dairy cattle systems in East Africa (kg N loss/km2/yr)
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Note: Detailed results are available on the GLEAM dashboard (https://www.fao.org/gleam/dashboard/en/).

Refer to the disclaimer on page ii for the names and boundaries used in this map.

Source: United Nations Geospatial. 2020. Map of the World. United Nations. Cited 22 August 2022. Modified by authors based on GLEAM 3.0.
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FIGURE 22
Nitrogen flows in dairy systems in East Africa based on GLEAM 3.0 (kg N/head/yr)
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Source: Authors’ elaboration based on GLEAM 3.0.

Nitrogen use efficiency, which measures the recovery
of N inputs into final edible livestock products (milk and
meat), varies from 9 percent in the United Republic of
Tanzania to 14 percent in Uganda. When considering
manure recycling for crop production, NUE increases from

75 percent in Rwanda to 85 percent in Uganda (Figure
23). These results reflect the economic value and role of
manure as the main source of organic nutrients to crops,
which contributes to the circular bioeconomy of agrifood
systems in East Africa (Leip et al., 2019).
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FIGURE 23
Average on-farm NUE of dairy systems in East Africa
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Note: On-farm NUE is given for NUE of edible proteins and NUE of animal production.
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3.7 CONCLUSION AND KEY MESSAGES

The livestock supply chain plays a significant role in global
and regional disruption of N cycles and N losses to the envi-
ronment. Decoupling of livestock and local feed production
has resulted in areas of feed production concentrated in
specific regions and livestock-dense areas depending on
concentrated feed from outside their region. These long
supply chains include multiple steps where N is lost to the
environment, resulting in even lower NUEs for livestock
systems compared to crop systems.

The major source of N losses of livestock systems is feed
production associated with high synthetic fertilizer use and
land-use change. Emissions of N from manure accumulation in
livestock-dense areas play an important role as well. Through
this, livestock production is responsible for about one-third of
total anthropogenic N emissions.

For sustainable management of N, improving NUE in
livestock systems is key, and many improvement pathways

are available, depending on region and livestock production
system. On-farm interventions can be focused on best man-
agement practices for manure and fertilizer application in
crop and grassland systems, including low-emissions spread-
ing techniques for manure and improved feeding strategies
such as low-protein feeding and feeding of waste streams.
Improvement options for housing systems and manure stor-
age and processing techniques can decrease NHs emissions
and leaching of NOs™. Lastly, improved grassland manage-
ment and increased grazing time for ruminant production
systems can enhance NUE and decrease N losses.

Beyond on-farm measures, integration of crop and
livestock systems on a regional level can improve N cycling,
reduce N losses, and enhance ecosystem services and bio-
diversity. Re-integration of livestock and crop production
focusing on decreasing the reliance on external inputs
and maximizing N recovery in the system can substantially
increase the NUE of the agrifood system.
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Chapter 4

Impacts of nitrogen losses on climate

and ecosystems

4.1 INTRODUCTION

Anthropogenic emissions of N into ecosystems are at the
centre of debates on various prevalent issues. Notably, N
addition is essential for crop growth and production, but
its excessive use in agriculture has led to negative impacts
on soil, water, air, climate, biodiversity, and human health.
Some major adverse effects include increased emissions of
GHG, harmful algal blooms, hypoxia of fresh and coastal
waters, N deposition onto forests and other natural areas,
and crop exposure to elevated ozone (Os) levels, which
reduces crop yields, root growth and photosynthetic
rates (Nowroz et al., 2024). Conversely, a shortage of N

undermines agricultural productivity, contributes to land
degradation, affects the cycling of other soil nutrients, and
diminishes soil quality (Figure 24) (Vitousek et al., 2010).
The unwanted consequences of N can be further aggra-
vated by climate change and vice versa. Because climate
alters N dynamics, variation in climatic drivers brought by
climate change is likely to enhance the weakening of ecosys-
tems and alter their responses to N. Moreover, the induced
effects on ecosystems can exacerbate climate change, cre-
ating a positive feedback loop. For example, both excess N
and warming can stimulate soil microbial activity in natural
ecosystems, increasing the potential for carbon dioxide (CO,)
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and methane (CH,) emissions. This added GHG to the atmos-
phere can stimulate more warming.

Assessing and understanding the impacts of N on
ecosystems is critical. Once in the environment, N cycles
through various oxidized and reduced forms via biologi-
cal and chemical processes, allowing a single emitted N
molecule to initiate a series of effects — both positive and
negative — known as the N cascade (Galloway et al., 2003).
These effects can vary widely depending on ecosystem type
and its resilience. Moreover, N impacts vary in time and
space due to factors such as changes in land use, agricul-
tural management, and weather patterns.

Despite these challenges, N assessments have been
conducted in different regions of the world, including
California, Pakistan, India and Europe. These assessments
generated valuable insights into the known and unknown
of the N challenge and paved the way for the formulation
of best practices and solutions in these areas. Neverthe-
less, these assessments tend to be general and do not
adequately address N losses under various soil, crop, water
management, and climatic conditions and scenarios. These
assessments have focused on managing surplus N and have
not been conducted in areas where N-depleted soils are a
concern. Many regions around the world face inadequate
access to N, leading to food shortages and soil nutrient
deficiencies. It is important to acknowledge that these areas
can face growing instances of N depletion, especially when
exporting commodity crops to other countries, which can
lead to N-related environmental challenges.

In this chapter, the effects of N losses on terrestrial and
aquatic ecosystems in a changing climate are described,
including the reciprocal feedback between climate change
and N (sections 4.2 and 4.3). Sections 4.4 and 4.5
describe the N processes affecting water, air and soil, such
as eutrophication, acidification and alteration of GHG,
which in turn affect biodiversity, ecosystem processes and
human health. Section 4.6 reviews current approaches and
advancements in assessing the impacts of N on ecosystems.

4.2 NITROGEN IN TERRESTRIAL AND

AQUATIC ECOSYSTEMS

The largest reservoir of N in the biosphere is N, gas,which
makes up 79 percent of dry air and is wholly unavailable to
most organisms. Dinitrogen gas fixing organisms transform N,
into organic N compounds available for most organisms for
the synthesis of amino acids and other metabolic products.
Organic N can be further mineralized to NH4*, which can be
taken up by plants, volatilized as NHs, or immobilized into
microbial biomass. If not, NH4* is converted to nitrite (NO,)
and then to NOs™ by the process of nitrification, which includes
an intermediate step producing N,O. Nitrate can then be
(1) taken up by plants or microbes, (2) leached out of soils,
or (3) denitrified. Denitrification cycles N into different forms,

including NO, and N,0, before returning N to the atmosphere
as N,. Nitrogen cycles among plants, animals, microorganisms,
soils, solutions, sediments, and between terrestrial, aquatic
and atmospheric environments.

Before human alteration, two natural processes transfer
N from N, to biologically available forms — lightning and
biological N fixation. Because the global agrifood system
heavily relies on the addition of N to agriculture, several
N-fixing pathways have been added to the natural N cycle,
including the industrial fixation of N, for use as fertilizer,
the cultivation of crops with the capacity to fix N symbiotic-
ally and the application of manure and organic fertilizers.
About 51 Tg N/yr have been added globally from the use
of synthetic fertilizers (Uwizeye et al., 2020). As a result,
human activities have substantially enhanced N fixation
in terrestrial ecosystems (Vitousek et al., 1997), further
enhancing the processes of nitrification, denitrification and
N leaching. The projected 50 percent increase in global
synthetic fertilizer use by 2050, in comparison to the levels
recorded in 2012 (FAO, 2018b), is expected to lead to a
significant upsurge in N,O emissions from agricultural soils.
This situation presents a substantial obstacle to achieving
the climate objectives of the Paris Agreement, which seeks
to restrict global warming to 1.5 °C or well below 2 °C
above pre-industrial temperatures. Linked with increasing
global fertilizer N use is the NOs™ pollution of ground and
surface waters. Globally, 60 percent of areas with elevat-
ed NOs™ in groundwater occur in croplands (Shukla and
Saxena, 2018). Liu and Greaver (2010) reported that out
of the annual total N outflow from croplands estimated at
148 Tg N/yrin 2010, N leaching accounts for 23 Tg N/yr,
and soil erosion for 24 Tg N/yr.

As N input to terrestrial ecosystems increases, N avail-
ability eventually exceeds microbial and plant demands,
leading the ecosystem to N saturation. This phenomenon
was reported in many terrestrial ecosystems including
forests (Yu et al., 2018), croplands (Tian et al., 2020), and
grasslands (Bai et al., 2010). Prolonged N loadings can
saturate the capacity of terrestrial ecosystems to store N,
diminish soil N retention (Niu et al., 2016), and increase N
leakage to the atmosphere and waters. Ecosystem N satura-
tion likely occurs when the maximum plant photosynthetic
rate is achieved or because of other limiting factors, such
as light, water and other nutrients (Hautier, Niklaus and
Hector, 2009; Peng et al., 2017, 2019). Another reason
is it impedes microbial N processing (Niu et al., 2016),
which is a prerequisite for the formation of sequestrable N.
This impediment is due to imbalances of N over C inputs,
leading to a shortage of C needed for microbial processing.
As a result, organic N is converted to NH;* and then to
NOs~, which can be subjected to leaching and denitrifica-
tion processes. Nitrogen that leaves terrestrial ecosystems
can enter aquatic ecosystems through streams, subsurface
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N runoff, shallow subsurface flow paths, groundwater
exchange, N deposition, and fixation (Earl, Valett and
Webster, 2006). Once in the water, N dynamics are gov-
erned by the same N cycling processes: mineralization,
nitrification, denitrification and immobilization.

Climate change has a direct influence on N dynamics
through the impacts of heat, rainfall, and other climatic
drivers. Conversely, N dynamics reciprocally affect climate
change. The subsequent sections explore these relationships.

4.3 NITROGEN AND CLIMATE CHANGE

4.3.1 Nitrogen dynamics are altered by

climate change

Climate exerts substantial effects on N cycling processes and
transport within and between aquatic and terrestrial ecosys-
tems through warming temperatures and alterations in tem-
perature and precipitation patterns. For example, the effects
of climate change on wet N deposition, primarily caused
by changes in precipitation, are much higher than on dry
deposition (Zhang et al., 2019b). This results in a shift in the
relative contributions of wet and dry deposition to overall N
deposition on terrestrial and aquatic ecosystems. Marschner
(1995) found that direct plant toxicity due to wet N deposi-
tion is relatively uncommon, especially among non-vascular
plants. Dry deposition of NHs can induce plant toxicity.

In terrestrial ecosystems, SOM decomposition is
temperature-sensitive (Davidson and Janssens, 2006), and
soil warming due to increased air temperature often
intensifies N mineralization and nitrification rates through
effects on enzymatic activity until a maximum temperature
is reached. Moreover, soil moisture availability affects the
temperature sensitivity of SOM decomposition (Davidson
and Janssens, 2006), controls denitrification rates, regulates
the movement of N substrates and enzymes, and influenc-
es soil oxygen availability (Butterbach-Bahl et al., 2013).
Climate change-induced variations in temporal and spatial
dynamics of temperature and precipitation can create the
so-called hot moments and hotspots for N,O emissions.
Nitrous oxide emission rates are enhanced in wetter and
warmer conditions while they are dampened in drier and
warmer conditions. The succession of wet and dry cycles
may promote nitrification—denitrification coupled processes
or mobilize N to aquatic ecosystems. Nitrogen oxides emis-
sions through microbial processes are enhanced by rising
temperatures as well (Romer et al., 2018).

The rates at which N enters aquatic ecosystems are
largely influenced by precipitation and changes in precipi-
tation patterns, which can accelerate or decelerate water
flow. Changes in precipitation affect N processing and the
residence time of waters that are essential for N removal
(Howarth et al., 2012). In regions experiencing droughts,
reduced flow rates and water levels impede hydrological
connectivity in terrestrial landscapes, promoting N retention.

This retention is due to the inhibition of both nitrification
and denitrification. Conversely, when precipitation follows,
there is a surge in nitrification, leading to higher N concen-
trations in the drained waters and subsequent leaching to
the aquatic ecosystems. In contrast, in regions experiencing
increased precipitations or intense storms, increased water
flow may increase leaching and export of N through terres-
trial landscapes and to aquatic ecosystems. In either case,
more frequent blooms of harmful algal species are possible.

4.3.2 Climate change is altered by

nitrogen dynamics

It is well-established that human activities involving N pres-
ent notable trade-offs in terms of their impact on climate
change. Certain activities contribute to warming effects that
exacerbate it. Conversely, others generate cooling effects,
potentially mitigating or counteracting the overall warming
trend. For example, emissions of N,O from agriculture may
generate a strong long-term warming effect, whereas N
deposition and fertilization enhance plant growth leading
to increased photosynthesis and subsequent CO, removal
from the atmosphere. The same process (N deposition
and fertilization) can generate a small warming effect by
increasing CH, efflux from the soil (Liu and Greaver, 2009).
Studies that examined these trade-offs indicated modest
cooling effects on climate from N activities, indicating that
N warming effects outweigh their climate benefits. In this
section, the state of knowledge on N-induced cooling and
warming on the global climate considering both N direct
and indirect effects is explored.

Direct effects

Nitrogen directly affects climate through the emissions
of N,O, a potent GHG with unique characteristics that
significantly influence the Earth’s energy balance. Nitrous
oxide has a long atmospheric lifetime (about 116 years),
high global temperature change (GTP) of 233 times that
of CO, for a 100-year timescale, and high global warming
potential (GWP) that is 273 times that of CO, and is set to
rise around 50 percent through the 21st century (Forster
et al., 2021). While N,O rarely gets mentioned compared to
CO, and CHy, reducing N,O emissions is necessary to keep
global warming under 1.5 °C by the end of this century, con-
sidering its role in depleting the Os layer in the stratosphere.

Indirect effects

Nitrogen oxides, NH; and aerosols: NO, and NH; can
generate both warming and cooling effects on the climate
through their influence on the atmospheric concentrations
of CH4, Os and aerosols. For instance, NO, induces the
formation of Os, which is a powerful GHG with warming
effects, whereas NO, removal of CH, through the pro-
duction of hydroxyl radicals (OH") causes cooling effects
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through both CH; and Os reduction. Moreover, Oz can
remove CH, through increasing OH-, which generates a
small cooling effect on climate. At the same time, both NO,
and NHs enhance the formation of light-scattering aerosols
in the atmosphere that reflect light back into space and
cause a cooling effect (Pinder et al., 2012). This effect is
short-lived because aerosols have a relatively short atmos-
pheric lifespan compared to N,O and other GHGs. Readers
are referred to Lasek and Lajnert (2022) and Pinder et al.
(2013) for an expanded discussion of climate warming and
the cooling of NO,.

Nitrogen stimulation of non-N,O GHG: Nitrogen
input to aquatic and terrestrial ecosystems can stimulate the
emissions of non-N,O GHG such as CO, and CH,4, which
contribute to radiative forcing, which denotes changes in the
energy balance of the Earth’s system due to increases in GHG
concentration and other perturbations (Ramirez-Corredores
etal., 2023). Since 1750, these gases have largely dominated
the overall warming influence on the Earth’s climate (US EPA,
2016) (Figure 25). Methane is more potent than CO, but has
a shorter atmospheric lifespan and is estimated to have a
GWP of 27-30 times that of CO, over 100 years. While CH,
lasts about a decade on average in the atmosphere, CO,
lasts from 300 to 1000 years and accounts for a 36 percent
increase in radiative forcing since 1990.

In aquatic ecosystems, N regulates GHG dynamics by influ-
encing primary production and respiration (Cole et al., 2000),
methanogenesis (Bogard et al., 2014), and CH,; oxidation

(Deutzmann et al, 2014). Taking methanogenesis as an
example, excess N often leads to hypoxia and anoxia in ocean
and surface waters, which promotes the release of CH,. Fur-
thermore, episodes of hypoxia and anoxia can stimulate CO,
emissions (Li et al., 2017). These complex interactions often
generate a warming effect on the global climate.

In most terrestrial and wetland ecosystems, N can
affect CHy flux to the atmosphere, which is regulated
by the balance between CH,4 production and consump-
tion. Liu and Greaver (2009) performed a metanalysis of
313 observations and found that N inputs by deposition
and fertilization increased CH, emission by 97 percent,
reduced CH,4 uptake by 38 percent, and increased N,O
emission by 216 percent when averaged across grasslands,
wetlands and anaerobic agricultural systems. The influence
of N inputs on CHy flux was only significant in anaero-
bic agricultural ecosystems. In the same study, N inputs
increased C sequestration in forests and other ecosystems,
but this CO, reduction was estimated to be largely offset
(53-76 percent) by N stimulation of global CH4 and N,O
emissions from multiple other ecosystems (Liu and Greaver,
2009). In California forests, the deposition of N has been
observed to enhance C storage in vegetation and SOM.
When N excess leads to ecosystem N saturation, the result-
ing soil acidification, aluminium (Al) toxicity, and base-cation
leaching may outweigh the advantages of N fertilization,
ultimately leading to forest decline and loss of stored C
(Aber et al., 1998; Bowman et al., 2008).
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4.4 EFFECTS OF NITROGEN ON

TERRESTRIAL ECOSYSTEMS

On a global level, there are regions with too much and too
little N. The following sections explore the effects of N on
terrestrial ecosystems, outlining the dual challenges posed
by excessive and deficient levels of N. First, the discussion
focuses on ecosystems dealing with N abundance, dissect-
ing N effects on different aspects of ecosystem functions,
including plant growth and soil C sequestration, soil acidifi-
cation, soil and plant biodiversity, air quality and pollution.
Subsequently, ecosystems experiencing N deficiency that
offer insights into the nuanced outcomes linked to insuffi-
cient N levels are discussed.

4.4.1 Ecosystems with too much nitrogen

Plant growth

Because ecosystem productivity is often limited by N avail-
ability, N addition to soil, emanating from the use of N fer-
tilizers and deposition, has markedly increased net primary
productivity (Greaver et al., 2016), improved agricultural
production, and contributed to human and animal nutrition
and well-being. High rates of N addition may decrease plant
growth by increasing the concentration of soil acid anions
(Greaver et al., 2016), depletion of soil nutrients, reduction
in SOM content, and degradation of soil structure. Exces-
sive application of synthetic fertilizers has been shown to
acidify soils over time and, as a result, reduce yields below
their potential optimal levels.

Effects of N on terrestrial C sequestration
Because C and N cycles are tightly coupled in soils, agricul-
tural management aiming at increasing soil organic carbon
(SOQ) will affect N cycling as well. Many studies showed
that N additions are necessary to increase soil C stocks and
sequestration (Greaver et al., 2016; Li et al., 2017; Lu et al.,
2021; Xia and Wan, 2008). For instance, Geisseler and
Scow (2014) found that the addition of mineral fertilizers
significantly increased organic C content by an average of
13 percent compared to unfertilized fields. Furthermore,
Ganeshamurthy (2009) found that the continuous culti-
vation of pulses or food legumes increased SOC content
because of their ability to fix N, and greater below-ground
biomass. Nitrogen-induced SOC occurs through multiple
mechanisms (Guenet et al., 2021), all of which dictate that
N is inevitably required to stabilize SOC and build up SOM.
These benefits may be offset by N-induced increases in
CO; emissions (Grandy et al., 2006; Liu and Greaver, 2010;
Lugato, Leip and Jones, 2018) (Figure 26). Davies et al.
(2021) demonstrated that with the achievement of C
sequestration goals, N additions would generate an estimate
of 1.7-2.5 Tg N,O-N/yr in emissions. This would result in a
reduction of the emission reduction potential of C sequest-
ration by 213-319 Tg CO,-C/yr. Thus, C sequestration
cannot be achieved without considering the role of N (van
Groenigen et al., 2017). Carbon and N coupled interactions,
including N originating from organic sources or through
atmospheric N fixation, need to be integrated into SOM
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and climate change models to prevent over-estimation of
C sequestration, particularly from CO, fertilization.

Soil acidification

Nitrogen-induced soil acidification (i.e. decrease in pH)
stands as one of the top ten threats to soil health (FAO
and ITPS, 2015). This pervasive issue affects approximately
30 percent of the world’s ice-free land, with acidic soils cov-
ering a substantial portion of areas with agricultural potential
(Sumner and Noble, 2003). Acidification is a pressing global
challenge, with N addition estimated to cause a significant
average reduction in soil pH of 0.26 on a global scale (Tian
and Niu, 2015). The majority of the world’s acid soils occur
in Asia, Africa and the Americas. Low-income countries are
the most affected because conventional means to buffer soil
pH decrease are limited (FAO and ITPS, 2015).

Soil acidification occurs when acidity-generating pro-
cesses offset acidity-consuming processes. It originates
from increasing acidic precipitation and atmospheric N
deposition of acidifying gases or particles and soil con-
tamination. The most important cause of soil acidification
in agricultural land is the misuse and overuse of fertilizers
along with the application of NHy-based fertilizers and
urea, elemental sulphur fertilizer, and leguminous pastures
(FAO and ITPS, 2015). Ammonium-based fertilizers account
for 72 percent of the total N fertilizer input worldwide
(IFA, 2020). Upon application, NH4*-based fertilizers and
urea undergo nitrification and hydrolysis, releasing protons
into the soil solution, which leads to a reduction in soil pH.
The nitrification-driven acidification rate is approximately
10-100 times faster than that of acid deposition (Guo
et al., 2010). Compared to NH4*-based fertilizers, NOs~
sources are less acid-forming; for instance, ammonium
nitrate (NH4NOs) generates less acidity per unit N compared
to ammonium sulphate [(NH4),S0,] because only half of
the N contained in the former fertilizer is oxidized (Strawn,
Hinrich and O'Connor, 2020). Moreover, soil pH decreases
linearly with increasing N rates (Dal Molin, Ernani and Ger-
ber, 2020; Guo et al., 2010; Tian and Niu, 2015). Another
large effect on acid formation is the leaching of NO3™ below
the root zone, which occurs with the removal of bases to
maintain charge neutrality. Environments with high leach-
ing potential are more acidifying (Weil and Brady, 2017).

High acid soil content can severely restrict plant growth
and cause plant physiological changes and tree mortali-
ty. Acidity affects the availability of metals and nutrients,
especially phosphorus, calcium, molybdenum and magne-
sium (Weil and Brady, 2017), and induces aluminium and
magnesium toxicity (Zheng, 2010), thereby affecting plant
health. Acidification contributes to the exacerbation of
soil-borne diseases (Zhang et al., 2022) by promoting path-
ogenic organisms in agricultural soils at pH < 5.5 (Li et al.,
2017) and impacting the movement of soil contaminants

(Weil and Brady, 2017). The effects of climate change on
N-driven soil acidification are likely to be dependent on initial
soil and ecosystem properties (Rengel, 2011). Rising temper-
atures and increased precipitation can boost crop biomass
production, leading to higher removal of basic cations and
unbalanced C and N cycles (Tang and Rengel, 2003). The
removal of basic cations can be further increased by climate
change-driven increases in organic matter degradation and
nitrification rates, which potentially increase NOs™ leaching
and associated base cations. As such, alkaline components
from the soil's exchange complex are transferred into surface
waters and groundwater, leaving acidified soils. Nitrification
can outpace weathering, the main mechanism for base
cations in the soil (Greaver et al., 2016). Excess exposure
of soil to CO, can decrease aqueous pH by one to three
units in soil pore water. Compared to well-buffered systems,
poorly buffered systems, such as sandy soils, have less alka-
linity-producing minerals and cannot resist changes in pH. In
these systems, soil acidification and induced disturbances,
exacerbated by climate change, are more pronounced. Par-
ticular attention should be paid to such systems (Hickman
et al., 2020; Ngatunga et al., 2001). The effects of climate
change on N-driven soil acidification are subject to debate,
with some studies showing increases in soil weathering with
rising precipitation and temperatures, which could eventually
mitigate soil acidification. Eventually, the balance between
weathering and nitrification in each system would dictate if
acidification was aggravated or mitigated by climate change
(Greaver et al., 2016).

Air quality and pollution

Air pollution and climate change are deeply connected
because the chemical species that contribute to the deg-
radation of air quality are often GHG or co-emitted with
GHG. As mentioned earlier, N emissions stimulate non-N,O
GHG emissions and contribute to the formation of Oz and
PM2.5 (fine particulate with an aerodynamic diameter
< 2.5 micrometres), which together with NO, and N,O,
are major air pollutants with significant impacts on human
health and crop productivity. These pollutants are a leading
risk factor for premature mortalities worldwide, according to
the Global Burden of Disease study (IHME, 2021), surpassed
only by high blood pressure, tobacco use and poor diet.

Air pollution by N is accelerated by climate change,
which promotes wildfires and emissions from terrestrial
ecosystems. More wildfires are expected, which leads to
increasing GHG emissions and PM concentrations. Chang-
es in temperature and precipitation patterns are projected
both to lengthen the Os season and intensify Os episodes
in some areas. \WWarming temperatures increase the adverse
health effects related to Os pollution (Jacob and Winner,
2009), such as respiratory infection and an increase in
sensitization to allergens. Moreover, mitigating air quality
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degradation will become more challenging with higher air
temperatures, as greater reductions in NO, emissions will
be required to achieve equivalent reductions in O3 pollution
under warmer conditions (Wu et al., 2020).

Soil and plant biodiversity

FAQO et al. (2020) define soil biodiversity as “the variety of life
belowground, from genes and species to the communities they
form, as well as the ecological complexes to which they con-
tribute and to which they belong, from soil micro-habitats to
landscapes”. Decades of research show that excess N addition
reduces soil and plant biodiversity. Direct toxicity, soil acidifica-
tion, nutrient imbalances, and interspecific competition caused
by long-term N application are linked to plant biodiversity loss
in many natural ecosystems (Dise et al., 2011; Maskell et al.,
2010) (Figure 27). Furthermore, a meta-analysis across field
studies subjected to N additions by Treseder (2008) showed
that N fertilization reduced soil microbial biomass by 15 percent
on average regardless of fertilizer types, ambient N deposition
rates, or methods of measuring biomass. Several mechanisms
were proposed to explain the decline of microbial biomass,
including soil acidification. Nitrogen-induced soil acidity affects
species diversity through habitat loss, constraints on important
microbial functions, shifts in nutrient availability, and increased
toxicity for microbiota, consequently altering soil food webs
(FAO et al., 2020). Moreover, the sensitivity of biota can be
altered in the presence of climate change stressors, but it is
currently unclear how climate change affects the biological
thresholds of acidity (Greaver et al., 2016). Other mechanisms

include elevated osmotic potential and potentially toxic concen-
trations of the N forms added. Nitrogen-induced degradation
of air quality and pollution can decrease plant biodiversity by
increasing their exposure to pollutants. For example, NH; and
NO, air pollution have led to reduced forest biodiversity by more
than 10 percent over two-thirds of Europe due to increases in
the growth of algal slime that can suffocate tree-living plants
such as mosses and lichens, among other threats (Sutton et
al., 2011). There is evidence that suggests that plant biodiver-
sity can recover following abatement of N deposition (Storkey
etal., 2015).

4.4.2 Ecosystems with too little nitrogen

While the reduction of anthropogenic N inputs to the Earth
system is widely recognized as a high priority, many areas
of the world, including much of sub-Saharan Africa, parts
of Asia, and Latin America, frequently receive less than
50 kg N/ha compared with applications of 200 kg N/ha in
developed countries (Dobermann et al., 2022). This situa-
tion is troubling for the health, productivity and function
of ecosystems and human beings. An example is seen in
Africa, where small-scale farmers have limited access to N
inputs and, as a consequence, have severely depleted soil
fertility over the past decades (Wise, 2021). This depletion
occurred as they cultivated crops relying on the soil N pools
without adequately replenishing them using organic or
synthetic fertilizers or other more sustainable practices such
as crop rotations with leguminous plants, agroforestry, and
the use of organic amendments, for example, compost
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and green manures (Valenzuela, 2023). Consequently, food
accessibility is restricted for about 180 million Africans
(Sanchez, 2002). The average annual depletion rate of
N was estimated to have reached 22 kg/ha of cultivated
land over the previous 30 years in 37 African countries
(Sanchez, 2002). This not only hampers their ability to live
healthy and productive lives but increases their vulnerability
to socio-ecological shocks. Because low soil N availability
restricts plants’ growth and diminishes the N content of
their leaves, cattle feeding on them have less protein in
their diet, which decreases animal health and productivity
(Craine, Elmore and Angerer, 2017). Elevated atmospheric
CO, worsens the nutritional quality of food. Plants can
exhibit reduced protein content due to increases in C:N
ratios (Ebi and Loladze, 2019). Replenishing soil fertility for
current and future generations cannot be solely achieved
by relying on manure and legumes, despite their ability
to provide a portion of N for crop needs (Houlton et al.,
2019). Synthetic fertilizers can address N deficiencies in
these areas, but their high cost limits their accessibility by
farmers. This calls for deep socioeconomic and political
transformations to scale up sustainable fertility replenish-
ment practices, build soil health and ensure the accessibility
of N to underdeveloped nations.

4.5 EFFECTS OF NITROGEN ON

AQUATIC ECOSYSTEMS

In the following sections, the effects of N on aquatic eco-
systems through two important mechanisms are described:
N-driven eutrophication and acidification. The interaction
of these mechanisms with climate change and pollution of
NOs™ in groundwater are described.

4.5.1 Eutrophication

Eutrophication is pervasive in many bodies of water, including
freshwater, estuaries and coastal ecosystems (Le Moal et al.,
2019) (Figure 28). It is one of the most visible and ecologically
significant consequences of increased N and P loadings.
Because many primary producers are N-limited, N enrichment
of aquatic ecosystems often alleviates this limitation, thereby
increasing primary production and leading to the development
of opportunistic algae blooms. Large blooms outcompete
other species, leading to changes in algae community
structure and species abundance. Consequently, fast-growing
species with high N assimilation efficiencies are promoted
(Nixon, 1995; Smith, 2003). Some of these species, such
as dinoflagellates and diatoms, release toxins in the waters,
causing mass mortalities of fish, mammals and birds, and
affecting the quality of drinking water, compromising food
security in certain regions and Small Island Developing States
(Camargo and Alonso, 2006; FAO, IOC and AIEA, 2023;
Gilbertetal.,2006; Griffithand Gobler,2020). Thisphenomenon
is known as harmful algal blooms. When blooms die off,

algal-derived matter that settles in bottom waters is subjected
to the combined processes of sedimentation and microbial
decomposition, which lead to the depletion of oxygen.
These processes establish hypoxic and anoxic areas in open
ocean and coastal waters, commonly referred to as “dead
zones”. These zones have been doubling in number and size
since the mid-1990s (Breitburg et al., 2018; Maure et al.,
2021) and are exacerbated by warming temperatures, other
climatic drivers (Altieri and Gedan, 2015) and anthropogenic
activities (Nwankwegu et al., 2019).

Increased competition from algal blooms diminishes
native biodiversity in aquatic ecosystems at all trophic levels
(Grizzetti et al., 2011). For instance, Waycott et al. (2009)
estimated that 29 percent of seagrass cover has declined in
the past century. Changes from seagrass to ephemeral macro-
algae caused by nutrient enrichment in shallow coastal
areas may cause a loss of habitat for aquatic animals
(Burkholder, Tomasko and Touchette, 2007). This ecological
shift in native ecosystem biodiversity is further intensified
by the creation of dead zones, which are inhospitable for
most aquatic life, including fish, invertebrates and perennial
underwater vegetation (Smith, 2003). Moreover, the lack of
oxygen in these zones leads to the proliferation of hypoxia- or
anoxia-tolerant species (Do Roséario Gomes et al., 2014). The
loss of native biodiversity leads to simplified and less-resilient
aquatic ecosystems compared to their once-diverse counter-
parts. Due to the loss of biodiversity, various ecosystem
services are affected by eutrophication (Kermagoret et al.,
2019), such as providing quality water for consumption and
important economic activities, including fisheries, recreation,
tourism, and aesthetics (Griffith and Gobler, 2020). Eutroph-
ication causes water to have an unpleasant taste and odour,
while becoming highly turbid and rich in nutrients, which in
turn affects these eco-services.

The loss of ecosystem services is expected to intensify
with climate change exacerbating water eutrophication
(Nazari-Sharabian, Ahmad and Karakouzian, 2018). Altera-
tions in precipitation patterns and increases in temperature
increase nutrient loadings in aquatic habitats and create
conditions that promote the proliferation of cyanobacte-
rial blooms. The latter are expected to have a competitive
advantage under future warming compared to other phyto-
plankton species, indicating a likely increase in bloom
growth rate and their ability to attain larger sizes (Elliott,
Jones and Thackeray, 2006; Johnk et al., 2008).

Eutrophication affects climate change through GHG
emissions. Projected N loadings and an increase in nutrient
imbalances (such as N:P ratio) suggest a potential increase
in future N,O emissions from aquatic ecosystems (Galloway
et al., 2008; Kumar, Yang and Sharma, 2019; Wang et al.,
2020). Eutrophic and hypoxia-affected areas promote the
production of N,O from both nitrification and denitrifica-
tion processes (Codispoti, 2010). Moreover, the high flux
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FIGURE 28
Eutrophicated Tota Lake in Colombia
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of N,O is produced by algae in eutrophic waters as part
of their metabolism (Burlacot et al., 2020). Hypoxic con-
ditions, combined with the availability of quality organic C
substrates, promote CH,4 production and emissions (West,
Creamer and Jones, 2016). Algal blooms enhance CH, by
rapidly exhausting the dissolved oxygen content of water,
reducing the rate of CH,; oxidation, and increasing the
diffusive flux of CH4 (Yan et al.,, 2017). In wetlands, the
promotion of vascular plant growth by excess N potentially
raises the availability of C substrates for methanogenesis
and facilitates the diffusion of CH, through plant stems
(Erisman et al., 2008).

Eutrophication has different impacts on CO, emissions.
For example, the shift towards the dominance of algae
and loss of macrophytes can increase CO, consumption
and enhance rates of C sequestration (Kastowski, Hin-
derer and Vecsei, 2011). When algal blooms die and
decompose, organic C mineralization of algal-derived
matter releases CO, into the waters and potentially the
atmosphere. The release of CO, can cause acidification
by reducing water pH, which has implications for the car-
bonate system dynamics, such as decreases in dissolved
CO, concentrations. An important subject of debate is
whether the reduction in CO, emissions will be offset by

increased emissions of CH4 and N,O in aquatic ecosystems
(Grasset et al., 2020; Vachon et al., 2020). Eutrophication
and climate change can strengthen each other, creating
positive feedback loops (Li et al., 2017), which affect
the functioning and resilience of natural ecosystems and
increase mitigation costs (Halpern et al., 2007; Su et al.,
2019). Global aquaculture of aquatic animals in inland
waters produced 59.1 million tonnes in 2022, accounting
for 62.6 percent of the total world aquaculture produc-
tion. Moreover, 11.3 million tonnes were caught in 2022
— in addition to 1.3 million tonnes of algae (FAO, 2024a).
Eutrophication can put this production at risk threatening
food security and nutrition.

4.5.2 Acidification

Aguatic ecosystem acidification is another consequence
of N loss via atmospheric N deposition. When emitted,
NO, undergoes several chemical transformations in the
atmosphere (Jacob and Winner, 2009), after which they
are deposited into catchments and onto water surfaces
as dissociation products of nitric acid (HNOs). The latter
is a strong acid that fully dissociates in water, releasing
hydrogen ions (H*). Ammonium deposition can contrib-
ute to acidity, as both the biological uptake of NH,* and
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nitrification produce H*. Nitrogen deposition can induce N
saturation of terrestrial ecosystems and subsequent leach-
ing of NO3~, carrying with it a loss of base cations, mainly
calcium. Nitrogen deposition can mobilize inorganic Al.
These leaching processes usually result in lower pH in both
soil and waters, higher concentrations of Al associated
with less P availability, and a reduction in acid neutralizing
capacity of water bodies (Kopacek et al., 2001; Shao et
al., 2021). Base cation losses from soil can buffer waters
against the impacts of deposition; ultimately, base cation
inputs into the lakes will decrease as exchangeable base
cation pools become depleted (O'Dea et al., 2017).

Nitrogen-induced acidification has initiated a cascade of
negative environmental effects on aquatic ecosystems, with
detrimental impacts on societal uses, fisheries resources,
and economies. The most direct effect is on aquatic bio-
diversity. Persistent acidification shifts species composition
at the base of the food chain and favours acid-tolerant
macrophytes and phytoplankton. Moreover, acidification
reduces species diversity (Sunday et al., 2017) through
multiple mechanisms, such as decreasing carbonate ion
concentrations which impact marine calcifying life (Doney
et al.,, 2009) and increased toxicity of aluminium ion (AP*)
and hydrogen to fish and aquatic invertebrates (Baker et
al., 1990; Cosby et al., 2006). Lakes with lower pH and
acid-neutralizing capacity in the Adirondacks cannot sup-
port fish (Gallager and Baker, 1990). These shifts in fish
abundance and diversity have implications for sport fishing,
recreation, and cultural and existence values (Banzhaf et al.,
2006). Effects of acidification have been reported on river-
ine birds and amphibians (Durand et al., 2011; Ormerod
and Durance, 2009).

It is well established that acidification regulates
water-to-atmosphere fluxes of trace gases. For instance,
enhanced N,O consumption and reduction in nitrification
and NHs oxidation rates in acidified seawaters have been
reported in many studies (Beman et al., 2011; Zhou et al.,
2023). Conversely, higher nitrification rates (which could
increase N,O production) in some coastal and estuarine
waters were reported and attributed to low pH-adapted
nitrifier communities (Fulweiler et al., 2011). Some recent
studies noted an increase in N,O production as a by-product
during nitrification through “hybrid” mechanisms associ-
ated with aquatic ammonia-oxidizing microorganisms and
by alteration in microbial diversity (Frame et al., 2017; Wu
et al.,, 2020; Zhou et al., 2023). Ocean waters are not a
significant source of atmospheric CH; (Wuebbles, 2002),
but there is potential for direct impacts of acidification
on methanogenesis via two production pathways (Repeta
et al., 2016). Some recent studies show that pH may alter
the microbial communities responsible for CH, cycling in
coastal sediments (Reshmi et al., 2015) and by enhancing
CH,4 oxidation due to heavy metal mobilization (Broctawik

et al.,, 2020). More research on the effects of acidifica-
tion on GHG consumption and production from aquatic
ecosystems is encouraged, as this research will create
better-informed management programmes and more accu-
rate GHG budgets for these systems.

While acidification regulates climate change through
effects on GHG emissions, acidification is affected by
climate change. Variation in rainfall and temperature pat-
terns, attributed to climate change, disturbs the wet and
dry cycle that regulates acidic inputs in precipitation, soil
microbial processes, and the release of acid anions into
surface waters. During drought, the soil accumulates acid
anions, and when rainfall eventually occurs, the eventual
flushing can trigger intense episodes of acidification (Greav-
er et al., 2016). This abrupt rise in acidity poses significant
threats to ecosystems. If these acidification events co-
incide with the presence of vulnerable organisms or crucial
life stages, the repercussions become even more severe
(Greaver et al., 2016). Understanding how acidification
and climate change can strengthen each other is crucial to
implementing appropriate response strategies.

4.5.3 Inland waters: nitrate pollution

in groundwater

Worldwide, groundwater accounts for over a third of the
total water supply (Famiglietti, 2014), providing almost
50 percent of drinking water and 40 percent of irrigation
water (Abascal et al., 2022).

Nitrogen contamination of this essential resource is a
significant concern that will be amplified by climate change.
Nitrogen contamination mainly comes from the overuse of
N fertilizers in agriculture, over-irrigation, animal husbandry,
wastewater discharge, and landfill leachates. Specifically,
NOs™ is highly soluble and can easily infiltrate the soil and
leach into the groundwater. Elevated NOs™ levels in drink-
ing water can pose health risks, particularly for vulnerable
populations such as infants and pregnant women. Nitrate
is believed to compromise the oxygen-carrying capacity of
blood, a condition known as methemoglobinemia (or blue
baby syndrome). Apart from compromising drinking water
quality, NOs™ in groundwater can be discharged into surface
water streams, causing eutrophication. In response to this
challenge, FAO recommends a maximum of 22 mg per litre
of NOs™ in drinking and irrigation water (Misstear, Banks
and Clark, 2017). When groundwater is used for irrigation,
NO5~ concentrations above this threshold were found to
affect crop yields depending on crop sensitivity to NOs™.
This threshold is tighter than the World Health Organization
threshold currently at 55 mag/l.

The vulnerability of groundwater to NO3~ contamination
is a function of agricultural management (e.g. quantity, rate,
timing, methods of N application, irrigation), hydrogeologic
factors (e.g. hydrologic properties of soil, permeability and
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thickness of the vadose zone, amount, timing and loca-
tion of aquifer recharge), precipitation, temperature and
characteristics of the terrain (Abu-alnaeem et al.,, 2018;
Roy et al.,, 2020; Varol and Sekerci, 2018), land use and
groundwater table fluctuation (Machiwal et al., 2018; Zhang
and Furman, 2023). Addressing these factors is essential
for effective groundwater management and the design,
enforcement and monitoring of regulatory policies (Wick,
Heumesser and Schmid, 2012). With that regard, developing
groundwater vulnerability maps, groundwater vulnerability
index, and N-risk maps under varying hydrogeologic and
hydro-climatic conditions can assist governments in estab-
lishing efficient policies (Machiwal et al., 2018).

4.6 APPROACHES FOR ASSESSING THE IMPACTS
OF THE NITROGEN CHALLENGE

Over the years, researchers and scientists have shown a
growing interest in understanding the role of N cycling
in agricultural systems. As a result, approaches, methods,
metrics and performance indicators have been developed
to monitor, measure and evaluate N fluxes and impacts on
ecosystems. The common framework for addressing N losses
and pollution is characterizing the multiple N impacts, which
are driven by N flows, using specific indicators and metrics.
Models that integrate this information can be used. Based on
this integration, practical solutions and appropriate N meas-
ures are developed. This section explores the state of knowl-
edge alongside the challenges, limitations and opportunities
on these subjects, although this exploration is not exhaustive.

4.6.1 General nitrogen assessments

Assessments are an increasingly common method researchers
use to analyse existing data sets across multiple scientific dis-
ciplines and obtain a comprehensive overview of established
knowledge and areas of scientific uncertainty. A notable
example of such assessments is the global effort that resulted
in reports by the Intergovernmental Panel on Climate Change
(IPCC) (UNEP-WCMC, 2010). More recently, several regional
N assessments have been conducted in North America, South
Asia, and Western Europe, with an ongoing international N
assessment as part of the Global Environment Facility/UNEP
“Targeted Research for improving understanding of the
global N cycle towards the establishment of an International
Nitrogen Management System”. These assessments provide
detailed accounts of regional N drivers and flows, impacts on
ecosystem health and human well-being, best practices and
policy options, and their potential effects on agriculture, the
environment, and human health if implemented. The consoli-
dation of N data in an assessment aims to overcome data limit-
ations and fragmentation across research, policy, and multiple
data sources and scientific disciplines, which often restricts
discussions, cooperative actions, and solution development.
The US Environmental Protection Agency (US EPA) outlined a

structured approach for developing a comprehensive, inte-
grated science assessment (US EPA, 2015). This approach
involves conducting thorough literature searches, rigorously
evaluating the quality of individual studies, synthesizing
and integrating evidence, and formulating scientific conclu-
sions and causal determinations based on the findings. This
approach adopts a participatory framework involving actors
across the agrifood chain and relevant economic sectors to
frame scientific questions, aggregate available information,
and identify sources of uncertainty. Obtaining accurate and
scientifically sound data remains a significant challenge.
For instance, N fertilizer use is typically not comprehensive-
ly monitored at relevant scales, and data sources may be
inconsistent. A notable example is the significant variation in
fertilizer N use between researchers’ and farmers’ managed
fields. In practice, fields managed by researchers often apply
fertilizers at recommended rates for ideal management prac-
tices, whereas farmers may adapt their fertilizer usage based
on cultural, economic and environmental considerations.
Translating findings from laboratory experiments to larger
scales, such as ecosystems, is challenging, potentially limiting
the range of responses that can be adopted. Other chal-
lenges include the fact that the impacts of N on ecosystems
often arise from a balance of synergistic and antagonistic
influences, and actions taken to address one pollutant or N
compound may inadvertently worsen another in “pollution
swapping”. Nitrogen assessments are general and do not
adequately address N challenges under different soil, crop,
water management and climatic conditions and scenarios.
Moreover, such assessments have focused on managing sur-
plus N and have not been conducted in areas of the world
where N-depleted soils are a concern. Despite these challeng-
es, N assessments are crucial for informing decision-making
and promoting sustainable N management practices. Efforts
should continue to enhance the accuracy and scope of these
assessments to address evolving environmental and agricul-
tural needs effectively.

4.6.2 Functional matrix to define and identify
nitrogen effects on ecosystems

A functional matrix is a theoretical framework that could be
used to identify the driving forces responsible for exerting
pressures and impacting ecosystem functioning. It serves to
identify both the direct and indirect pathways to N impacts,
focusing on indicators that describe relationships between
pressures to states and between states and impacts. An
example of a functional matrix with drivers, pressures, state
and associated impacts of N on ecosystems is provided in
Table 4. There are some important considerations in build-
ing such a matrix; for example, the fact that a single pres-
sure can lead to multiple impacts and that the matrix only
considers pressures that make a substantial contribution to
the observed impacts.



56

Sustainable nitrogen management in agrifood systems

TABLE 4

Examples of drivers, pressures and impacts in a functional matrix to assess N impacts on ecosystems

Drivers: human population and economic growth increase

N demand for food, energy, goods and services Pressures

Impacts

Examples: Examples:
Organic and synthetic N fertilizer use on croplands
Livestock, feed and manure management

Land use, land cover and land management
(including pasture and rangeland management)

GHG emissions to air
N input to surface and groundwaters
N input by deposition

Examples:

Climate and air quality

Surface and groundwater quality
Ecosystem biodiversity and C storage

Source: Authors’ elaboration.

4.6.3 Nitrogen budget, footprint and critical
load approaches for impacts assessment

on ecosystems

Input-output N budgets

Over time, N budgets have been developed at various
scales, including Earth-scale (Johnson and Goldblatt, 2015),
regional (Lin et al., 2020; van Egmond, Bresser and Bouw-
man, 2002), national (Derwent, Dollard and Metcalfe,
1988), and within specific systems such as livestock sys-
tems (Oenema, 2006) and farm scale (Cherry et al., 2012).
Nitrogen budgets serve to identify N sources, sinks and
flux magnitudes and determine if there is an N surplus or
deficit, as well as the fate of N in the system studied over
a specific time-period (Cherry et al., 2012). Understanding
N balance is crucial for evaluating N cycling performance
and developing strategies for reducing N losses to the envi-
ronment (McLellan et al., 2018). Gross N balance is a com-
monly used indicator to assess N pressure from agricultural
sources (European Commission, 2018) to track the size of N
flows and determine the state of equilibrium or imbalance
between N inputs and N outputs within a system.

Nitrogen critical load

The N critical load approach has primarily been used to
describe the vulnerability of natural ecosystems to the
atmospheric deposition of N (de Vries et al., 2007). Nitro-
gen critical load is defined as “the amount of N deposition
below which no significant effects to the ecosystem are
thought to occur according to current knowledge and
is meant to inform the amount of N an ecosystem may
endure before unwanted effects become manifest” (Nils-
son, 1988). It is usually dependent on the system studied
and estimated using a combination of field studies and
dose-response relationship parametrization. Nitrogen criti-
cal load has been a key science-based tool for assessing the
environmental consequences of air pollution. This approach
has been used as a policy tool and informed policy nego-
tiations by both the European Union Commission and the
Convention on Long-range Transboundary Air Pollution
(CLRTAP), in which European maps of N critical load and

critical levels have been used to reduce N emissions to air
(Amann et al., 2011).

Nitrogen footprint and life cycle assessment

Nitrogen footprint and life cycle assessment (LCA) methods
can be utilized to evaluate the ecological impacts of N on eco-
systems indirectly. Both methods provide a way to quantify N
flows, which can be applied to quantify inputs into ecosystems
and further assess the ecological impacts of N. The N footprint
measures the sum of N losses resulting from human activities,
acting as a proxy for the wide-ranging environmental and
health effects of N pollution. Life cycle assessment encompass-
es two components, namely life cycle inventory (LCl), which
tracks the flow of substances and energy, and life cycle impact
assessment (LCIA), which quantifies the subsequent impacts
on the environment and human well-being. Life cycle assess-
ment employs a comprehensive array of impact indicators that
do not overlap, enabling stakeholders to evaluate effectively
trade-offs between various types of impacts. Perming (2012)
used both methods to evaluate N species for global warming,
eutrophication, acidification, photochemical Os formation,
and stratospheric Oz depletion in Swedish-grown tomatoes
and found that N footprint is more similar to LCl in that it
did not provide insights into the environmental spectrum of
impacts caused by N species, except for eutrophication. This
debate is still current among researchers. Some argue for
modifying the N footprint to resemble more of an impact
indicator because it is often interpreted as such. On the other
hand, others caution against this approach because accurately
accounting for N impacts is challenging and could introduce
more uncertainty into the N footprint concept. For a more
detailed discussion, the reader is referred to the analysis (Ein-
arsson and Cederberg, 2019).

4.6.4 Metrics for nitrogen evaluation and
monitoring

Nitrogen use efficiency is a critical metric for assessing N
dynamics, as described in Chapters 2 and 3. Recently, the
NUE concept has been expanded to include the entire food
chain, extending beyond agriculture (Kanter et al., 2020b).
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The valuation of ecosystem services as affected by the N
challenges has been the subject of many studies. Sobota et
al. (2015) explored the development of ecosystem services
accounting systems that quantify the costs of N damages
to clean air, safe drinking water, fisheries, and mitigation
measures. Implementing such systems globally can raise
public awareness and support funding for agricultural con-
servation programmes that reduce N releases. Knowledge
gaps, including the valuation of cultural services, hinder
the comprehensive assessment of N impacts (Jones et al.,
2014). Continued research on N metrics capable of docu-
menting the conditions of the N cascade and its impacts
on ecosystem services is central to the development of
response strategies. While metrics that address a single
N source or impact are important, collective metrics, such
as those used to define acidification (as H* equivalent) or
report global warming and GHG emissions (as CO, equiv-
alents), permit the comparison of different management
practices that affect the environment through multiple
pathways. Collective metrics are not currently available for
each environmental impact. Moreover, impact trade-offs
(where an N strategy or source improves one aspect at the
expense of another) are not well reflected in the current
metrics. Developing such metrics is essential, and their
promotion should be accompanied by efficient strategies to
enable policymakers to take them up and ensure they move
beyond research papers into practical implementation.

4.7 CONCLUSION AND KEY MESSAGES

Increased N input in terrestrial ecosystems leads to N satu-
ration and decreases the capacity of ecosystems to store N.
It imbalances N and C inputs, which can lead to an increased
conversion to NOs™ subjected to leaching and denitrification
processes. Ultimately, this results in N entering aquatic
ecosystems. Additionally, too much N from misuse and
overuse of fertilizers leads to soil acidification, which can
restrict plant growth and cause plant physiological changes,
tree mortality, and plant biodiversity loss. Furthermore, N
directly and indirectly affects the climate through emissions
of N,O, NO,, NH; and aerosols, contributing to climate
change and air pollution, which in turn affect ecosystems,
biodiversity and human health.

Through leaching of N compound to water bodies,
too much N causes eutrophication, which can lead to the
development of algae and phytoplankton blooms, severely
affecting native biodiversity. Acidification of water bodies

affects aquatic biodiversity as well, posing risks for species
diversity and a decrease in fish populations.

Conversely, ecosystems with too little N can be found in
LMICs where agriculture has depleted soil fertility through
inadequate fertility management due to low access to
synthetic fertilizers and sound manure management. Soil N
depletion severely affects soil health, leading to decreased
crop and livestock production and food security while
affecting the health and functioning of ecosystems.

Worldwide, N sits at the nexus of multiple social and envi-
ronmental debates. Decision-makers, the scientific community,
and relevant stakeholders are poised to act, particularly given
the rise of concepts like natural-based solutions and circular
N use, which have amplified interest in managing agricultural
lands to enhance NUE and minimize N impacts on ecosystems.
Finding and selecting appropriate solutions tailored to the spe-
cificities of the situation, which involves dealing with potential
trade-offs with other N externalities, appears to be constrained
by the lack of accurate information and uncertainties associat-
ed with the nature of the N cycle.

These challenges should not dissuade actions. Protect-
ing the ability of ecosystems to provide services is the foun-
dation of our lives and social systems. Countries and other
agrifood system stakeholders are required to:

1. Advance the science of N by enhancing measure-
ments of impacts, and N flows along the N cascade,
and enabling research in techniques and approaches
to improve N uptake and retention in crops and live-
stock.

2. Address farmers’ perceptions, structural issues, and
barriers to the adoption of N technologies and prac-
tices as part of projects and programmes of develop-
ment.

3. Assist in context-specific recommendations and
avoid one-size-fits-all prescriptions to increase NUE
and deal with N losses to ecosystems.

4. Adopt an integrated approach to address N challeng-
es.

5. Enhance collaboration among different stakeholders
such as policymakers, governmental agencies, uni-
versities, growers, industry groups, public interest
groups, environmental nonprofits and NGOs, con-
sumers, and community members.

6. Minimize pollution swapping and trade-offs and
enhance synergies by integrative planning of projects
and programmes of development.
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Chapter 5
Transforming agrifood
circular bioeconomy

5.1 INTRODUCTION

According to FAO, the bioeconomy is defined as the
production, utilization, conservation and regeneration of
biological resources, including related knowledge, science,
technology and innovation, to provide sustainable solutions
(information, products, processes and services) within and
across all economic sectors and enable a transformation to
a sustainable economy (FAO, 2021b). To do this, it capitaliz-
es on unprecedented advances in life sciences and biotech-
nologies. Also, circular approaches can be used to improve
the sustainability of the bioeconomy when it comes to
resource use efficiency (Lang, 2022). The bioeconomy is
not always sustainable, and it should assess context-specific
principles and criteria (Gomez San Juan, Bogdanski and
Dubois, 2019). In agrifood systems, circular bioeconomy
approaches can support soil management and restoration,
unavoidable waste valorization, and biomass use optimiz-
ation. Livestock systems are one of these cases, where
recycling, recovery, reuse, and other circularity principles
are particularly relevant. These approaches do not solely
fall under circular bioeconomy approaches, as their princi-
ples align with the principles of agroecology (FAO, 2018c).
Hence, through agroecological approaches, sustainable
development and N management in agrifood systems can
be addressed as well.

The production of food needs a vast amount of resources
(i.e. land, water, energy and labour). When food is lost or
wasted, these resources, including N, are wasted, impacting
the efficiency of food production. Recovering all the N, P
and K from organic waste streams at the global level would
be 2.7 times the nutrients contained within the volumes of
chemical fertilizer currently used (Ellen MacArthur Foundation,
2019). The world produces enough food to feed the human
population, yet millions suffer from hunger and malnutrition.
Food loss and waste exacerbate this problem by reducing the
amount of food available for consumption, contributing to
food insecurity. Food items with high nutritional values, such
as fresh produce or animal products (water- and land-based),
are particularly impacted by high loss rates. Food loss and
waste translate into a substantial economic loss. This impacts
producers, consumers and nations as a whole and affects
livelihoods and economic stability.

A recent FAO publication presents the bioeconomy as an
opportunity to achieve SDG 12, Indicator 12.3, targets of

systems through

reducing food losses (unspecified target) and reducing waste
by 50 percent by 2030 (FAO, 2023d). The ten-year FAO
Programme Priority Area “Bioeconomy for Sustainable Food
and Agriculture” further addresses three targets of SDG 12:

e Target 12.2: By 2030, achieve sustainable manage-
ment and efficient use of natural resources.

e Target 12.4: By 2020, achieve the environmental-
ly sound management of chemicals and all wastes
throughout their life cycle, in accordance with agreed
international frameworks, and significantly reduce their
release to air, water and soil in order to minimize their
adverse impacts on human health and the environment.

e Target 12.5: By 2030, substantially reduce waste
generation through prevention, reduction, recycling
and reuse.

This chapter presents opportunities for the agrifood

system within a circular bioeconomy to increase NUE and
reduce N pollution from agricultural practices.

5.2 PRINCIPLES TO ENHANCE CIRCULAR
BIOECONOMY IN AGRIFOOD SYSTEMS

5.2.1 Key elements

Circular bioeconomy approaches can enhance the sustaina-
ble development of the agrifood system. Its focus is on mini-
mizing loss of nutrients to the environment and increasing
the efficiency with which food is produced. De Boer and
van Ittersum (2018) and van Zanten et al. (2019) propose
the following principles of a circular agrifood system.

1. Food losses and waste should be avoided: through
this, the availability of food can be increased, and loss-
es of nutrients are minimized, enhancing food security
and nutrition.

2. Inevitable FLW streams, as well as by-products from
the agrifood chain, should be recycled back into the
food system; through this, nutrients are used in the
food system and loss of nutrients to the environment
is minimized. Furthermore, it enhances the sustainable
use of natural resources.

3. Arable land should be primarily used to produce food
for direct human consumption; through this, the
efficiency with which natural resources are used is
maximized. This contributes to meeting the increased
demand for food for a growing world population and,
hence, increases food security and nutrition for all.
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4. Use livestock to convert biomass unsuitable for
human consumption to produce high-quality food:
ruminants can be fed on grasses and other plants
that humans cannot digest and convert these into
milk and meat. Monogastric animals can be fed on
waste streams and by-products that cannot be used
for human consumption — producing meat, eggs
and other products. Through this, livestock play a
vital role in providing high-quality and nutritious
TASF that contributes to a healthy diet and provides
essential vitamins and minerals.

Livestock form an essential part of the agrifood system,
and its development, based on the circularity principles
above, varies between countries and regions. One-third of
available agricultural land globally is suitable for crop pro-
duction. Using this land to produce crops for direct human
consumption maximizes the resource use efficiency of

food production on these lands and increases the amount
of food available for human consumption (Muscat et al.,
2021). As some livestock systems are heavily dependent on
feed produced on these croplands, feed—food competition
is prevalent in these livestock systems. By-products from the
food processing industry, as well as FLW, can be converted
by pigs and poultry into highly nutritious TASF. This would
mean livestock systems dependent on concentrated feed
produced on croplands have to transition to systems where
by-products and organic waste streams are used as feed.
In other regions, livestock unlocks biomass from margin-
al lands, which constitute two-thirds of global available
agricultural land (Mottet et al., 2017). This biomass that is
unsuitable for human consumption can be used by livestock
to convert human-inedible biomass to highly nutritious
TASF, thus being used in a way that is compliant with the
proposed circular principles (see Figure 29). It, therefore,
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FIGURE 29
Diagram that represents circular bioeconomy approaches in the livestock sector
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depends on the livestock production system in what way
it will need to transform to create a circular food system
where nutrient loss is minimized and food is produced as
efficiently as possible to feed the growing world popula-
tion. A result can be that less livestock can be supported in
certain regions, which would necessitate a shift to a more
plant-based diet, increasing the amount of plant proteins.
For example, a recent study by Simon et al. (2024) found
that the integration of circularity principles in the European
Union could reduce land use and GHG emissions by 44
and 70 percent, respectively. Current protein intake levels
would remain the same, however livestock numbers would
decrease overall.

By adopting circularity principles in agricultural produc-
tion, N use within the production system is managed sustain-
ably, as the priority is to recycle N within the system and mini-
mize loss of N to the environment. Section 5.7.1 describes
a case study focusing on minimizing N loss through on-farm
circularity principles. By maximizing the efficiency with which
food is produced, the overall NUE of the production system
increases, too. Increasing circularity within the agrifood sys-
tem, therefore, links to increasing the sustainable use of N.

Beyond crop and livestock production, other economic
activities within agrifood systems are affected by and can
contribute to the sustainable management of N. This sec-
tion will not explore them in depth or provide examples,
but it should be considered that all sectors can support
effective N management, and it is only possible with a sys-
tems approach. For instance, fisheries and aquaculture can
implement circular bioeconomy solutions for sustainable N
management, which increases NUE and minimizes waste. In
aquaculture, key opportunities to recycle N and minimize loss
are through low-protein feeding, recovery of by-products,

and recycling of nutrients from wastewater (Campanati
et al., 2022). For fisheries, increasing circularity can be
achieved along the entire production and processing chain,
focusing on minimizing losses and utilizing by-products and
by-catches (Cooney et al., 2023).

Not only are primary production or tertiary waste man-
agement activities important, but so are the food and bio-
based processing industries. These are essential to imple-
menting an effective bioeconomy that can alleviate environ-
mental impacts. For instance, forest-based industries are
applying circularity principles based on the cascading use of
resources that maximize the use of wood and other forestry
products (FAO and UNECE, 2023).

The bioeconomy is a strategy proposed by many coun-
tries to tackle climate and environmental issues (Gomez
San Juan, 2024). For instance, in the European Union, the
bio-based sectors (e.g. agriculture, forestry, bioenergy, bio-
materials) have the potential to reduce GHG emissions by
up to 2.5 Gt CO,eq per annum by 2030 (European Com-
mission, undated).

5.2.2 Options for circular management of
nitrogen in the bioeconomy
FAO proposes implementing both upstream and downstream
bioeconomy solutions to reduce N pollution. Figure 30 shows
the different biomass value chain stages and how N can be
incorporated. Circularity should be considered in upstream
activities (e.g. agricultural production) and downstream (e.g.
organic waste treatment facilities) and bioindustries. Taking
an agrifood system approach can help better understand the
natural resources and nutrients within a given system and
optimize their production, processing and disposal.

Upstream solutions range from reducing the use of
chemical and harmful products from fertilizers, pesticides,
plastics, fuels, and other agricultural inputs (used in both
food and feed production) by employing biological solutions
and practices for the reduction of extensive and pollutant
agriculture and the restoration of degraded and polluted
ecosystems. This approach results in healthier soils and plants
that require fewer inputs, increase NUE and improve human
and environmental health overall. Bioeconomy innovations
can also be implemented downstream, offering cost-effective
and sustainable solutions to recover and recycle nutrients
from effluent water in farms or agrifood industries to pro-
duce biogas, fertilizer, and a range of value-added products,
as well as to restore polluted ecosystems with different soil
and water remediation technologies.

The following sections look at promising solutions in
agricultural production, with a focus on circular practices at
the production level.

5.3 PROMISING CIRCULAR BIOECONOMY
SOLUTIONS IN AGRICULTURAL PRODUCTION
5.3.1 Efficient nitrogen management and
ecosystem restoration through microbial and
bio-based solutions

Excessive accumulation of N in the environment poses a
threat to waterbodies from eutrophication and hypoxia,
stimulating the growth of aquatic life typically resulting
in dissolved oxygen depletion (see Chapter 4). Around
75 percent of the global ocean and freshwater eutrophica-
tion is caused by agriculture (Poore and Nemecek, 2018).
A particularly common source is the high volume of ani-
mal manure that is not managed properly, together with
over-fertilization. Emission prevention and control of N,
improved wastewater management, and nutrient recycling
from waste streams are measures to address various forms
of N pollution. Sustainable bioeconomy practices aim to
support N management in balancing efficient production
and consumption while avoiding waste and inefficient
use. Improving NUE in agriculture, increasing reliance on
biological N sources as opposed to synthetic fertilizers,
and implementing strategies to reduce loss and waste can
enhance sustainable N management. FAO has identified
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FIGURE 30
Nitrogen use and stages of the biomass value chain

Source: Authors’ elaboration based on Gomez San Juan, M., Bogdanski, A. & Dubois, O. 2019. Towards sustainable bioeconomy — Lessons learned from case
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the most promising bioeconomy solutions to support the
mitigation options of the IPCC and biofertilizers support
to reduce N,O emissions (Gomez San Juan, Harnett and
Albinelli, 2022a). The IPCC Mitigation and Adaptation via
the Bioeconomy explains the relevance of the bioeconomy
for climate change mitigation and adaptation with exam-
ples such as cellulose-based textiles to replace cotton or
other textiles that require large amounts of chemical ferti-
lizers and pesticides (IPCC, 2022).

The bioeconomy can furthermore ensure a healthier soil
microbiome that supports N management (Kendzior, Raffa
and Bogdanski, 2022). A review by FAO has established
a direct correlation between crop production, soil micro-
biome, and climate change effects (Kendzior, Raffa and
Bogdanski, 2022). Efficient microorganisms can enhance
organic matter utilization, boost P solubility, and facilitate N
fixation, mitigating GHG emissions by up to 10 kg CO,eq/kg
mineral N replaced. Additionally, adequate approaches for
N pollutant remediation, such as microbial- or phytoreme-
diation to remove excess nutrients from soil and water,
could help recover N that can be used in — and substitute
— a range of products, including food, feed, agricultur-
al inputs and feedstock (Gomez San Juan, Harnett and
Albinelli, 2022b). Different residues and waste can be used
for bioremediation techniques to treat eutrophication,
including techniques for biological N and P removal and
recovery, such as sugarcane bagasse, coir pith, eggshell,
wood, orange peel, and soybean milk residues (El-Sheekh
etal., 2021).

Some major benefits associated with biofertilizers are N
fixing, promoting root growth, promoting yields, allowing

nutrient uptake in acidic soils, and reducing the need for
environmentally damaging pesticides and fungicides. For
instance, using N-fixing inoculants can lead to average yield
increases of 20-30 percent (Kendzior, Raffa and Bogdanski,
2022).

Microorganisms improve the efficiency with which
organic matter is utilized by plants. Some of these
(e.g. arbuscular mycorrhizae and rhizobacteria) increase
N fixation in the soil and soil N uptake by the plant
(Hack et al.,, 2019). Azolla and phosphobacteria are
used as microbial inoculants in soils that reduce meth-
ane emissions substantially and enhance NUE. Further-
more, some microorganisms (e.g. Azospirillum, Bacillus,
Pseudomonas, Trichoderma) can play a vital role in pro-
moting plant growth, biological control, enhancing N and
water use efficiency, and mitigating the effect of biotic
stress. Application of a microbial inoculant can reduce the
reliance on synthetic fertilizers by 25 percent while main-
taining crop vyield (Gaspareto et al., 2023; Mourouzidou
et al., 2023).

Policy is key to raising awareness of the benefits of
biofertilizers and the use of microorganisms. Providing
advice and consultation on bio-inputs can help enhance
their implementation. This has been done, for example,
by Argentina’s Ministry of Agriculture, Livestock and Fish-
eries, which set up an Advisory Committee on Bio-Inputs
for Agricultural Use. In combination with the creation
of bio factories at the provincial level, the government
supports the development and production of different
biopreparations (Gomez San Juan, Harnett and Albinelli,
2022b).


https://openknowledge.fao.org/handle/20.500.14283/ca4352en

Chapter 5. Transforming agrifood systems through circular bioeconomy 63

5.3.2 Upcycling food, feed and waste loss

In addressing the challenges posed by traditional fertilizers,
the agricultural sector must adopt innovative solutions
that prioritize sustainability and environmental responsi-
bility. The overuse of N, P and K formulations, as well as
high livestock densities, have led to nutrient imbalances,
environmental degradation, and soil health concerns.
On the other hand, globally, annual production includes
125 million tonnes of N from livestock manure and
140 billion tonnes of lignocellulosic (i.e. biomass) wastes,
constituting 30-40 percent of the overall solid waste out-
put. This poses a global challenge for the management
and utilization of livestock manure, agricultural waste and
by-products. In certain countries, the recycling rate for total
manure and agricultural crop residues ranges from 30 to
75 percent (Greff et al., 2022).

The use of organic fertilizers derived from manure
products and crop residues has gained significant atten-
tion in agricultural research due to their potential to pro-
mote sustainable and circular farming practices (Kebalo et
al., 2024). Organic fertilizer is described as a carbon-rich
fertilizer derived from organic materials. These include
livestock manure, (vermi) compost, sewage sludge, and
other organic materials, which can be applied to soils to
supply additional nutrients (FAO, 2019). As the demand
for food continues to increase, there is a growing need for
innovative and resource-efficient approaches to enhance
crop growth and yields. In this context, the develop-
ment of organic fertilizers presents a promising solution
to improve soil fertility, optimize plant productivity and
reduce reliance on synthetic fertilizers. Combined with
leguminous crops, the application of microbial biofer-
tilizers can enhance soil conditions and N fixation (see
Chapter 2).

Crop residues, manure, agro-industrial by-products, and
the organic fraction of municipal solid waste are valuable
sources of plant nutrients, presenting a potential avenue for
enhancing resource utilization efficiency and strengthening
the sustainability of agroecosystems. Burning of bio-waste
materials not only poses environmental degradation risks
but results in the significant loss of essential nutrients inher-
ent in these materials. Key elements such as C, N, P and K
and other nutrients, existing in diverse proportions within
distinct residues, experience a depletion ranging from 20
to 100 percent through combustion (Kumar et al., 2023).
These residues can be utilized through various innovative
methods to harness their full potential. Common oppor-
tunities for bio-waste utilization include, among others,
incorporation into bio-energy generation, organic fertilizers
(e.g. composting and biochar production), and fostering
mushroom cultivation (Shinde et al., 2022). See section
5.7.2 for a case study presenting the potential to re-utilize
FLW in the agrifood system.

Although converting organic residues to fertilizing prod-
ucts is not a novel technology, a composting process still
represents one of the most efficient approaches for recycling
bio-organic waste into environmentally friendly soil enhanc-
ers and plant nutrition products. This controlled aerobic
process involves a diverse array of microorganisms that break
down various biodegradable organic compounds, converting
them into organic fertilizer, thus completing the nutrient
cycle. As a biological process, microorganisms are the main
drivers behind the composting process (Greff et al., 2022).
Providing additional effective microbes during composting
can foster the biodegradation process by promoting the
diversity and activity of beneficial microorganisms. This, in
turn, shortens the production time and enhances the quality
of produced compost.

Even though the benefits of composting are evident,
the composting process involves N transformations such
as ammonification, nitrification, denitrification and NH;
assimilation through microbial community, which inevitably
leads to N loss, causing secondary pollution and a reduction
in compost quality (Sun et al., 2022). The extent of N loss
during composting is closely related to the initial N and C
content of the feedstocks. Organic feedstocks contain var-
ious N content and forms. Crop residue and garden waste
predominantly consist of cellulose and lignin, featuring low
N levels. In contrast, sewage sludge and food waste are
abundant in N, while manure contains elevated levels of
uric acid and ammonia salts, resulting in a high N content
with a low C:N ratio. Consequently, adoptable composting
strategies are essential to manage diverse organic residues
with varying N content (Chen et al., 2023).

Organic fertilizers are considered slow-release fertilizers.
Through their production process, they exhibit higher sta-
bility and thus have a good slow-release effect during soil
application. They provide nutrients in lower amounts over
an extensive period aligning with their mineralization rate in
soil post-application, facilitated by the active involvement of
soil microorganisms. Solid manure- and plant residues-based
fertilizers release N slowly, consequently reducing N losses.
Although the theoretical expectation is of low NUE when
organic-N is applied, Zhu et al. (2023) cited high NUE in
organically fertilized croplands through field experiments. This
improved NUE is attributed to the enhanced organic matter
content, as well as the presence of macro-, meso- and micro-
nutrients in organic fertilizers, which promotes soil fertility and
enhances crop productivity. Application of organic fertilizers
can reduce N fertilizer use by 30-40 percent while maintaining
crop yield and increasing soil fertility (Gao et al., 2024; Zhang
etal., 2016). Additionally, incorporating organic fertilizers with
mineral fertilizers improved soil quality and increased wheat
and maize yield by 26.4-44.6 percent and 12.5-40.8 percent,
respectively, compared to the recommended mineral fertilizer
rate (Zhou et al., 2022).
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5.3.3 Upcycling agricultural residues and
industrial by-products

Globally, an estimated 13 percent of the food produced is lost
in the supply chain (from harvesting, post-harvest handling,
processing, and distribution before retail) (FAO, 2022d); a fur-
ther 19 percent of food is wasted in retail and consumption
(households, food services, etc.) (UNEP. 2024). This food loss
and waste could feed 1.26 billion people yearly and has an
estimated economic loss of one trillion USD, emitting 8 per-
cent of the global GHG emissions (FAO, 2022a, 2023d; San-
tagata et al., 2021). Beyond FLW, agricultural residues (such
as straw, manure and forest/pruning residues) and industrial
by-products (such as wastewater from cheese production)
are currently contributing to the pollution problem instead of
being valorized into their untapped potential as raw materials
for bio-based products. By repurposing these streams, the
circular bioeconomy approach reduces competition for land
between feed and food production while recycling nutrients
back into the system. Through this, N can either be recycled
back into the production system or used as feed, organic
fertilizer, or other agricultural input. Section 5.7.3 presents
a case study outlining the potential to re-utilize rice straw,
an agricultural residue often considered a waste. Non-food
crop and forestry production are also part of the bioeconomy
and can be used as part of integrated systems and natural
resources management to reduce competition of food crops
for non-food purposes. The following examples highlight how
waste and by-products from the livestock and fisheries sector
can be upcycled.

e Wastewater in milk production factories is used to
extract valuable nutrients, such as whey, to enhance
biogas production and its conversion into electricity.

e Eggshell and eggshell membranes are used for bio-
based products (replacing limestone in cement) and
services (remediation of acidic soils, and heavy met-
als removal from soil and water).

e The skin, scales and bones of fish processing are used by
the textile and cosmetic industries. Fish scales find appli-
cations in manufacturing products such as nail polish
or eye lenses. Collagens and gelatine, chitin, fatty acids
(particularly polyunsaturated fatty acids such as omega-
3 and omega-6), peptides, carotenoids, and minerals are
often used as food supplements since they have various
biochemical and pharmaceutical applications.

e Plant biomass from grasslands is used for chemicals,
energy and fibres.

e Forages based on crop residues that are not suitable
for human consumption are used for animal feed
and bedding.

e Plasma treatment of organic material, such as dairy
manure digestate, is a new method for reducing NHs
and GHG emissions by fixing and stabilizing the N
content in the organic material.

Reducing FLW can contribute positively towards multiple
SDGs (Mak et al., 2020), but the differences in its compo-
sition across countries in terms of embedded nutrients,
availability, and environmental impacts are not well known.
It is crucial to build the infrastructure and waste collection
value chains to allow the upcycling of unavoidable waste
into high-value products or services and reduce the uncer-
tainty in the constant biomass availability of supply and
the quality of the raw material for industry. It is crucial to
improve the planet’s ability to feed the growing global pop-
ulation. For instance, reducing 30 percent of food waste
would save around 40 million hectares of cropland, and
reducing it by 50 percent (SDG goal of halving consum-
er food waste) presents an opportunity to save roughly
USD 380 billion in 2030, given projected growth in food
demand and waste (WEF, 2020).

Qualitative and quantitative assessment of the availabil-
ity of secondary (waste-derived) feedstocks and classifying
the different conversion systems into new products is cru-
cial for the transition to happen. The substitution potential
is one issue that should be carefully assessed. Also, the
economic, social and environmental sustainability of the
new products should be properly monitored and evaluat-
ed through the overall life cycle sustainability assessment.
A particularly useful tool is the cascading approach, which
allows assessing the best possible uses for each raw mater-
ial that provides the highest value first and the lowest one
last. The highest value considers not only economic value
of the product but also if there is available technology,
social and environmental valuation, or access to markets.
For instance, N availability in waste varies a lot, and the eco-
nomic efficiency of its extraction may be less than extract-
ing phosphorous, therefore, by the cascading approach,
actors would not consider the option of N extraction.

Regulations should ensure One Health issues, such as
safety for humans, animals and the environment, for the
effective implementation of circular bioeconomy practices.
An example is the use of insects fed with urban waste to
produce flour for feed meals to reduce the possibility of
transmission of agricultural chemicals, antimicrobial resist-
ance, etc. Innovations such as stable isotopes and molecular/
genomic techniques offer approaches to detect potential
antimicrobial resistance in farm animal environments (water
and soil) and ensure early action in pollution reduction.

Many agricultural practices exist to increase NUE and
maximize the amount of N that cycles through the agricul-
tural system (see Chapters 2 and 3). Inevitable losses occur
during different steps of the agricultural production chain,
including during harvest, excretion and storage of manure,
application of organic and synthetic fertilizers, and losses
during post-harvest and food processing stages.

The anaerobic digestion of manure and crop residues or
waste streams from the processing industry is a widespread
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technology to convert biomass into bioenergy. During the
breakdown of organic matter, biomethane is formed, which
can be converted to renewable fuels (such as gas, electric-
ity and heat). The by-product from anaerobic digestion is
called digestate, which can be used as organic fertilizer.
Through this, N can be used in the production system. At
the same time, substantial reductions of GHG (in particular
CH,) from manure can be achieved, as biogas is captured
in the biodigester rather than emitted to the atmosphere
while producing renewable energy. Various studies have
shown that significant GHG reductions can be achieved
when the slurry is treated through biodigestion (Burg
et al., 2018; Mgaller et al., 2022; Wattiaux et al., 2019).
Digestate is characterized by a low organic matter content
and a high ammoniacal N content. This increases crop N
availability but increases the risk of NH3 emissions during
storage and digestate application. To minimize N losses and
increase the recycling of N in the system, covered storage
or further treatment of digestate is necessary. An overview
of different treatment options is outlined in Chapter 3, as
well as more details on the benefits of anaerobic digestion
for both (semi)industrial and smallholder livestock farms.

5.4 PROMOTING CIRCULAR BIOECONOMY
APPROACHES IN LIVESTOCK SYSTEMS TO
SUPPORT BETTER NITROGEN MANAGEMENT
Intensive livestock systems are characterized by the depend-
ence on the import of livestock feed, and as a result, local
livestock populations in livestock-dense areas can grow
beyond the national feed capacity. This results in a decou-
pling of local livestock and feed production, which is an
important cause of a disruption of the N cycle, leading
to an accumulation of resources in livestock-dense areas
through manure production and a depletion of resources
in regions where biomass is exported through animal feed
trade (Wang et al., 2022b). This results in an increase in
synthetic fertilizer use for feed production. The detrimen-
tal effects of excessive losses of N to the environment
have been described in Chapter 4, as well as the signif-
icant role livestock production plays therein (Chapter 3).
More recently, the recoupling of local livestock and feed
production has been shown to solve multiple challenges
linked to livestock production, such as decreasing GHG and
NHs emissions, minimizing leaching of N to the environ-
ment, and enhancing biodiversity in agricultural areas (Billen
etal.,2021,2024;van Selmetal., 2023; Zhang etal., 2019a).
In order to recouple local livestock and feed production, the
numbers of livestock numbers kept in a region is dependent
on the feed-producing capacity of that region. In this way,
local N cycling is more balanced, and losses are minimized,
which should be combined with maximizing the recycling
of N through manure, contributing to circular bioeconomy
principles (van Zanten, van lIttersum and de Boer, 2019).

A recent study by van Selm et al. (2023) calculated the
impact of recoupling livestock numbers to local feed pro-
duction for the Kingdom of the Netherlands, a country
heavily dependent on imported feed and with ambitious
goals to reduce NH3; and GHG emissions by agriculture
to tackle the nation’s environmental challenges (RIVM,
2022). Results of this study show that with recoupling local
livestock and feed production, national targets to reduce
agricultural GHG and NH3 emissions can be met and the
NUE of the food system increased to 39 percent, com-
pared to 31 percent with the business-as-usual scenario.
Furthermore, significant environmental benefits would
be present, with a reduction in acidification potential of
48 percent, GHG (N,O and CH,;) emissions would be
reduced by 30 percent, and NHs emissions by 50 percent.
A transformation of the livestock sector would be neces-
sary when recoupling livestock-dense areas to local feed
production, as a lower livestock number could be supported
(van Selm et al, 2023). Similar benefits of recoupling
livestock and feed production have been shown by Zhang
et al. (2019a) in Southeast Asia, where recoupling livestock
production is increasingly recognized as a critical measure
for sustainable agricultural development. If livestock were
to be fed with domestic feed supply only, N losses through
emissions, runoff and leaching would be reduced consider-
ably, whereas the amount of N recycled to croplands would
more than double compared to a business-as-usual scenar-
io. It is, however, crucial that manure management systems
are improved to further reduce N losses to the environment
and increase overall NUE. Furthermore, recoupling crop
and livestock systems can pose geographical challenges
as well, especially in regions where livestock production is
concentrated in certain areas. This is the case in Southeast
Asia, where a recent study shows that reintegration of
livestock and crops would mean a relocation of five billion
animals away from livestock-dense areas (Bai et al., 2022).
As a result, N losses and NHs emissions could decrease by
77 percent and 63 percent, respectively, and fertilizer use
would decrease by 82 percent if manure were properly
managed and used as organic fertilizer. Rethinking local
feed production for livestock production in livestock-dense
areas where environmental pollution of N is prevalent can
contribute to the transformation of agricultural systems and
the development of a circular bioeconomy while significant-
ly reducing N pollution.

When enhancing circular bioeconomy would be fur-
ther developed by increasing the resource use efficiency
and circularity in agrifood systems, the opportunities to
minimize feed-food competition, increase the recycling of
waste streams for feed, and minimize food losses can be
explored. Recent studies have shown that the implementa-
tion of a zero feed—food competition scenario would result
in a transformation of the food production system where
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livestock is solely fed from marginal lands and by-products,
and croplands are used to produce crops for direct human
consumption (van Kernebeek et al., 2016; van Selm et al.,
2023; van Zanten, van Ittersum and de Boer, 2019).
As aforementioned, two-thirds of current agricultural land
is considered marginal, and livestock plays a key role in
converting this biomass to high-quality food for human con-
sumption (Mottet et al., 2017). The remaining agricultural
land suitable for crop production would be used primarily to
produce crops for direct human consumption to maximize
resource use efficiency, including NUE, on these lands. In
this scenario, the number of livestock kept in livestock-dense
areas would decrease. Still, the amount of crops cultivated
for direct human consumption would increase and thereby
contribute to an increase of available food, which in turn
can increase global food security (van Kernebeek et al.,
2016). Different studies, as summarized by Oosting et al.
(2022), indicated that circular food systems can provide up
to 36 grams per capita of animal-derived protein per day.
At present, in high-income countries, animal-derived protein
consumption is close to 60 grams per capita per day. Imple-
mentation of such a system would thus mean a shift to a
more plant-based diet for countries where the amount of
TASF exceeds the recommended quantities (Beal et al., 2023;
Billen et al., 2024; Leip, Bodirsky and Kugelberg, 2021; Sut-
ton et al.,, 2013). This approach would not only contribute
to healthy diets, as over-consumption of animal-derived
proteins is linked to multiple health concerns and diet recom-
mendations of TASF are exceeded in many wealthy countries
(Chatzimpiros and Harchaoui, 2023; Willett et al., 2019), but
also benefit the sustainability and efficiency of agrifood sys-
tems in terms of natural resource use. Simon et al. (2024) cal-
culated that a shift from over-consumption to recommended
protein intake levels in the European Union, combined with
integration of circularity principles, would reduce land use
by 58 percent and decrease GHG emissions by 80 percent.
Decreasing TASF consumption in high-income countries is
proposed by multiple studies as a win—-win solution for the
sustainable development of agrifood systems and transition
to healthier diets (Billen et al., 2021, 2024; Erisman et al.,
2018; Sutton et al., 2013), resulting in a reduction of N losses
to the environment and increased food production efficiency
and food security. On the other hand, the development of
circular agrifood systems in LMICs provides an opportunity to
increase NUE and the sustainable development of livestock
systems (Oosting et al., 2022). Furthermore, they can pro-
vide increased availability of TASF in regions of under- and
malnutrition where increased consumption of TASF is seen
as a key strategy to address food security and nutrition
(Beal et al., 2023; Oosting et al., 2022). Transitioning to agri-
food systems in a circular bioeconomy in LMICs can enhance
the sustainable development of livestock systems and boost
food availability and security.

A study by Billen et al. (2015) explored the implications for
the global agrifood system when meeting the requirements
to feed the projected world population equitably. Here, an
equitable diet is defined as a diet that meets all dietary require-
ments and can be shared by all regions of the world, hence
providing food security for all (which directly supports SDG 2
(UN, undated)). The exercise by Billen et al. (2015) showed
that an annual diet containing 4 kg N/capita with 40 percent
animal protein or 5 kg N/capita with 20 percent animal protein
would be feasible as an equitable diet for the growing world
population, meaning food security is met for all regions of the
world. Furthermore, these diets are in line with the per capita
protein intake recommendations of the World Health Organ-
ization (Joint WHO/FAO/UNU Expert Consultation, 2007).
Besides an equitable distribution of available nutrients, this
global agrifood system would require shorter supply chains
and cause less agricultural N pollution globally through an
increase in NUE of both crop and livestock systems (Billen,
Lassaletta and Garnier, 2015).

5.4.1 In focus: Circular bioeconomy for
innovative animal feed production

Animal feed production from food waste has caught the
attention of different countries. Six bioeconomy strategies
include specific actions and targets on feed, often using
waste (FAO, 2024b). For example:

e The use of by-products from biofuel production and
development of new sources of protein (e.g. insects)
can reduce feed imports.

e Development of biological fodder such as enzyme
formulations, microbial agents, fermented feeds,
and feeding amino acids to address major problems
in farming such as feed safety, scarcity of raw mate-
rials and environmental pollution.

e Knowledge, technology and regulations should
be developed to produce food and feed ingredi-
ents from local fruit, vegetable and meat industry
by-products.

e Increased use of Norwegian ingredients in the pro-
duction of feed when it is profitable and environ-
mentally sustainable.

A recent FAO report states that the livestock sector
can change the sources of its feed to promote innova-
tive solutions for reducing its environmental footprint
(FAO, 2023d). A systems-wide change is needed to find
the best technologies and solutions for upcycling waste,
residues and by-products into novel feeds and reduce the
amount of land required for growing feed crops, reducing
GHG emissions, and restoring polluted ecosystems.

Alternative feeds from by-products and waste that replace
conventional livestock feed can increase NUE through an
increased efficiency of resource use. As conventional livestock
feed is associated with high N losses, especially through the
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application of synthetic fertilizer, a decreased use of this type
of feed can contribute to increasing NUE of the livestock pro-
duction chain. Upcycling of waste, residues and by-products
contributes to closing nutrient loops, including N, of the
agricultural production system, thereby minimizing N losses.
While fibrous lignocellulosic materials can be used for rumi-
nant diets, animal-based co-products (meat and bone meal)
can improve the protein meals of pigs, poultry and aquacul-
ture. These different solutions in the circular bioeconomy can
make feed more affordable and sustainable, lessening the
demand for traditional feed materials, which are resource
and environmentally intensive and contribute to feed—food
competition (Nath et al., 2023). The use of organic waste
should ensure that feed safety is not compromised. Modern
technologies can help to improve the quality of organic
waste as feed and be incorporated into animal diets. Rajeh
et al. (2021) studied different types of FLW and different
substitution rates to see how animal growth performance
varied and found that there was no difference in animal
growth or health using partial incorporation of food waste
in the animal diet.

The solutions described in this chapter are a selection of
measures and innovations that could enhance the circular
bioeconomy and sustainable use of N. The effectiveness
with which this is done must be measured and quantified
to confirm its contribution to increased NUE in agrifood sys-
tems. The development of metrics for impact assessment is
important and often a limiting factor in determining if tech-
nologies are suitable for specific (local) conditions or con-
tributing to specific goals. For example, a study by Lavallais
and Dunn (2023) found that several specific technologies
to recover N from pig manure did not yield a substantial
increase in nutrient circularity and recovery. This shows
that the implementation of specific technologies might not
always increase N recovery or NUE. Metrics are a valuable
tool to assess the impact of the suitability of technologies.

5.5 FAO’S WORK ON BIOECONOMY
FAO has elevated the concept of sustainable bioeconomy
to its Strategic Framework 2022-2031 and the work of
its Governing Bodies. As part of its Programme Priority
Area “Bioeconomy for Sustainable Food and Agriculture”,
FAO emphasizes sustainable and regenerative production
designed to reduce reliance on harmful chemicals, enhance
circular practices, conserve biodiversity and ecosystem
services, and enhance climate resilience. FAO highlights
“Healthy People, Healthy Planet” principles across areas of
practice, including sustainable and regenerative bioecono-
my alternatives and bio-innovations designed to promote
net zero, climate-resilient, nature-positive, zero waste and
pollution-free agrifood systems.

FAO is engaged with relevant international conventions
such as the Stockholm Convention, Basel Convention, and

the Strategic Approach to International Chemicals Man-
agement and leads United Nations work on sound man-
agement of pesticide life cycles. Together with the World
Health Organization, FAO developed the International
Code of Conduct on Pesticide Management and assists
Rotterdam Convention Parties in regulating hazardous pes-
ticide formulations. FAO leads the Global Alliance on Highly
Hazardous Pesticides endorsed by the Strategic Approach
to International Chemicals Management during the Fifth
Meeting of the International Conference on Chemicals
Management, and has published the International Code
of Conduct for the Sustainable Use and Management of
Fertilizers. It has produced the Voluntary Code of Conduct
for Food Loss and Waste Reduction, leads the United
Nations activity on soil plant nutrition and sustainable
soil management and is leading the development of the
Voluntary Code of Conduct for sustainable use of plastics in
agriculture. This work contributes to the Global Framework
on Chemicals — For a Planet Free of Harm from Chemicals
and Waste.

FAO's work on bioeconomy strategies around the world
shows how countries are tackling agrifood systems in their
bioeconomy strategies and how bioeconomy practices
are recognized as contributing to climate, biodiversity,
food security and nutrition goals. Currently, 21 countries
and three regions have implemented specific bioeconomy
strategies. Additionally, approximately 35 countries have
strategies related to bioscience and biotechnology relevant
to the agrifood sector. This coverage is expanding rapidly;
FAO is tracking the development of 17 more dedicated
bioeconomy strategies in progress in an online dashboard.
Countries explicitly include bioeconomy in their other pro-
grammatic documents on climate, biodiversity and food
security strategies. For instance, countries often explore
climate change benefits and trade-offs in the development
of their bioeconomies (Table 5). As of November 2024,
ten countries explicitly included bioeconomy in their Food
Systems Transformation Pathways, and most of the 127
submitted Pathways prioritized related approaches such as
sustainable consumption and production.

FAO's programme on sustainable bioeconomy approach-
es offers a range of solutions, from biofertilizers such as
microbial fertilizers to bio-based solutions for soil reme-
diation, reuse of wastewater for agriculture, anaerobic
digestion, and upcycling of organic waste to convert it into
a resource and avoid associated emissions (including crop
residues and livestock manure).

FAO supports countries and advocates for avoiding
chemical use in agrifood systems (including agro-industries)
and restoring polluted sites. On the latter, bioremediation is
an example of implementing bioeconomy practices to treat
soil or water resources affected by excess input of nutrients.
Bioremediation uses microbes that remove contaminants
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TABLE 5

Main climate change trade-offs (-) and synergies (+) between bioproducts and climate change

Stages of the bio-based

economy value chain GHG emission reduction

Sequestration

Climate change adaptation

Overall + Most bio-based products have a lower
GHG footprint compared to fossil

products

+ Bioproducts sequester CO,
during their lifetime

+ Higher environmental and
livelihood resilience

- Production of biomass can increase
GHG emissions

+ Biomass production can be optimized
by climate-smart practices

Biomass production

+ Carbon sequestration in
agricultural soils (if good
soil and water management
practices), forests and
oceans

+ Higher environmental resilience if
natural resources are sustainably
managed

- Climate change impacts can reduce
production of local bioproducts and
force production to new locations

+ Most bio-based fuels, chemicals and
polymers have lower GHG emissions
compared to petrochemical products

- The manufacturing of bioproducts
uses significant amounts of fossil
energy anyway

+ New biotech pathways can improve
energy consumption

+ Local production reduces GHG
emissions from transport

Bioproduct processing

+ Future carbon capture and
use technologies will use
renewable CO, sources

+ Localized production increases
employment opportunities and
improves rural economies

Use phase (cascading) | + Circular long-lasting bioproducts show

a reduction in GHG emissions
— Recycling potentially adds to total

energy consumption and GHG
emissions

+ Long-lasting products can
sequester carbon over the
long term

+ CO, sequestration can be

+ The use of traditional, local
bioproducts (construction materials,
medicine, energy) has specific
benefits

increased through the
cascading use of biomass

End of life + Incineration substitutes fossil energy
+ /- Only in certain applications is

biodegradation a viable option

Source: Gomez San Juan, M., Bogdanski, A. & Dubois, O. 2019. Towards sustainable bioeconomy: Lessons learned from case studies. Rome, FAO.

such as oil, solvents and pesticides. Microorganisms are an
integral part of the bioeconomy and can greatly contribute
to the challenges associated with N use in agriculture.
The use of efficient microorganisms as growth promoters
is a soil fertilization alternative in many countries and bio-
physical conditions (Gomez San Juan, Harnett and Albinelli,
2022b).

Generally, when governments or regional/local authori-
ties develop strategies and policies to support a sustainable
bioeconomy, they seek to improve the production, use,
consumption and conservation of biological resources.
Often, enhancing circularity increases efficiency in using
and regenerating these biological resources, thus reducing
pressure and competition between the end-use sectors.
For instance, crop residues can be left on the soil to
enhance soil structure and nutrient content and/or used for
feed or as a substrate to grow food such as mushrooms
and/or in pulp and paper, construction, chemicals, energy,
or textile sectors.

These bioeconomy strategies or policies lay the ground-
work for bio-based research and new technology develop-
ment in agrifood systems, which can further enhance efficien-
¢y and competitiveness. This is often used in the cascading
approach to prioritize biomass end uses with higher added

value. FAO supports countries and regions in designing,
implementing and monitoring bioeconomy strategies and
programmes using the Aspirational Principles and Criteria
for a Sustainable Bioeconomy in a framework called “FAO
Bioeconomy Toolbox”. Existing bioeconomy practices often
lack an integrated consideration of social, economic, environ-
mental and governance goals and trade-offs between them.
FAO and its partners have developed a set of 10 Aspirational
Principles and 24 Criteria aimed at facilitating such a holistic
approach (FAO, 2021). Figure 31 shows which Aspirational
Principles link to nitrogen and how sustainable nitrogen man-
agement can contribute to these Aspirational Principles.

5.6 CIRCULAR BIOECONOMY IN THE CONTEXT
OF FOOD SAFETY

The transformation of agrifood systems towards circularity
needs to go hand-in-hand with the adaptation of policies
and risk assessments to ensure food safety. As those assess-
ments stem from processes developed for linear systems,
new data needs to be generated to fill gaps in possible
risks related to circular agrifood systems. FAO analysed
food safety in a circular economy context, focusing on
four areas: water recycling and reuse, integrated farming
systems, food waste and by-products, and food packaging
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waste (FAO, 2024b). In these areas, the focus should be on
monitoring contaminants in recycled water, transmission
risks of pests and pathogens in integrated systems with
multiple livestock species, contaminants in food waste used
as feed, and potential food safety risks linked to reusable
and recycled packaging.

5.7 CASE STUDIES

5.7.1 Exchange of nutrients across farm
elements — An example from Finland

Enhancing circularity on farm or between farms can increase
NUE, sustainable management of natural resources, and
decrease the negative impacts of agricultural activities on
the environment. An example of a circular farming system,
where multiple farms and farm elements work together,
can be found in Palopuro village, Finland. The organic farm-
ing system, with 385 ha of farmland, is comprised of an
arable farm (Knehtild farm), a vegetable farm (Lehtokumpu
farm), a poultry farm (Mantymaki hennery), and a biogas
plant (Figure 32). As an organic farm, farmland is fertilized
through green manure leys. The nutrient use efficiency in

the use of green manure leys is challenging as the timing
of N mineralization, and thus N availability to plants, does
not meet the peak demand of crop plants, and ploughing
green manure is linked with N losses in certain seasons.
To increase NUE, the farming systems used biomasses not
competing with food production as input for their biogas
plants, such as green manure, straw, chicken manure and
horse manure from nearby stables. The digestate is used as
fertilizer, and the energy produced is either used for food
processing activities on farm or upgraded to biomethane to
be used as fuel.

The effects of the above farming practices have been
analysed by Koppelmaki et al. (2019) and have shown that
multiple benefits can be seen from this integrated system.
Using digestate instead of green manure as fertilizer allows
for better nutrient utilization, as digestate can be applied
on any field where it is most necessary as compared to
green manure, which is applied on the same field in which
it was grown. Furthermore, an increase in mobile N input
and a decrease in N losses resulted in an overall reduction of
N surplus of 38 percent. Overall, NUE of the farm increased,
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and the projected cereal yield through increased quantity of
available N to crops increased by 40 percent. Lastly, through
the production of biogas from biomass, the farming system
became a net energy producer, producing 70 percent more
biogas than needed for on-farm operations.

This farming system shows how different elements
within a farming system can be connected and, through
this, enhance NUE. Implementing such a system on farms
or regions different from the one described above requires
assessing what measures are effective for specific conditions.
Furthermore, farming systems can be further optimized by
determining which combinations of elements within the sys-
tem create the most benefits. Koppelmaki et al. (2021) ana-
lysed different optimization scenarios for the Palopuro farm
in Finland to determine which system would produce the
most benefits compared to the current scenario, as described

above. These included (1) a scenario where 20 percent of
the area designated for annual crops was used to produce a
clover—grass mixture to increase biological N fixation and pro-
duce biomass for biogas production and (2) the inclusion of
dairy cows, with the herd size determined by on-farm silage
production where 20 percent of cropping area was used for
this purpose. The study showed that with the first scenario,
energy production could be almost doubled compared to
the current scenario, with a reduction of human digestible
protein production of 13 percent. Introducing dairy cattle
in the second scenario increased human digestible protein
production by 164 percent, while the externalities were
reduced as feed imports from the system were reduced.
The energy production was reduced by 8 percent compared
to the previous scenario. Both scenarios enhanced N recy-
cling substantially. This analysis shows that the introduction
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of different farm elements has different effects on the farm
outputs, and decisions on what type of management practic-
es to include depend on priorities and focus of farm activities
and preferred outputs.

5.7.2 Circular bioeconomy in Abidjan:

from food waste to fork

FAO is implementing a project in Abidjan where black sol-
dier fly is reared on urban waste and used for chicken feed
and frass (a by-product of raising insects) is used for fertilizer
(FAO, 2024b). Local partners (The Institute of Circular Econ-
omy of Abidjan and the youth startup Bioani) have built a
1000 m? black soldier fly farm in Abubo. Every day, around
1000 kg of organic waste is collected from local markets
and brought to farms, where organic waste is converted by
black soldier fly larvae into proteins for poultry feed. More-
over, the frass is used to produce organic fertilizer. Around
120 kg of final dried larvae product for feed are produced,
as well as 200 kg of organic fertilizer from the frass, which
are sold to urban and peri-urban farmers at a cheaper
price than synthetic fertilizer. The farm currently employs
ten young people and women and serves as a farm field
school, where ten more people are being trained. Nitrogen
is an important nutrient for plant growth and essential,
along with P, for protein formation. Some studies analysed
the composition of nutrients, such as N for protein intake,
and novel bioactive compounds (Prandi et al., 2019; Pyett
et al., 2023). For instance, a study examined the efficacy of
recycled food-waste-based feed for laying hen performance
egg quality, and nutrient digestibility. Dao et al. (2023)
compared feed based on wheat, sorghum, and soybean
meal, a recycled food-waste-based feed, and a 50:50 blend
of the two. Hens offered food-waste-based diets that had
similar egg weight, hen day egg production, and egg mass
but lower feed intake and higher feed efficiency compared
to those fed with wheat, sorghum and soybean meal. Hens
fed the food waste diet had lower shell-breaking strength
and shell thickness, higher yolk colour score, and higher fat
digestibility. Feeding the recycled food-waste-based feed
maintained egg production while improving feed efficiency.

5.7.3 Rice straw utilization in the

circular bioeconomy

Rice is a crucial food crop representing the major food staple
for more than half of the world’s population in Asia, Latin
America and parts of Africa (Fukagawa and Ziska, 2019).
Over 158 million hectares worldwide are cultivated with rice,
resulting in approximately 700 million tonnes of rice straw
being left behind annually (Bhattacharyya et al., 2021).

Rice straw is commonly burned in the field, releasing
significant GHG emissions, including 0.7-4.51 g CHy/kg
and 0.019-0.069 g N,0/kg of burned straw. This process
contributes to the dispersion of air pollutants and the

depletion of N and organic matter in the topsoil (van Hung
et al., 2020). Management of such a large quantity of rice
residues in a sustainable manner poses a considerable chal-
lenge and requires innovative strategies and approaches.
This task becomes even more critical given the limited time
frame of 10-15 days available between rice harvesting and
sowing the next crop as highlighted by Thakur et al. (2018).
Promoting rice straw utilization through circular bioecon-
omy approaches in agrifood systems addresses optimiza-
tion and enhances natural resource use efficiency while
minimizing environmental pollution. Circular bioeconomy
principles transform rice straw from waste into a valuable
resource, with strategies including composting for soil
fertility, renewable energy generation, and value-added
product creation. These approaches improve environmental
resilience in agrifood systems.

An example of rice straw utilization through circular
bioeconomy principles can be seen in India, where rice
straw burning is a major problem. With only about a 20-day
window for farmers to clear fields of rice straw during the
harvesting period, which they have little ability or capacity
to collect, bail and store, burning rice straw is the common
practice. This contributes to an increase in air pollution.
In Punjab, a value chain has been developed that enables
rice farmers to sell a percentage of their straw for the
production of compressed biogas and biomass pellets.
This generates an additional source of income and reduces
burning incidents and air pollution, as well as being a sub-
stitution for fossil fuels.

A model crop residue value chain is illustrated by FAO
(2022b) to facilitate the harvest, collection, transit and stor-
age of the rice straw. It shows the investment needed to
supply the rice straw. The study provides a techno-economic
analysis of energy technologies that drive rice straw’s poten-
tial use and profitability for sustainable energy alternatives.
Results suggest that 30 percent rice straw can provide all the
required Punjab Compressed Biogas while using 15 percent
of this energy for biomass pellets and reducing coal use by
72 percent. This application would encourage entrepreneur-
ship at the local level, raise farmers’ incomes, and decrease
open burning of rice straw, air pollution and climate change.

5.8 CONCLUSION AND KEY MESSAGES

Agrifood systems in a circular bioeconomy can support
sustainable N management through the implementation of
circular principles that minimize N emissions and pollution.
Circular agricultural systems focus on maximizing the effi-
ciency with which food is produced by maximizing resource
use efficiency and minimizing loss. This is achieved by
(1) avoiding FLW, (2) recycling unavoidable FLW back into the
agricultural system, (3) using available cropland to produce
crops for direct human consumption, and (4) using livestock
to convert biomass unsuitable for human consumption.
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Upcycling of by-products from the agrifood system can
reutilize N that would otherwise be lost to the environment.
Converting these by-products to organic fertilizers ensures
the recycling of N and can substitute synthetic fertilizers
without compromising the productivity and yields of crop
systems. In a circular agrifood system, manure is not seen
as a waste product but a valuable resource of nutrients
that forms a source of N for crop production. Manure can
either be used as organic fertilizer or processed via anaer-
obic digestion to produce both bioenergy and digestate,
with the latter returned to the cropping system as organic
fertilizer.

For livestock, recoupling of local feed production and
livestock can increase NUE of livestock systems substantially

and result in a significant decrease in N emissions and pollu-
tion. Pig and poultry systems can recycle N by using FLW and
by-products from the food industry as feed, thereby increas-
ing NUE, minimizing N loss, and avoiding feed—food com-
petition. Incorporating these circular principles may result in
a decreased number of livestock that can be supported in
countries with a high dependency on imported concentrated
feed, which would necessitate a shift to a more plant-based
diet in countries where TASF overconsumption occurs.

Policy can support the transition to circular agrifood
systems by incentivizing the adoption of circular practices,
supporting farmers in the transition to circular farming
systems and promoting the incorporation of a more plant-
based diet for consumers.



73

Chapter 6

Policy instruments to promote sustainable

nitrogen management

Extensive research has contributed to the understanding
of the N cycle and the role of reactive N as an essential
agricultural input and a critical environmental pollutant
of the aquatic, terrestrial and atmospheric environments
(Galloway et al., 2003, 2013). The number of policies that
influence N use and management in agrifood systems has
been rising, driven by the fact that these systems represent
the largest global source of N pollution. This is mainly
due to high N input coupled with low NUE (Cassman and
Dobermann, 2022). These policies range from voluntary
adoption of N management practices by farmers to gov-
ernment policies and regulations. They operate at multiple
levels, from local to global, and can be divided into policies
incentivizing N use through synthetic fertilizer and manure
and policies targeting N pollution in the environment. Most
policies in agrifood systems incentivize N use, which reflects
the primacy of food security over environmental concerns
(Kanter et al., 2020a).

6.1 NITROGEN IN CROP PRODUCTION POLICIES
6.1.1 Fertilizer access, agriculture policies and
nitrogen use efficiency

Fertilizers and other input subsidies are popular policy inter-
ventions in which governments provide financial support
for agricultural development, often aiming to increase crop
yields and farmers’ incomes, while reducing hunger and
poverty (Zhang et al., 2021). Providing synthetic fertilizers
and other agricultural inputs and technologies, such as
expansion of irrigated areas, high-yielding variety seeds,
pesticides, and machinery, to farmers has contributed to
the Green Revolution in Asia (Hazell, 2009; Tewatia and
Chanda, 2017). For example, wheat production in Asia
increased from 46 million tonnes in 1961 to 343 million
tonnes in 2022 (FAO, 2024c). The crop yield increased in
South Asia (Tewatia and Chanda, 2017) and Southeast Asia
(Huang et al., 2017) due to their fertilizer policies and crop
genetic improvement. Conversely, despite governments’
input subsidy programmes and their associated reforms
(the so-called “smart subsidies”), an African Green Revo-
lution did not materialize (van Ittersum et al., 2016). The
African Union has established the Comprehensive Africa
Agriculture Development Programme to eliminate hunger
and reduce poverty by investing in agricultural develop-
ment to double productivity through access to inputs,

irrigation technology, and mechanization (African Union
and AUDA-NEPAD, 2024). Van Ittersum et al. (2016)
estimated that cereal self-sufficiency would decrease by
33 percent in Western Africa and 48 percent in Eastern
Africa by 2050 due to climate change, lack of access to
inputs, and an increasing human population. In Southern
Africa, small improvements in maize yields have been
recorded, but these yields are still far below the potential of
more than 3 tonnes per ha. While crop production followed
opposing trends in Asia and Africa, NUE showed similar
trajectories of being consistently low (van Ittersum et al.,
2016). Farmers in Asia have applied large amounts of N
per ha to meet crop N needs. In contrast, in Africa, the use
of synthetic fertilizer has slightly declined because of high
fertilizer prices, weak supply, limited investment, and poor
and variable crop responses to fertilizer (Nziguheba, van
Heerwaarden and Vanlauwe, 2021; Sileshi et al., 2022).
Technological innovation and crop genetic improvement
programmes, supported by sufficient access to fertilizer,
have continued to increase crop productivity in Europe,
North America, Latin America and the Caribbean. The fol-
lowing section provides an overview of agricultural policies
and impacts on NUE in Asia, Africa, the European Union,
North America, Latin America and the Caribbean.

Overview of agricultural policies and impacts on
nitrogen use efficiency in Asia

Asia is the largest consumer of synthetic N fertilizer and
provides food, feed and fibre to 59 percent of the world’s
population (FAO, 2024c). For instance, government pol-
icies in China have promoted synthetic fertilizer use
and have driven fertilizer overuse and over-application
since the 1970s (Ju et al., 2016; van Wesenbeeck et al.,
2021). Historically, after transitioning from the People’s
Commune System to the Housing Responsibility System
in 1978, N input per ha increased, resulting in high crop
production surpassing household demand (Zhang, 2011).
As a result, the food market developed due to the removal
of on-farm taxes, further incentivizing farmers to increase
agricultural production and apply yet more N fertiliz-
er. Furthermore, fertilizer manufacturing subsidies were
introduced to provide cheap use of electricity, natural gas
and transport, including preferential taxation policies for
fertilizer manufacturers. Fertilizer manufacturing subsidies
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and other policies were a major driving force for increas-
ing fertilizer availability and accessibility at lower prices
(Li et al., 2013).

Unfortunately, the increasing use of N was accompanied
by low NUE, resulting in severe environmental externalities.
In 2017, about 30 percent of global N fertilizer was applied
to Chinese croplands (Yu et al., 2021). In the same vyear,
crop NUE was around 32 percent, which was significantly
lower than the world average of 55 percent (MOA, 2019).
This situation resulted in agricultural subsidy reform to
curb N fertilizer use and reduce environmental externalities
(Fan and Yang, 2024). For instance, the fertilizer manufac-
turing subsidies in China were discontinued from 2015 to
2018 (Wu et al., 2024) and replaced with the “Zero Growth
in Synthetic Fertilizer Use” policy by 2020. The latter policy
promotes precise fertilization by offering tailored fertilizer
recommendations for various regions and crops, adopting
enhanced efficiency fertilizers (Kanter and Searchinger,
2018), and substituting synthetic fertilizers with manure
(Lin, Xu and Wang, 2022). To this end, policy guides and
action plans to speed up the appropriate use of manure
were launched (Wei et al., 2021) and included, for example,
the “Action Plan for Manure Nutrient Usage (2017-2020)",
which aimed to increase the utilization of animal manure
in croplands to 75 percent. Given the high level of tech-
nological and incentive adjustments required for using
manure, the government has offered manure-use subsidies
to incentivize this transition (Wang et al., 2023). The focus
is on mobilizing this transition since effective use of manure
should ultimately pay for itself because fewer synthetic
fertilizers are needed. Most recent data shows that manure
utilization was 70 percent in 2017 and is targeted to reach
90 percent in 2035 (Wei et al., 2021). As a result of these
policies, China’s fertilizer use declined by about 7.2 percent
(Fan et al.,, 2023; Ji, Liu and Shi, 2020), which is expected
to increase NUE (Sapkota, Bijay-Singh and Takele, 2023).

In India, fertilizer subsidies represent the second-
largest expenditure at USD 11.2 billion annually (IMF,
2015). Because of the fiscal burden, India has reduced sub-
sidies on P and K fertilizers. Urea, which is the most widely
used fertilizer in the country, remains heavily subsidized,
leading to increased N consumption by agriculture. Due
to the prevalence of rain-fed agriculture, the application
of N fertilizer is often not synchronized with soil moisture
availability. Given the prevalence of highly subsidized ferti-
lizers, where farmers only pay a small fraction of the cost,
this situation has led to excessive application of N fertilizers
per ha in an attempt to maximize crop yield (Bijay-Singh,
2022). As a result, a significant portion of the added N
is lost to the environment, resulting in low NUE and air
and water pollution risks. Since 2015, all prilled urea has
been replaced by neem-coated urea, where neem oil is a
natural denitrification inhibitor, which helps improve NUE

(Tewatia and Chanda, 2017). The Indian Government is
promoting a range of other approaches that are relevant
to sustainable N management. For example, Zero Budget
Natural Farming avoids the use of synthetic chemical inputs,
including N fertilizers, focusing on mobilizing nutrients
through stimulated microbial decomposition of organic
mulches and by biological N fixation (Smith et al., 2020).
The use of “nano urea” is promoted, a proprietary urea
solution in water, though its cost-effectiveness remains a
matter of debate (Frank and Husted, 2024).

Overview of current agricultural policies and impacts
on nitrogen use efficiency across sub-Saharan Africa
Despite the introduction of a range of input subsidy pro-
grammes (ISPs), including smart subsidies in different coun-
tries, crop yields in most African countries remain low. The
gap between actual and potential yields, in addition to that
between crop N removal and fertilizer N input continues
to widen in many countries. This gap causes low fertilizer
profitability for farmers, soil nutrient stock depletion, soil
acidification, crop yield decline, and even depresses African
fertilizer demand because of low crop response (Guédegbé
and Doukkali, 2018). The average level of N fertilizer use
is 15 kg/ha, and only a few African countries record ferti-
lizer consumption that exceeds 50 kg/ha (Guedegbé and
Doukkali, 2018). As a result of low fertilizer adoption and
application, ISPs have failed to close the yield gap and trig-
ger an African Green Revolution. Jayne et al. (2018) attrib-
uted the low crop response to fertilizer to several factors,
including the limitation of water availability and the wide-
spread presence of low-quality fertilizer in Africa. Many
soils are sandy, with low SOM content and low pH, all of
which affect nutrient availability. For instance, in Southern
Africa, soils have been reported to have reached a tipping
point, where SOM is below the minimum threshold to sup-
port crop productivity (Messina, Peter and Snapp, 2017). In
Western Africa, some countries have introduced ISPs, which
have increased the total use of fertilizer by 39 percent
but with a reduction in the use of commercial fertilizer by
18 percent (Ricome, Barreiro-Hurle and Sadibou Fall, 2024).
Access to subsidized fertilizer was associated with a reduc-
tion in the likelihood of using manure by 5 percent and an
increase in farmers’ total gross margin of 11 percent.
Currently, ISPs are heavily impacted by the Russian
Federation—Ukraine conflict, which has made it unaffordable
for some countries in sub-Saharan Africa to source fertilizers,
including N fertilizers, due to restricted and disrupted glob-
al supply and skyrocketing prices of fertilizers (Nhlengethwa
et al., 2023). This situation has hindered the proper execu-
tion and implementation of ISPs and led to further reduced
N application rates. This situation exacerbates the decline
in agricultural productivity, particularly for farming systems
burdened by low NUE or N deficiency (Abay et al., 2023).
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In response, some sub-Saharan African governments have
increased fertilizer subsidies to support farmers. There is
an increasing need to repurpose these subsidies towards
the development and adoption of green innovations, such
as the use of nitrification inhibitors and efficient practices
that improve NUE and crop yield and incentivize the use of
the right fertilizer type in the right places with minimum
environmental impact (Gautam et al., 2022).

Overview of agricultural policies and impacts on
nitrogen use efficiency in Latin America and the
Caribbean, the European Union and North America
The average cropland NUE in European Union countries
and North America varies between 66 and 69 percent
(van Grinsven et al., 2015), with these relatively high values
being partly due to environmental and fertilizer regulations,
as well as the economics of large-scale farming. Values
of crop NUE have increased over the period 1961-2021
(FAO, 2023b), which echoes the value of the adoption
of best practices of N fertilization and new genetic tech-
nologies (Drechsel et al., 2015, Omara et al., 2019).
For instance, the European Union Nitrates Directive has led
to slightly improved NUE by regulating manure and fertiliz-
er use near waters (FAO, 2023b; Lassaletta et al., 2014a),
although the N pollution levels have not decreased much in
certain countries (Oenema et al., 2011). In North America,
strategies such as the promotion of slow-released fertilizers,
combined with increases in the cultivation of soybean and
nitrogen-fixing plants, have contributed to increased NUE.
Latin America and the Caribbean (LAC) rely heavily on
imported fertilizers, at the rate of approximately 85 percent.
This dependency on imported fertilizers results in a high
vulnerability to global price fluctuations, especially in the
context of the Russian Federation-Ukraine conflict. Domes-
tic fertilizer production has seen minimal growth, but poli-
cies to reduce fertilizer imports have started to emerge. For
example, the Brazilian national fertilizer plan aims to reduce
fertilizer imports by 45 percent by 2050 and promotes
domestic fertilizer production and best practices in national
production (The Government of Brazil, 2022). National ini-
tiatives supporting vulnerable farmers have been improved
through the distribution of free bags of certified seeds and
fertilizer in some countries, such as Honduras and Guatemala
(Maredia, Reyes and DeYoung, 2014). Some countries in
Latin America have incentivized the use of sustainable
soil management practices to replace N fertilizer use.
For instance, the Brazilian Plan for Low Carbon Emission in
Agriculture provides resources and incentives for farmers
who adopt methods that increase biological N fixation,
no-till systems, methods that rehabilitate degraded pasture-
land, integrated crop-livestock—forestry systems, planted
forests, and manure management systems (Pires et al.,
2015). These practices contribute to lowering N demand for

crops for the following years of cultivation. Latin American
and Caribbean countries still suffer from the lack of
N-specific policies, and a common directive or framework
in which nations can create their regulations (Zeri and
Ometto, 2018).

Barriers to the adoption of agriculture technologies
for enhanced nitrogen use efficiency

Globally, many countries are promoting diverse agriculture
technologies designed to improve yields and reduce the
vulnerability of agricultural systems (Sitko, Scognamillo and
Malevolti, 2021). Implementing best practices to ensure
sustainable N -management and increase crop NUE is chal-
lenging. Gu et al. (2023) highlighted the high heterogen-
eity of best agricultural practices at the local level. Those
authors identified 11 key cost-effective measures that can
significantly decrease N loss and increase crop yield and
NUE. They vary from crop legume rotation and application
of buffer zones to 4Rs nutrient stewardship and the intro-
duction of new cultivars, optimal irrigation, and tillage (see
Chapter 2). Furthermore, the use of organic fertilizer is seen
as a “no regret” management strategy (Snapp et al., 2023).
The key often lies in customizing N management solutions
and technology to the specifics of cropping systems and
seasons in each region.

Several factors can constrain technology adoption, such
as high input cost, poor targeting, low farmer education,
poor market and credit access, small land size, lack of
extension services, and land “tenure” (land tenure insecu-
rity) insecurity (Suri and Udry, 2022). Addressing structural
issues and barriers to adoption must be integral to national
agrifood programmes and policies. Financial innovation
mechanisms such as crop insurance can highly incentivize
adoption because they protect farmers from losses and
weather risks. Studies have indicated that increased farmer
participation in the US crop insurance programmes is linked
to lower N concentrations in waters (Lu et al., 2023) and
reduced N fertilizer application rates (Babcock and Hen-
nessy, 1996). In the United States, there is ongoing reform
of crop insurance policies since current ones can discourage
the adoption of new practices (Annan and Schlenker, 2015)
or restrict practices such as cover crop, crop intensification,
or crop diversification, which impact the N cycle (Gelardi,
Rath and Kruger, 2023). Information should be made avail-
able to farmers, who may have limited knowledge of N and
do not know about new technologies or how to use them
effectively. Extension, social networking, and technical
assistance can help farmers gain technical knowledge on a
variety of subjects, such as integrated soil fertility manage-
ment (Khonje et al., 2022), which can increase NUE and
fertilizer savings.

Farmer’s uptake of practices and technologies to improve
NUE largely depends on whether the incentive is compulsory
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or voluntary (Schirmer, Dovers and Clayton, 2012). Regula-
tory policies, mandatory N management programmes, and
financial incentives encourage compliance with sustainable
practices and fertilizer use regulations more effectively than
voluntary initiatives (Wood et al., 2022) by imposing sanc-
tions for non-compliance. An extensive survey identifying
gaps and opportunities in N pollution around the world
revealed that policies incentivizing N prevail over those reg-
ulating its use (Kanter et al., 2020a). In the United States,
both federal and state governments have largely eschewed
direct regulations of agriculture, focusing instead on volun-
tary and incentives-based tools (Reimer, Denny and Stuart,
2018). The voluntary incentive programmes do not encour-
age compliance and have a high degree of uncertainty
because the practice’s adoption depends solely on farmers’
decisions. Farmers tend to prefer voluntary measures over
regulations, especially if they provide economic incentives as
well (Pifeiro et al., 2020). This approach brings a significant
level of uncertainty regarding the attainment of the pro-
gramme’s environmental objectives. In the European Union,
to meet the targets of the Farm to Fork strategy — aiming to
decrease nutrient losses to the environment by a minimum of
50 percent and reduce fertilizer usage by at least 20 percent
by 2030 — Wassen et al. (2022) proposed the implementa-
tion of an integrated nutrient directive. This directive would
regulate the agricultural application of N and P, ensuring a
more certain path toward achieving its goals. The political
sensitivity surrounding the agricultural sector, the existence
of non-point and point N pollution sources, and N's dual role
as a pollutant and nutrient make regulating the agricultural
sector challenging (Kanter et al., 2020a). Yang et al. (2021)
analysed the effects of economic incentives and regulatory
restrictions on the reduction of synthetic fertilizer in China.
They found that combining both could effectively encourage
sustainable production behaviour among farmers.

Countries can offer incentives and subsidies to farmers
to adopt best management practices. Subsidies can inte-
grate cross-compliance incentives to help compensate for
the income loss or additional costs of adopting manage-
ment practices while farmers meet certain environmental
standards and clear monitoring practices. In the European
Union, cross-compliance is fundamental to the Common
Agricultural Policy. It requires farmers to comply with vari-
ous policies related to the environment, food safety, animal
and plant health, and animal welfare, among others. This
compliance is essential for farmers to qualify for direct pay-
ments to support agricultural income (Kanter et al., 2020b).

6.1.2 Partnerships and initiatives to tackle the
nitrogen challenge

Nitrogen figures prominently in policy initiatives, including the
sustainable N management resolutions of the United Nations
Environmental Assembly (UNEP, 2019a), the 2019 Colombo

Declaration, the Global Partnership for Nutrient Management,
the International Nitrogen Initiative, and the Global Soil Part-
nership Initiatives. These initiatives emphasize the need for a
coordinated global effort to manage N effectively, reflecting
the growing awareness of the impact of N on ecosystems and
human well-being. The Status of the World's Soil Resources
report (FAO and ITPS, 2015), the Voluntary Guidelines for Sus-
tainable Soil Management (FAO, 2017), and the International
Code of Conduct for the Sustainable Use and Management
of Fertilizers (Fertilizer Code) (FAO, 2019) identified nutrient
imbalance, especially N, as one of the top ten threats to soil
and human health. These reports provide recommendations to
tackle the causes and consequences of nutrient-overloaded or
undernourished soils.

6.2 NITROGEN IN LIVESTOCK
DEVELOPMENT POLICIES
6.2.1 Nitrogen and manure in
environmental policies
Livestock supply chains are responsible for a substantial
share, estimated at approximately one-third of human-
induced reactive N emissions (Uwizeye et al., 2020). In
addition to emissions from feed production, livestock con-
tribute directly to emissions through N losses from manure
management systems and applied and deposited manure.
Manure is a valuable resource and provides a source of
minerals and organic matter to soil and crops.

Globally, there are regional disparities in manure policies.
In the European Union, manure management regulations
to reduce N pollution have been designed, established and
enforced to comply with Nitrates Directive, Water Framework
Directive, Air Quality Directive, and Directives on livestock
production, manure, and biowaste management and envi-
ronmental protection (Sommer et al., 2013). Excessive use of
manure has been regulated by application standards based on
N and P content. As such, regulations prohibit the discharge
of manure into surface waters and limit the N application from
manure to 170 kg N/ha/yr when part of a nationally declared
“nitrate vulnerable zone” (Landbrugsstyrelsen, 2019). In some
countries of Europe, such as Denmark, farmers must submit
comprehensive fertilization plans for each field and adhere to
a minimum standard for the efficiency of manure N utilization
(Sommer and Knudsen, 2021). Similarly, Danish farmers are
required to utilize techniques for low-emission storage, han-
dling and application of manure, reducing NHs emissions. This
is not required in all European Union Member States. Regula-
tions on manure storage capacity apply for NOs™-vulnerable
zones as part of the Nitrates Directive, such as the construc-
tion of livestock production units and of stores for manure
(minimum nine months’ storage capacity) with impermeable
floors to limit liquid leaching and restrictions on time and
techniques for manure application, are implemented across
European Union countries (Oenema, 2004; Sommer and
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Knudsen, 2021). The extent and impacts of policies and reg-
ulations vary significantly among Member States due to the
great diversity of environmental conditions (Oenema, 2004),
such as geomorphology and farmers’ adaptation capacity to
legislation (Méité, Artner-Nehls and Uthes, 2024). Farmers are
encouraged to use low-protein animal feeds and reduce NH;
emissions by low-emission animal housing and manure stor-
age systems and by low-emission manure application (through
injection, trailing hose, or rapid incorporation into the soil)
with all European Union Member States required to establish
a National Ammonia Code (of voluntary measures) under the
terms of Annex IX of the United Nations Economic Commis-
sion for Europe (UNECE) Gothenburg Protocol (UNECE, 1999).
Progress in establishing such national codes across the UNECE
region has been slow — see ECE/EB.AIR/WG.5/2010/13, para-
graph 33 (UNECE, 2010) — although the number is increasing.

In sub-Saharan African countries, manure management
policies lack coherence due to their fragmented design and
implementation across various ministries and are seldom
enforced because of weak coordination between ministries
and their enforcing bodies (Teenstra et al, 2014). These
policies often view manure as a waste product, prioritizing
its management for human health and pollution concerns
rather than recognizing its fertilizer value (Holden and Lun-
duka, 2012; Ndambi et al., 2019). As a result, farmers may
feel discouraged from using manure as a fertilizer, which
is labour-intensive to collect, prepare and apply. Increased
government subsidies for synthetic fertilizers in sub-Saharan
African may discourage the use of manure (Holden and Lun-
duka, 2012). For instance, Ketema and Bauer (2011) found
that farmers in Ethiopia who can afford synthetic fertilizers
often use less manure. Conversely, incentives could be used
to promote manure usage, such as the case for certain con-
servation programmes within the US Farm Bill that incentivize
farmers to adopt conservation practices, including manure
management systems (Tomich et al., 2016).

Mineral N fertilizer can be recovered from manure
through processing (Huygens et al., 2020). These recov-
ered N fertilizer products showed similar performance
to synthetic fertilizers in terms of NUE, crop yields, and
NOs~ leaching (Reuland et al,, 2021; Saju et al., 2023).
They increase microbial diversity and stability, indicative of
healthy, productive soils (Saju et al., 2023). Good manage-
ment practices must be adopted to reduce potential NH3
and N,O emissions and NOs~ leaching from recovered N
fertilizer (Huygens et al., 2020).

6.2.2 Policies to support the recycling of food
losses and waste as animal feed

Repurposing FLW into animal feed offers multiple benefits,
such as reducing the amount of FLW in landfills, minimiz-
ing GHG emissions and nutrient footprint of food pro-
duction, contributing to a circular bioeconomy, and other

co-benefits. The concept of FLW is self-contradictory, lead-
ing to policy incoherence and restrictions. While “food” is
positive, desirable and healthy, “waste and loss” are nega-
tive, undesirable and unhealthy (Marouli, 2024). Because of
this association with “waste and loss”, policymakers often
perceive FLW as a problem and a risk that requires man-
agement, rather than recognizing it as a valuable resource
that needs to be recycled into high-value purposes such as
animal feed. As such, terms like “swill” and “garbage feed-
ing” carry negative connotations and fail to acknowledge
the nutritional and economic value of using FLW in feeding
animals (Dou, Toth and Westendorf, 2018; Shurson, 2020).
Moreover, infectious diseases such as African swine fever
and foot-and-mouth disease are potentially transmitted,
which prohibit their wide adoption as feed (Uwizeye
et al., 2019). Breaking this perception is the first barrier
to overcome to encourage the use of FLW as animal feed.
Re-evaluating policies that restrict or prohibit FLW repurpos-
ing, such as those in North America and Europe, is impera-
tive to alleviate these barriers.

Only a small portion of FLW produced in North America
and Europe is used in animal feed, amounting to approx-
imately 5 percent and 10 percent, respectively (Boumans
et al., 2022; McBride et al., 2021). In contrast, a significant
share of FLW is used as feed in Japan (36 percent) and Republic
of Korea (43 percent) (zu Ermgassen et al., 2016; Takata et al.,
2012; Uwizeye et al., 2019). These countries have developed
innovative policies and regulations to collect, prepare, heat-
treat, and improve FLW traceability (zu Ermgassen et al., 2016;
Liu et al, 2016; Sugiura et al, 2009; Takata et al., 2012;
Uwizeye et al., 2019). Along with restrictive policies and legal
framework, the lack of economic incentives and infrastructure
for collecting, transporting and processing different FLW in
animal feed creates barriers. For instance, Marouli (2024) con-
ducted a case studies analysis and found that the way cities are
organized spatially and temporally poses challenges to reduc-
ing and recycling FLW. The overall lack of public awareness
about the scale and environmental and economic impacts of
the FLW worsens the situation (Vanham et al., 2019).

While agriculture policies are centred on farm-level man-
agement of N, many actors in the agrifood chain contribute
to generating N pollution and benefit from its reduction,
including fertilizer manufacturers and wastewater treatment
industries. All actors in the agrifood chain should be jointly
responsible for supporting a decrease in N loss and shar-
ing N abatement costs and benefits (Sutton et al., 2022).
As such, there is an urgent need for policy interventions that
could improve N management for major agrifood chain actors
while influencing farm-level decisions (Kanter et al., 2020a).
Such policies include encouraging diets with low N footprints
and household composting. Also, beyond the farm, policies
and strategies to reduce food waste along the agrifood chain
are needed to offset N pollution. This is because a large
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fraction of N fertilizers is wasted in the food that is not con-
sumed (Houlton et al., 2019). For instance, only 45 percent
of the N flows in the post-farm gate food system end up as
ingested N (Corrado et al., 2020). Increasing N recycling and
raising public awareness to curb excessive purchases and
composting will help decrease N issues associated with food
waste.

6.3 NITROGEN IN POLICIES RELATED TO
ORGANIC RESIDUES AND WASTE

Nitrogen flows in organic wastes and other residues originate
from domestic and industrial sources. They comprise two pri-
mary categories: solid waste (such as discarded food products
and packaging), and wastewater and sewage sludge. Notably,
sewage, wastewater and food waste have a high N content,
with food waste containing around 16 percent (Reis et al.,
2016). In contrast to agriculture, most policies addressing N in
the organic waste sector are regulatory (Kanter et al., 2020b).

Management of wastewater and sewage is critical to
minimize N impacts on the environment and promote N
circularity. Sewage and wastewater account for 3 percent
of global N,O emissions, mainly originating from the direct
discharge of wastewater effluent and the release of N,O
during the biological removal of N by bioreactors (Davidson
and Kanter, 2014). In the European Union, the establish-
ment of wastewater treatment facilities is mandated by the
Urban Wastewater Treatment Directive, known as Com-
munity Directive 91/271/EEC. According to this directive,
“sludge arising from wastewater treatment shall be re-used
whenever appropriate”. Sludge is often used as organic
fertilizer based on its N content, absence of heavy metals,
and compliance with the Directive on Sewage Sludge. This
directive aims to ensure surface and groundwater are not
contaminated with N originating from sludge, regulate the
documentation of sludge usage, and provide recommen-
dations for N and nutrient needs of plants, quality of soil,
and sludge stabilization. Some countries, such as Belgium,
Germany and the Kingdom of the Netherlands, prohibit
land application of sewage sludge by legislation and prefer
thermal disposal methods (Bauer et al., 2020).

In Latin American and Caribbean countries, resource
recovery (including N) is often restricted by regulations. For
example, in Peru, sewage sludge is classified as hazardous
solid waste and must be disposed of in a secure cell with-
in a sanitary landfill (Martin-Hurtado and Nolasco, 2017).
Latin American and Caribbean countries typically lack tech-
nical capabilities in the sludge stabilization process, and
sludge rarely goes through adequate disposal (Laura et al.,
2020). There is a tendency to favour costly technologies,
such as activated sludge, for stabilizing sludge (Martin-
Hurtado and Nolasco, 2017). Conversely, some countries
like Brazil and Argentina have a supportive regulatory
environment, such as the Brazilian Resolution (CONAMA,

2020), which establishes thresholds for biosolid (i.e. treated
sludge) quality to allow application in soils (Garbellini
et al, 2023). The Argentinian regulations foster the sus-
tainable use of biosolids from wastewater plants (Argentina
Ambiental, 2018) to reduce the impacts of potentially toxic
elements (Lavado, Rodriguez and Taboada, 2005).

Food waste is a critical source of N that requires man-
agement. Globally, 1.05 billion tonnes/yr of food waste are
generated (UNEP, 2024). Interestingly, higher per capita rates
of food waste are observed in Europe and Northern America
(95-115 kag/yr), while lower rates are seen in sub-Saharan
Africa and South and Southeast Asia (6-11 kg/yr) (FAO,
2011). Food loss and waste constitutes the largest
share of municipal solid waste in Latin American and
Caribbean countries (50 percent) (Ulloa-Murillo et al.,
2022). Food loss and waste occurring at the consump-
tion level contributes to the annual loss of 2.7 Tg N
globally and delivers about 6.3 Tg N to the environment
(Grizzetti et al., 2013). Reducing N originating from FLW
and improving NUE along the food chain is critical. Current
policies regarding FLW vary widely among countries. For
instance, China is focused on reducing production loss and
enhancing supply chain efficiencies (Joshi and Visvanathan,
2019). Republic of Korea has implemented pay-as-you-throw
systems for household food waste and landfill and incinera-
tion bans (Richa and Ryen, 2018). In the United States, many
laws have been enacted to prevent FLW, including the Food
Loss and Waste Reduction Goal (EPA, 2024), which aims
to reduce FLW generation and landfilling by 50 percent by
2030. Similarly, the European Union strives to halve N loss,
which may need a decrease in FLW and dietary changes (Leip
et al., 2022). In Latin American and Caribbean countries,
FLW reduction is in the action plan for Food and Nutrition
Security and the Eradication of Hunger 2025 of the Com-
munity of Latin American and Caribbean States, which is the
main political forum of the region. The region has seen the
development of policies regarding FLW reduction in many
countries, such as Argentina (e.g. National Programme for
Food Loss and Reduction) and Brazil (e.g. Zero Hunger pro-
grammes) as well as the development of food banks (FAO,
2015). FAO has developed a voluntary international code
of conduct for FLW reduction, which serves as internation-
ally recognized guiding principles to reduce FLW effectively.
Countries can adapt these principles for the development of
local and national strategies, policies and programmes that
focus on FLW reduction (FAO, 2022c¢).

6.4 SUSTAINABLE NITROGEN MANAGEMENT
AND INTERNATIONAL POLICY AGENDA

Sustainable N management is interlinked with the 2030 Agen-
da for Sustainable Development. Increasing NUE across all parts
of the agrifood chain and reducing N losses contribute directly
to the achievement of SDG 2 on ending hunger, SDG 3 on
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improving health and well-being, SDG 6 on clean water and
sanitation, SDG 12 on sustainable consumption and production,
SDG 13 on climate action, SDG 14 on life underwater and
SDG 15 on life on land. Regarding SDG 2, the improvement of
access to N inputs can boost food production in LMICs, thus
reducing the number of people facing hunger and food insecuri-
ty, which has been exacerbated by conflict, climate change, and
increasing inequality (UN, 2023). Urgent action and policy are
needed to accelerate the sustainable transformation of agrifood
systems to achieve food security and nutrition, leaving no one
behind. Both NH3 and NO, emissions react with other chemicals
to form particulate matter, which increases risks for respiratory
and heart diseases. Nitrogen oxides emissions contribute to
tropospheric O formation, which reduces crop yields, pointing
to the imperative to reduce these emissions. Both chemicals
are harmful to human health, causing respiratory diseases
and death (Independent Group of Scientists appointed by the
Secretary-General, 2019; Sutton et al., 2021). Reducing N runoff
and leaching to water bodies and recovery of N from wastewater
is essential to achieve SDG 6, particularly the Indicators 6.3.1 on a
proportion of wastewater safely treated and 6.3.2. on a propor-
tion of bodies of water with good ambient water quality (Sutton
et al., 2021). Better management of N is important to achieve
SDG 12.2 on achieving sustainable management and efficient
use of natural resources, SDG 12.4 on achieving the environ-
mentally sound management of chemicals and all wastes, and
SDG1 2.5 on substantially reducing waste generation through
prevention, reduction, recycling and reuse. Moreover, it can
contribute to SDG 14 and SDG 15 by reducing freshwater
and marine eutrophication and terrestrial and freshwater acid-
ification (Independent Group of Scientists appointed by the
Secretary-General, 2019; Vanham et al, 2019). Achieving
SDG 13 in agrifood systems can build on the reduction of
N,O emissions through the integration of sustainable N man-
agement strategies in national climate change measures and
policies (Independent Group of Scientists appointed by the
Secretary-General, 2019; Sutton et al., 2021). Nevertheless,
reducing N,O emissions can help to achieve the Paris Agree-
ment objectives to limit the increase of the average global
temperature to well below 2 °C and preferably to below
1.5 °C (IPCC, 2023).

Furthermore, the United Nations Environmental Assem-
bly has adopted two resolutions calling for increased
action to address sustainable N management in 2019
(UNEP, 2019b) and 2022 (UNEP, 2022). These resolutions
aim to encourage a significant reduction of global N
waste by 2030 and emphasize the ambition outlined in
the Colombo Declaration (UNEP, 2019b). Target 7 of the
Kunming-Montreal Global Biodiversity Framework calls for
“reducing pollution, including reducing excess nutrients
lost to the environment by at least half including through
more efficient nutrient cycling and use”, and Target 16 calls
for “halving global food waste by 2030 and significantly

reduce over-consumption”, both linking to sustainable N
management and reducing N losses to the environment
(CBD, 2022).

For these efforts to succeed, policies need to reconcile
the dual role of N as an important nutrient necessary for
economic growth, human advancement and food security,
and a pollutant that causes serious ecosystem damage.
Recognizing this fundamental challenge, FAO's Global
Soil Partnership positions soils at the centre of the SDGs,
ensuring the Earth’s ecosystems are healthy with healthy
soils. The overuse and misuse of N fertilizers coupled
with unsustainable soil management, leads to a leaky N
cycle and threatens soil health (see Chapter 2). FAO has
established the International Code of Conduct for the Sus-
tainable Use and Management of Fertilizers, known as the
Fertilizer Code (FAO, 2019). It is a useful instrument that
provides recommendations related to the use of recycled
nutrient sources to increase food safety and the safe use of
fertilizers. It provides a locally adaptable framework and a
voluntary set of practices relevant to different stakeholders
involved with fertilizer production, distribution and use.

Furthermore, in the global roadmap to achieving SDG 2
without breaching the 1.5 °C threshold, FAO has present-
ed the circular bioeconomy as an opportunity to achieve
the SDG 12 targets of reducing food loss and waste by
50 percent and 100 percent by 2030 (FAO, 2023d).

6.5 KEY ACTIONS AND POLICY OPTIONS
TO PROMOTE SUSTAINABLE

NITROGEN MANAGEMENT

Increase best practices in mineral fertilizer
production and use and enhance soil health in
cropping systems

e The fertilizer industry should urgently take action to
cut GHG emissions during the production of mineral N
fertilizer and promote the reduction of wasteful losses
during storage, transport and application to the land.
In LMICs, measures to enhance access to high-quality
mineral fertilizers while mitigating the environmental
impacts associated with their use are needed.

e Countries should promote the widespread use of
biological N fixation in locally suited crop rotations
and increase leguminous crops, which represent
additional integrative approaches to increasing NUE
while reducing regional pollution. Where possible,
they should implement agroecological practices such
as strip cropping, cover cropping, and conservation
agriculture to increase soil nutrient status and health,
restore degraded land, reduce erosion, and mini-
mize N losses. Moreover, the elaboration of national
fertilizer use recommendations based on the 4Rs
approach (right rate, right source, right time, right
place) in line with the International Code of Conduct
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for the Sustainable Use and Management of Fertilizers
(FAO, 2019) and the Voluntary Guidelines for Sustain-
able Soil Management (FAO, 2017).

Countries should encourage, as appropriate, the use of
biosolids, including sewage across scales, and demand-
side approaches that address consumption patterns
to promote highly efficient fibre, food and bioenergy
production.

Improve nitrogen management in the livestock sector

Countries should develop guidelines to help livestock
farmers adopt the best manure management tech-
niques, with a focus on reducing wasteful N losses to
the environment and maximizing their effective use in
productive agriculture. The improvement of manure
management systems, including liquid-solid segre-
gation and separation, covered manure storage, and
low-emission manure application to land to reduce
the volatilization of NH3 and enhance the retention
of nutrients for crop production should be promoted.
Livestock producers and farmers should adopt mea-
sures to improve feed formulation and feed use effi-
ciency by optimizing protein intake, which reduces N
excretion for different livestock species and further N
losses to the environment.

Countries should implement policies that enhance
spatial integration of crop and livestock production
through agroecological approaches. These approach-
es implement circular bioeconomy principles at the
landscape level, maximizing the opportunity for
effective nutrient reuse.

Countries should bolster more efforts to reduce FLW
at all stages of the agrifood systems and promote
the recycling and treatment of food unsuitable for
human consumption as livestock feed.

Promote public and private investment

National governments, the private sector, internation-
al financial institutions, and local agricultural banks
should mainstream sustainable N management into
development projects and programmes in agrifood
systems and promote investment in high-efficiency,
low-emission mineral fertilizers and the recycling of
organic residues to enhance system efficiency, reduce
resource waste, and reduce environmental pollution.
Agrifood system stakeholders should promote, as
appropriate, the investment in agroecology and sus-
tainable crop-livestock integrated development proj-
ects to enhance sustainable N management. Moreover,
the public, private sector, producers’ organizations,
non-government organizations, and academia should
engage to promote sustainable N management across
the crop and livestock value chains.

Capacity building at scale

Countries and international development partners
should support national capacity building on sus-
tainable N management of different agrifood system
stakeholders, including the public, private sector, civil
society organizations, and farmers and producer orga-
nizations, and strengthen national extension services,
research and knowledge transfer as well as promote
sustainable N management practices through farmer
field schools. Essential is the promotion of wider
learning between different visions for sustainable N
management, improving mutual understanding of the
merits and risks of different strategies, including farm-
ing systems focused on fertilizer inputs, agroecology,
and regenerative farming approaches.

Policy options

Agrifood system policies should encourage the use of
manure as a source of organic N fertilizer to enhance
sustainability. They should also implement various
efforts to improve spatial planning, redistribute live-
stock, and reduce livestock numbers in areas with
high geographical concentration to levels of bal-
anced crop and livestock integration. Demand-side
policies should focus on addressing consumption
patterns and promoting low N emission diets, while
taking into account other environmental impacts.
Countries should promote the integration of sustain-
able N management in nationally appropriate mitiga-
tion actions and nationally determined contributions,
including targets to reduce N,O from agrifood sys-
tems to keep the Paris Agreement goal of 1.5 °C in
sight. Moreover, countries should set national com-
mitments to reduce N pollution, including NH; and
NO, emissions to air and NOs™ losses to water bod-
ies, in line with Target 7 of the Kunming-Montreal
Biodiversity Framework and SDGs 6, 12, 13, 14, 15
and 17.

Countries and agrifood system stakeholders should
develop market-based incentives, such as premium
prices and other instruments, to reward farmers who
comply with sustainable N management and envi-
ronmental regulations. In areas with high livestock
concentrations, the development of country-specific
manure management policies to promote a circular
bioeconomy and reduce environmental pollution,
such as the discharge of manure in water bodies or
landfills, should be prioritized.

Countries should promote partnership and interna-
tional cooperation to address N access and pollution
globally through different intergovernmental fora.
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Conclusion

The report covers areas related to NUE in cropping and live-
stock systems, the impact of N losses on ecosystems, circular
bioeconomy, and policy instruments to promote sustainable
N management in agrifood systems. It underscores the
need for joint responsibility among agrifood chain actors to
decrease N loss and share abatement costs. It advocates for
policies that encourage low N emission diets, sustainable use
of fertilizers, circular bioeconomy, better manure manage-
ment systems, and strategies to reduce food waste and loss
beyond the farm level. This is crucial as a large portion of N
fertilizers is wasted in unconsumed food, highlighting the
importance of increasing N recycling and public awareness to
address N-related issues associated with food waste. More-
over, there is a growing trend to recommend the replace-
ment of synthetic fertilizers with organic fertilizers, but this
must be done with adequate quality control and proper rate
and application methods. Soil health is important, so no
fertilizer application will be effective if soils are compacted,
eroded, dried, acidified, with low soil biodiversity, or with a
low SOM content.

Sustainable N management is crucial for achieving the
Sustainable Development Goals by 2030, particularly those

related to hunger, health, clean water, sustainable produc-
tion and consumption, climate action, and preserving life
on land and underwater. Improving NUE across the agri-
food chain and reducing N loss can help increase food pro-
duction in LMICs by allowing more N resources to achieve
their intended purpose, improve health by reducing harmful
emissions, and protect water bodies from pollution. Key
actions identified to promote sustainable N management
include increasing sustainable fertilizer production and
improving soil health in LMICs, improving manure manage-
ment in the livestock sector, and promoting public and pri-
vate investment in sustainable agrifood systems. Capacity
building and policy development are essential, with a focus
on integrating sustainable N management into national
climate policies, developing market-based incentives and
fostering international cooperation to address N access and
pollution. These efforts align with global targets such as
the Kunming-Montreal Biodiversity Framework, the United
Nations Agenda 2030 for Sustainable Development, and
the Paris Agreement, aiming to reduce pollution and food
waste and to manage resources more efficiently for a sus-
tainable future.
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Annex
Global nitrogen flows for main

livestock species

FIGURE A.1
Global N flows and sources of N compounds emissions allocated to dairy cattle for 2010 (Tg N/yr)
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FIGURE A.2
Global N flows and sources of N compounds emissions allocated to beef cattle for 2010 (Tg N/yr)
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FIGURE A.3
Global N flows and sources of N compounds emissions allocated to pigs for 2010 (Tg N/yr)
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FIGURE A.4
Global N flows and sources of N compounds emissions allocated to poultry for 2010 (Tg N/yr)
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