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Abstract

The rapid growth of the livestock sector has altered the way the sector influences global
nutrient flows and emissions, with repercussions on environmental and public health issues.
Designing interventions for better environmental sustainability will require a framework and in-
dicators adapted to the increasingly long, and complex livestock supply chains. To develop such
a framework, we reviewed existing studies and found that four methods were used previously to
analyse nutrient use in the livestock sector, namely a nutrient balance, nutrient use efficiency
(NUE), material flow analysis and life cycle assessment. Among these methods, NUE appeared
as a suitable approach to benchmark nutrient management that can be integrated in life cycle
approach to compute the supply chain level NUE, which is proposed as a valuable indicator
of nutrient management sustainability. To this end, we developed a comprehensive framework
of indicators to assess the sustainability of nutrient use. The framework encompassed three
indicators, including the life-cycle nutrient use efficiency (life-cycle-NUE), life-cycle net nutrient
balance (life-cycle-NNB) and nutrient hotspot index (NHI). It was tested and the indicators
proposed were found to be suitable to describe nitrogen (N) and phosphorus dynamics and were
all needed. This framework requires detailed data, which are highly variable at global level,
resulting in large uncertainties of the results. Focusing on N, we proposed a method, which relies
on a global sensitivity, to identify the important inputs parameters that contribute significantly
to the variance of the results, using the Global Environmental Assessment Model (GLEAM)
dataset. The results showed that uncertainties of a few important input parameters, such as
manure deposited and applied could explain most of the variance of N use indicators. Fixing
non-important parameters and substituting important parameters in GLEAM for new field
survey data, improved the results of N use indicators. Subsequently, we applied the framework
to assess N use, flows and emissions, in the global pork supply chains and to evaluate the effects
of feeding swill to pigs as a strategy to integrate better livestock in a circular bio-economy. The
results showed that N emissions into the environment amount to around 14.7 Tg N y−1, of
which 68% is lost to watercourses. These results showed that the efficiency of N use and the
magnitude of N losses per unit of area depend chiefly on the region, origin of feed, and manure
management. The substitution of swill for grains and soybeans resulted in the improvement of
N use indicators and abate N emissions. Implementing swill feeding would require innovative
policies to guide the collection, treatment, and usage of swill, and ensure safety and traceability.
Applying the framework to global livestock supply chains showed that they are responsible for
around one-third of human-induced N emissions (65 Tg N y−1) of which 63% take place in 2
regions (i.e. South Asia and East and Southeast Asia), and 61% at the feed production stage.
We found a wide range of values for N use indicators, which indicates that good practices are
available and already implemented in parts of the value chains. These findings imply that
there is both urgent need to reduce these emissions and the opportunity to design targeted
mitigation interventions. The design and implementation of interventions should consider
potential trade-offs and synergies with other sustainability dimensions, such as climate change,
resource scarcity, trade balance, risk management, public health and food security. Our study
suggests that N challenges are global and cannot be tackled without considering the contribution
of global livestock supply chains, thus requiring a global convention with a strong representation
of stakeholders in the livestock sector.
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Chapter 1

General introdution



2 Introduction

1.1 Background

The global livestock sector has contributed, since the origin of agriculture, to livelihoods of
millions of rural people and has recently been growing in response to the increasing demand for
animal-source food (ASF) (FAO, 2011; Herrero and Thornton, 2013). Since 1961, ruminant meat
production has increased two-fold, pork, chicken and egg production have increased four-fold,
whereas milk production has increased by an impressive twelve-fold (see Figure 1.1, FAOSTAT
(2018)). There are, however, large heterogeneities across regions. In Asia, for instance, cattle
meat production has increased eight-fold, whereas growth in Africa has been relatively slow at
three-fold. For milk production, the European Union remains the largest producer globally, but
its production has been refrained by milk quota between 1984 and 2015 (European Commission,
2015), whereas, milk production has been multiplied by nine in Asia and by four in Africa
(FAOSTAT, 2018).
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Figure 1.1: Global supply of animal-sourced food from 1961 to 2013 (based on FAOSTAT (2018))

While the speedy growth of the livestock sector has satisfied the growing demand for ASF, the
sector has developed a gargantuan appetite for natural resources. Livestock use about 15%
of terrestrial land for grazing, while about 40% of the global arable land is used to cultivate
livestock feed (Mottet et al., 2017). Livestock consume about 100 Tg nitrogen (N) and 15
Tg phosphorus (P) in the form of grass and feed-crops, of which more than 80% is excreted
in manure (Sutton et al., 2013a), leading to N and P emissions into the environment. These
losses contribute significantly to environmental issues, such as climate change, eutrophication,
acidification, and consequential biodiversity loss (see Box 1.1 and Figure 1.2). The livestock
sector contributes about 14.5% of the global anthropogenic emissions of greenhouse gas (GHG)
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(Gerber et al., 2013). The contribution of the livestock to global N and P losses, which, overall,
have transgressed the planetary boundaries (de Vries et al., 2013; Steffen et al., 2015), hasn’t yet
been quantified. A recent study found that food production, including livestock, contributed 32%
to global terrestrial acidification and 78% to global eutrophication (Poore and Nemecek, 2018).
Regional studies have quantified the contribution of livestock to N and P losses in European
Union and estimated that the livestock sector is responsible for around 80% of total N emissions
to air (NH3 and NOx) and 73% of total N and P losses to ground and surface water from the
agricultural sector (Leip et al., 2015). Feed production contributes mostly and accounts for 49%
of NH3 emissions and all N and P losses to water bodies.
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Figure 1.2: A simplified overview of nitrogen (N) and phosphorus (P) flows in livestock supply chains,

highlighting anthropogenic sources, the cascade of reactive N forms and associated environmental

impacts, adapted from Sutton et al. (2013a).

Given the increasing awareness of society regarding livestock’s contribution to environmental
issues, a main challenge for stakeholders in the sector is to produce ASF with lower environmental
costs. With the rapid growth and transformation of the sector, there is a need to understand
where N and P losses in the livestock supply chains occur and which frameworks are most suited
to assess them. To address this, I first highlight the changes that have occurred in livestock
systems and how these changes have impacted nutrient flows and losses.
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Box 1.1 Description of the environmental impacts associated with N and P use and losses

• Air quality and human health

Emissions of ammonia (NH3) and nitrogen oxide (NOx) from livestock systems con-
tribute to the formation of particulate matter (PM). Moldanova et al. (2011) sug-
gest that PM is the most significant cause of health issues related to air pollution.
Globally, air pollution is estimated to cause 9% of lung cancer deaths, 5% of car-
diopulmonary fatalities and about 1% of respiratory infection deaths. Outdoor air
pollution contributes to 5% of all cardiopulmonary deaths worldwide. NOx emis-
sions also contribute to photochemical smog, leading to high levels of tropospheric
ozone (O3). NOx is a mixture of nitric oxide (NO) and nitrogen dioxide (NO2).
The latter is a toxic gas that has adverse health effects due to oxidative stress such
as the formation of radicals that are destructive to cell tissues. In areas with high
concentrations of animals, emissions of NH3 and NOx into the lower atmosphere are
abundant and can have implications on human health (Erisman et al., 2007; 2011).

• Climate change

Emissions of nitrous oxide (N2O) from livestock systems contribute to climate change
at global level (Galloway et al., 2003). N2O has one of the longest atmosphere life-
times lasting for up to 150 years. It has a global warming potential 265 times greater
than carbon dioxide (CO2) without considering carbon cycle feedbacks (Myhre et al.,
2013). Climate change is the environmental issue that currently receives most global
attention, reinforced since the Paris Climate Agreement (UN, 2018), aiming to limit
the global temperature increase below 2 °C and attempting to limit this to 1.5 °C
above pre-industrial levels. This agreement requires each country to commit to
GHG reduction targets through Nationally Determined Contributions (NDCs) to
the United Nations Framework Convention on Climate Change (UNFCCC). The
livestock sector is considered in mitigation strategies by 55 countries, through the
improvement of manure management, reduction of enteric fermentation, improve-
ment forage quality in grazing and silvopastoral systems or use of biogas digesters
(Wilkes et al., 2017).

• Aquatic and terrestrial eutrophication

Eutrophication of freshwater ecosystems occurs through the direct inflow of nitrates,
organic and particulate N and P via runoff and leaching, and atmospheric deposition
(Payen and Ledgard, 2017). Nutrients losses in freshwater or atmospheric deposi-
tion can reach the marine ecosystems, causing marine eutrophication (Strokal et al.,
2014). Eutrophication is characterised by toxic algal blooms or planktonic growth
leading to excessive oxygen depletion in benthic water (Cosme et al., 2017). This
hypoxic environment can cause several damages to exposed species, such as fish kills
and other loss of biodiversity (CML, 2003). It also can have a negative impact on
water usages for drinking or recreation (Schulte et al., 2006). Leaching of nutrients
from synthetic fertilizer and manure into rivers, for instance, are the primary sources
of eutrophication in the Yellow and South Chinese seas (Strokal et al., 2014). Eu-
trophication of terrestrial ecosystems occurs via the atmospheric deposition of NH3
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causing biodiversity loss through the reduction of plant species richness (Stevens
et al., 2004).

• Aquatic and terrestrial acidification

Livestock systems release large quantities of NH3 that are transported in the at-
mosphere and are deposited to other ecosystems (Costanza et al., 2008). Besides
the aquatic uptake of CO2, N deposition plays a role in coastal waters because half
of NH3 emissions from agriculture is deposited in oceans. The aquatic acidification
reduces ocean alkalinity and threatens the aquatic ecosystems such as coral reefs and
coastal benthic and planktonic foodwebs (Doney et al., 2007). The terrestrial acidi-
fication occurs when ammonium ions increase levels of the acidity of the rainwater
causing damages to the soils or natural ecosystems such as a forest. The terrestrial
acidification occurs when NH4

+ is formed from NH3 in the air, and is subsequently
deposited on the soils through rainwater. Bacteria subsequently nitrify NH4

+ into
nitrate, and during this process, H+ is formed. This H+ can be buffered by the soil,
depending on the availability of base cations (Ca2

+, Mg2
+, K+ and Na+). Once

these cations are exhausted, Al3+ and Fe3
+ are mobilised from soils. High Al and

Fe concentrations are toxic to soil biota and are characteristic of acidified soil (Lu
et al., 2014).

1.2 Structural changes in the livestock sector and their impacts

on nutrient cycles

Traditionally, livestock systems are local, small-scale and based on family farms, where they
produce ASF from locally available feed resources, and for local markets (FAO, 2011). N and
P management has been at the centre of these systems, connecting feed and animal production
stages in one location. Nutrients recycling and balances are the critical elements to N and
P management and soil fertility. At present, nutrient cycles are often disrupted, because of
decoupling of crop and animal production, massive use of artificial fertilizer and leakage of
valuable nutrients. For example, massive nutrient losses occur in countries where subsidies on
synthetic fertilizer have resulted in high application rates per unit of land, such as in China and
India (Sutton et al., 2013a). In other regions, such as in Sub-Saharan Africa, the fertilisation of
feed crops and pastures has found to be lower than plant nutrient requirements, which leads to
nutrient depletion and soil degradation (Lassaletta et al., 2014; Reis et al., 2016).

Significant structural changes, driven by economic and institutional trends are transforming
the nature of livestock systems in many parts of the world, away from small-scale mixed crop-
livestock systems. Globalisation and liberalisation of trade have boosted international transfers
of capital, labour, commodities and technologies. The resulting internationalisation of markets,
combined with a growing demand for ASF, has led to a shift from a predominantly supply
driven activity providing local needs, to global and demand-driven activity (De Haan et al.,
2010; Freeman et al., 2006). Economies of scale in production and processing combined with
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standards and regulations related to market access have resulted in the emergence of larger
commercial farms. Producers have taken advantages of better and cheaper transport facilities
and cold chains, in some countries, to relocate production activity where costs are low and rely on
transport to connect to upstream and downstream markets (De Haan et al., 2010; Gerber et al.,
2010; MacDonald and McBride, 2009). These developments have resulted in more extended,
and frequently transcontinental supply chains in which feed and animal production stages are
disconnected with implications on global nutrient flows and losses. These implications are related
to the change from circular systems, where most of the nutrients in residues are reused, to linear
systems, where excessive nutrients from feed and animal production stages are lost into the
environment.

These developments have also resulted in a geographical concentration of livestock farms leading
to the concentration of large quantities of manure that exceed the absorptive capacities of the
available agricultural land and environment (MacDonald and McBride, 2009; Strokal et al., 2014).
The transport of manure to agricultural land in many regions is limited by the increasing cost
of transport and spreading (Fealy and Schröder, 2008; Hendriks et al., 2016). This situation
results in the excessive application rate of manure (Costanza et al., 2008) or manure dumping
into surface water (Bai et al., 2016; Gerber and Menzi, 2006; Schaffner et al., 2009; Strokal
et al., 2014), contributing to water pollution and eutrophication. For instance, Bai et al. (2014)
reported that 45% to 70% of manure excreted by pig production in China is discharged into the
environment. Moreover, the concentration of animals in limited areas exacerbates air and water
pollution, harming human health and biodiversity (Sutton et al., 2013a).

Consequently, feed production has expanded rapidly, mainly in Latin America and North Amer-
ica, taking advantage of land availability, low-cost synthetic fertilizer, mechanisation, and energy
(De Haan et al., 2010; Gibbs et al., 2015; de Oliveira and Schneider, 2016). The intensive use
of synthetic fertilizer and associated nutrient losses has exacerbated large-scale environmental
impacts, such as eutrophication of rivers and oceans (Hamilton et al., 2018). These trends are
well illustrated by Galloway et al. (2007), who estimated that the Japanese pork consumption
is associated with 220 Gg N losses, taking place in feed exporting countries and 70 Gg N, which
are released directly in Japan’s environment due to the domestic pig production. Nutrient losses
in exporting countries are often ignored in nutrient balance approaches of consuming countries,
which focus on the local animal production units (Godinot et al., 2014; Mu et al., 2016). Ignoring
these losses can misguide the design of improvement pathways by policy and decision-makers.
Given that most of livestock supply chains are long and globalised, it is essential to assess nu-
trient flows and losses at a chain level by considering the current trends of the sector and going
beyond the mere assessment at one production stage.

1.3 Knowledge gaps

1.3.1 Methodological challenges

To reduce nutrient losses in livestock systems, there is a need for methods and indicators that
determine these losses or the other way around, determine the nutrient use efficiency (NUE). A
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method used is a nutrient balance approach (NB), which assesses the difference between nutrients
entering and leaving a farm, and yields NUE indicators, such as the amount of nutrients in out-
puts over nutrients in inputs. An NB is a highly relevant method to understand nutrient losses
at local, small-scale farming systems, in which plant and animal production are still connected
(Gourley et al., 2012b; Mu et al., 2016; Powell et al., 2010). An NB has been used effectively to
identify best practices in nutrient management at farm-scale and to support livestock farmers to
reduce nutrient losses into the environment (Oenema, 2006; Schröder et al., 2003). Besides the
farm level, NB approaches are also relevant at the watershed or regional level, where they pro-
vide insights about nutrient loads into the environment and support the formulation of nutrient
management policy (Schulte et al., 2010; Gerber et al., 2005; Hutchings et al., 2014).

For current livestock supply chains, which run across national and continental boundaries, how-
ever, NB approaches over-look nutrient losses associated with off-farm activities, such as the
production of feed (Godinot et al., 2014; Mu et al., 2016). To confront with this issue, some
studies have attempted to improve NB by not only considering the local inflows and outflows,
but also import and export nutrients flows, e.g. Erisman et al. (2018), or by including upstream
nutrient losses, e.g. Godinot et al. (2014). These approaches, however, focused on country
and system level and did not consider the entire supply chain to identify hotspots of nutrient
losses.

Other researchers have used life cycle assessments (LCA), a process-based approach at chain
level, to report environmental impacts (possibly taking place in various locations) per unit of
ASF (De Vries and De Boer, 2010; Leip et al., 2013). LCA is a holistic and standardised ap-
proach that focusses on potential environmental impacts, such as eutrophication or acidification,
related to production, usage and end-of-life (ISO 14040, 2006). The LCA framework, however,
involves several modelling choices, leading to differences in results (Curran, 2014). When it
comes to impact assessment methods, the differences in results are more significant due to a
lack of scientific consensus. It is also not confident that an LCA is needed to inform policy and
decision-making since any continuous loss of nutrient is likely to cause an environment and re-
source management issue. In this case, nutrient use indicators computed at a supply chain level
can provide insights into the location of hotspots of nutrient losses as an entry-point for nutrient
management interventions. To assess the nutrient losses and NUE, few studies have developed
a chain level approach, from farm to regional or country (Suh and Yee, 2011; Wu et al., 2014a).
These studies have given insights into NUE for food systems, but their scopes have been limited
to the regional level (Suh and Yee, 2011; Wu et al., 2014a) and they did not consider the effect of
nutrient recycling and stock changes on NUE (Sutton et al., 2013a). These studies also did not
identify hotspots of nutrient loss, which is required to support targeted nutrient improvement
pathways towards sustainable nutrient use.

Considering the geographical nature of global livestock supply chains, a framework to assess
nutrient flows and losses at chain level is lacking. Such a framework would help to quantify
best practices at various stages of the supply chain. This thesis focusses on the development and
application of such an assessment framework. The results will support policy and decision-making
with evidence to reduce environmental impacts across global livestock supply chains.
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1.3.2 Data gaps

To quantify nutrient flows and losses along global livestock supply chains, not only an indica-
tor framework is needed, but also high-quality data. Global datasets on livestock production,
however, are scarce, often outdated or do not reflect the spatial and temporal variability of the
production systems (Henderson et al., 2017). Given the limited availability of good-quality data,
regional averages, default parameters and expert knowledge are often used to quantify nutrient
flows at the global level (Billen et al., 2014; Sutton et al., 2013a), despite high uncertainty and
potential biases associated with them (Oenema et al., 2015). The results of the analysis per-
formed with such datasets are informative at a global scale, but they are hardly used at a country
level to inform evidence-based policy and decision-making, limiting their relevancy where most
policy decisions are made. To make these results relevant at a local level, all input parameters
can be addressed with high-quality data, but this process is onerous and expensive. An alter-
native approach is to understand which input parameters contribute mostly to the variance of
the results and address them with high-quality data while assessing nutrient flows and losses. A
comprehensive method to identify and improve the quality and completeness of environmental
indicators computed from global datasets, nevertheless, is lacking.

1.3.3 Livestock’s contribution to the disruption of global N cycles

The indicator mentioned above framework and data can be used to assess the contribution of
the livestock sector to the disruption of global N cycles, which is lacking. At the regional level,
Leip et al. (2015) have provided insights into the contribution of the livestock sector to different
forms of N losses in the European Union. These insights are essential to shape a sustainable
development of the livestock sector and inform policy-makers with evidence for better mitigation
strategies. Such a contribution can provide a detailed analysis of the magnitude, sources and
pathways of N to stimulate international efforts to design improvement pathways and inform
policy dialogue. It can help to understand how the livestock contribute to the transgression of
the planetary boundary for biochemical flows of N (Steffen et al., 2015) and support evidence-
based decisions to shape the future of livestock sector. It can also feed into existing international
initiatives aiming to improve N management such as International Nitrogen Management Systems
(http://www.inms.international/).

1.3.4 Potential of new circular livestock supply chains

To understand the effectiveness of the improvement pathways proposed above, it is essential to
test novel ways of re-using locally available resources at a global scale, especially for globalised
livestock supply chains, where feed and animal production stages are increasingly disconnected.
Among those, feeding food waste and losses to livestock has been shown to result in positive effects
such as the reduction on reliance on human edible feed, reduction of land-use (zu Ermgassen
et al., 2016; van Zanten et al., 2018), reduction of GHG emissions (Papargyropoulou et al.,
2014), and reduction of waste streams (Makkar, 2017; Papargyropoulou et al., 2014). Feeding
food wastes is a common practice in smallholder’ systems, but is seldom done in industrial pigs,
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except in South Korea and Japan (zu Ermgassen et al., 2016). This intervention is part of the
broader circular bio-economy context, defines as: “economic system that replaces the ‘end-of-life’
concept with reducing, reusing, recycling and recovering materials in production/distribution and
consumption processes” (Kirchherr et al., 2017). An overview of the effects of large-scale feeding
of food wastes to global pigs would have on NUEN and N losses, is lacking. Such an analysis
would foster discussion amongst livestock stakeholders and farmers at international level on the
acceptability of the use of food wastes and losses as animal feed.

1.4 The aim of this thesis

The objectives of the thesis, therefore, are to:

• develop a framework of indicators to assess nutrient flows and emissions along global live-
stock supply chains, while identifying data, which can be improved to enhance the accuracy
of the final results;

• assess the impacts of the global livestock supply chains on the nitrogen cycle, while explor-
ing the improvement options.

Chapter 2
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Figure 1.3: Overview of the chapters and structure of the thesis.
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1.5 Outline of the thesis

The thesis is divided into three parts: definition of nutrient use efficiency at supply chain level;
development of methodological frameworks and; global assessment of nitrogen use in livestock
supply chains. The overview of the chapters and structure of this thesis are shown in Figure
1.3.

Chapter 2 defines NUE from a life cycle perspective as a valuable indicator of sustainable nitro-
gen and phosphorus management. It also provides a comparative overview of existing frameworks
for the assessment of nitrogen and phosphorus use in livestock supply chains.

Chapter 3 proposes a framework to support the monitoring of options to improve the sus-
tainability of nitrogen and phosphorus use in global livestock supply chains. The framework
integrates three nutrient use indicators that describe complementarily aspects of nitrogen and
phosphorus management. The framework is tested for the case of mixed dairy supply chains in
Europe.

Chapter 4 provides an innovative method to improve global datasets for the computation of
local-level environmental indicators. The method relies on the global sensitivity analysis of the
model output. Input parameters that can be derived from global datasets are distinguished from
those that require local data collection. The method is tested for two case studies: mixed dairy
supply chains in The Netherlands and Rwanda.

Chapter 5 assesses N flows and N use indicators for global pork supply chains: backyard,
intermediate and industrial. Given the importance of industrial system in global pork supply
and its potential to absorb a part of food losses and wastes (swill), the chapter explores potential
improvement from swill feeding as an option to increase NUE and reduce nitrogen losses. The
chapter provides a comprehensive assessment of the magnitude of N flows and N use indicators.
The results are aggregated at a global, regional and system level.

Chapter 6 assesses the impacts of global livestock supply chains on nitrogen flows. The chapter
provides a detailed analysis of the magnitude, sources and pathways of N by species and pro-
duction systems and proposes macro-level mitigation options to stimulate policy dialogue for the
improvement of the global sustainability of N management.
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Pierre J. Gerber1,2, Aimable Uwizeye1,2, Rogier P.O. Schulte3, Carolyn I. Opio1 and Imke J.M.
de Boer2

1Animal Production and Health Division, Food and Agriculture Organization of the United
Nations, Viale delle Terme di Caracalla, 00153 Rome, Italy
2Animal Production Systems group, Wageningen University, PO Box 338, Wageningen, The
Netherlands
3Teagasc Johnstown Castle, Wexford, Ireland

Current Opinion in Environmental Sustainability, 9, 122-130
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Abstract

Livestock have a large impact on nutrient cycles, with repercussions on environmental and public
health issues. Designing interventions for better environmental sustainability will require indi-
cators adapted to the increasingly long and complex supply chains. Nutrient use efficiency is a
well know approach to benchmark nutrient management at the animal level, and to some ex-
tent at the farm level. Integrating the life cycle approach into NUE allows for the computation
of supply chain level NUE, which is proposed as a valuable indicator of nutrient management
sustainability. It characterizes the use of finite nutrient and energy resources and the losses
of nutrients per unit of product, likely to have impacts on the environment and public health.
Further research is required to harmonize life-cycle-NUE and test its validity as an indicator of
nutrient management sustainability.
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2.1 Introduction

2.1.1 The internationalization of livestock supply chains

The management of nutrient flows is central to agriculture and food supply chains. It has
driven the development of agricultural practices since their origins: flood control, crop rotation,
manure recycling and crop residues management are examples of techniques aimed at, inter
alia, harnessing nutrients and maintaining them in agricultural systems. Animals have always
played an important role in agricultural nutrient cycles, whether we think about their capacity to
“harvest” nutrients in natural rangelands, or about intensive systems were they are fed nutrient
dense rations specifically cropped for this purpose.

The manipulation of nutrient cycles and amplification of nutrient flows have dramatically in-
creased since the industrialization of agriculture, with a positive effect on the volume and sta-
bility of food production, but also with associated risks of detrimental effects on ecosystems
and public health (Steinfeld et al., 2006). Several studies have highlighted these environmental
impacts and developed analytical frameworks for their assessment (see for example Bouwman
et al. (2013); Godinot et al. (2014); Halberg et al. (2005a); Schröder et al. (2004)).

At the same time, livestock supply chains are increasingly internationalized, spanning across
borders and continents. Fertilizers and feed have been internationally traded in large quantities
over the past decades, but livestock products, too, are increasingly exchanged on global markets:
today, it is estimated that 16% of poultry meat, 12% of pig meat and 15% of beef are traded on
international markets, compared to a 35% of soybean cakes, 28% of nitrogen (N) fertilizers and
31% of phosphorus (P) fertilizers (FAO statistics (FAOSTAT, 2018)). These figures indicate that
livestock supply chains are increasingly global, diverting from a pre-industrial situation where
domestic animals essentially converted locally available feed resources (nutrient) into products
for local consumption.

The management of nutrient use in livestock supply chains, therefore, needs to take these recent
trends into consideration. New indicators and approaches are required that are applicable to
longer and more complex supply chains and can assist in improving the performance of the entire
livestock systems, going beyond the mere assessment of performance at animal or production unit
level.

2.1.2 Management of natural resources along the supply chain

In this context, the management of natural resources, and nutrient flows in particular is increas-
ingly focusing on the concept of efficiencies along the supply chain. Used in different fields,
efficiency is a measurement of performance, relating the result of a process to the mix of inputs
mobilized for its delivery. The concept has gained growing importance in the sustainability de-
bate, playing a pivotal role in addressing the basic conflict between continuous growth in the
consumption of material goods and the finite natural resources of the planet. It is of particularly
high relevance to the agricultural sector, which needs to deliver on the dual objective of food se-
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curity (output growth) and environmental sustainability (reduced natural resource mobilization)
(Gerber et al., 2013; Rai et al., 2011; Sutton et al., 2013a).

Natural resource use efficiency, defined as the amount of natural resources engaged per unit of
product is of particular relevance to livestock supply chains, which are typically longer than crop
supply chains; involve more biophysical processes and often include the recycling and reuse of
by-products from other sectors. The livestock sector is a major user of natural resources, such
as land and water, using about 35% of total land and representing about 8% of total water
withdrawals, mostly for feed production (Steinfeld et al., 2006).

Improving natural resource use efficiency is an objective of global relevance. It applies to the
most affluent areas of the globe, where the sector is requested to minimize its environmental
impact (Schröder et al., 2011), and to emerging economies, where livestock production expands
rapidly in a context of relatively weak environmental policies and often wastes natural resources
(FAO, 2009). It is equally relevant to the poorest regions of the world, but from an opposite
perspective: here, there is a need for maximizing production out of limited resources (Brouwer
and Powell, 1998).

2.1.3 The need for harmonized metrics of resource use efficiency

As a consequence, improved efficiency is increasingly proposed as the panacea to environmental
sustainability, possibly overlooking some of its limitations. At times the term is misused and
confused with a range of other metrics, in the plethora of indicators that have been developed
to assess nutrient use in agriculture. Furthermore, the quantification of efficiency can pose chal-
lenges in the context of data availability and comparability, given the sparse information available
in some regions and production systems and discrepancies in the data collection procedures. In
addition, the increasing role played by private sector organizations in improving the sustainability
of livestock supply chains calls for the development of metrics that can easily be communicated
to producers and thus possibly based on concept and data used for the computation of other
production management indicators.

The main objectives of this paper are thus (i) to clarify concepts and definitions regarding nutrient
use in livestock systems, (ii) to review recent work on Nutrient Use Efficiency (NUE) and (iii) to
discuss the relevance, comparative advantages and development opportunities of NUE indicators
in the context of sustainable livestock development. While relevant to all nutrients, the paper
focuses on nitrogen and phosphorus because of the higher environmental impacts associated
to these nutrients in animal production systems (Steinfeld et al., 2006; Godinot et al., 2014;
Bouwman et al., 2013; Halberg et al., 2005b; Schröder et al., 2004; Rai et al., 2011; Gerber et al.,
2013; Sutton et al., 2013a; Schröder et al., 2011).
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2.2 “New” versus recycled N and P resources, implications of

these differences

Galloway et al. (2003) introduced the N cascade as a global pattern of reactive N 1 (Nr) circulation
in Earth’s atmosphere, hydrosphere and biosphere. The authors describe how each new atom of
Nr flows through the cascade, impacting ecosystems and human health along the way, involving
processes such as tropospheric ozone and aerosol formation, deposition on natural habitats,
acidification, eutrophication and climate change.

According to Sutton et al. (2013a), three major human activities involve the transformation of
N2 into new Nr entering the cascade: synthetic N fertilizer production based on the Haber-
Bosh reaction (120 Tg N year−1), cultivation of legumes and other crops capable of converting
N2 into Nr through biological N fixation (60 Tg N year−1) and fossil fuel combustion which
converts atmospheric N2 and fossil N into Nr (40 Tg N year−1). Livestock supply chains play
an important role in each of these processes: they are estimated to consume about 47.9 Tg of
N-fertilizer and 14.3 Tg of N from legumes (Gerber et al., 2013), and while no figure is available
for fuel consumption by livestock, the food sector in general is estimated to account for about
30% of the energy consumption worldwide (FAO, 2011a).

The cascade of impact is limited by the capacity of certain systems to accumulate Nr, e.g. forests
and unmanaged grasslands storing Nr in soil and biomass, or to host denitrification processes
that convert Nr back into N2, e.g. wetlands, streams and marine coastal regions (Galloway
et al., 2003). Despite remaining uncertainties regarding N flows in agro ecosystems (Oenema
et al., 2008; Smil, 1999), the low to moderate potential of agricultural systems to act as Nr sink
and to produce N2 indicates that any Nr that does not exit the agricultural system in the form
of agricultural products is highly likely to enter the Nr cascade (Galloway et al., 2003).

Furthermore, the high energy requirement of the Haber-Bosh reaction makes Nr generated
through this process economically costly and is associated with the environmental impacts of
energy production and consumption. It is estimated that industrial N fixation uses about 2% of
world energy supply (Sutton et al., 2013a), mostly in the form of natural gas (Steinfeld et al.,
2006).

At aggregate level, the efficiency with which new Nr is used in agricultural systems, and livestock
supply chains in particular, is thus a pertinent indicator of the potential environmental impact.
First, because at aggregated level, only new Nr can be considered to be brought into the system
(Figure 2.1). Second, because any inefficiency will generally result in additional N entering
the Nr cascade and in fossil fuel use inefficiency, both associated with negative environmental
effects.

A similar observation can be drawn for P, although with partially different considerations. In
this case, it is mostly the finite nature of P resources that drives the need for efficient use. Rock
P reserves are indeed estimated at 71,000 Tg P2O5, and given current levels of extraction and

1Refers to all forms of N, except for di-nitrogen gas. The metabolism of most organisms cannot use N2 and

thus entirely depend on Nr.
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technology, it is projected that these resources will be exhausted at some point in the medium-
term future, albeit that projections vary widely from 50-100 years (Cordell et al., 2009) to 370
years (Sutton et al., 2013a). NUE thus appears as the key strategy to extend this period until
either new resources or extraction techniques are discovered or systems that tend to fully recycle
P are developed. The fact that rock P reserves are also concentrated in few countries accentuates
this issue by posing the problem of global access to P resources: almost 90% of P2O5 reserves
are concentrated in only five countries (Sutton et al., 2013a). The migration of P losses from
agricultural sources into the ecosystem also causes environmental and public health concerns,
although P is less mobile than N and, contrary to N, accumulates in agricultural soils (Schulte
et al., 2010; Schulte and Herlihy, 2007).

2.3 Frameworks for the assessment of nutrient use in livestock

systems

Several frameworks have been developed for the assessment of nutrient use in livestock system,
tailored to the objectives and scope of the analyses. We can broadly classify them into four
categories: nutrient balance (NB), NUE, material flow analysis (MFA), and life cycle assessment
(LCA).

2.3.1 Nutrient balance

NB (or nutrient budget) is computed as the difference between aggregated inputs and outputs
of a production process, usually expressed in kg nutrients (Nut) year−1. This simple approach
is being widely used as an indicator to raise awareness and advise farmers and policy makers on
issues related to fertiliser use, manure management and water quality protection (Bassanino et al.,
2007; Halberg et al., 2005b; Öborn et al., 2003; Oenema, 2006; Ondersteijn et al., 2002).

NB can be computed at a range of levels in the food supply chain, from unit processes (Aillery
et al., 2006; Arriaga et al., 2009; Gourley et al., 2012a), to farms (Godinot et al., 2014), or entire
food supply chains (Bouwman et al., 2013; Sutton et al., 2013a) cf. Figure 2.1. NB can also be
computed for spatial units integrating several agricultural activities (Gerber et al., 2005).

The relative data parsimony of NB is an advantage of the approach, although aggregated data on
regional or system level can be sparse and lead to important uncertainties and biases. Limitations
of NB are related to the simplicity of the approach: only inputs and outputs of the analysed
production process are quantified, the difference being an estimate of surplus or deficit that
aggregates losses, mining and stock changes in a unique figure. This may result in a black-box
effect, especially when the analysis is carried out at aggregated level and sub-systems are not
analyzed separately. The spatial resolution at which the analysis is carried out also matter: the
redistribution of P and N is likely to be heterogeneous, so while N and P balances may be fine at
the farm level, within farm (i.e., field or sub-field scale) surpluses and deficits may occur.

Furthermore, although a surplus can generally be interpreted as an indicator of environmen-
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tal pressure, no information is provided on the nature or the likelihood of the environmental
impact.

Different metrics have been used to express the NB in an intensity form, either relating surplus
or deficit to a surface area, e.g.: kg Nut ha−1 year−1 (Halberg et al., 2005b) or to units of output,
e.g. kg Nut year−1 kg−1 output (Leach et al., 2012).

2.3.2 Nutrient use efficiency

Drawing on the same data as NB, NUE is a dimensionless indicator computed as the ratio
between the aggregated amount of nutrients in the outputs and in the inputs. As NB, NUE
can be computed for different systems, e.g. a field with crop cultivation, a herd, or an entire
chain, supporting decision making at various levels (Figure 2.1). Similar to the NB approach,
NUE does not provide direct information on environmental impacts. However, performed at an
aggregated level encompassing all processes in the supply chain, NUE interestingly informs on
the efficiency with which new nutrients are used. Knowledge of the overall efficiency of a chain
is however insufficient to identify and guide decision making at the process level.

Several shortcomings of NUE are described by Godinot et al. (2014) who provide technical ad-
justments, including the extension of system boundaries to account for the life cycle of products,
the clarified definition of end products, and the computation of net flows and changes in stock.
These developments allow for a greater comparability of results and prevent bias related to
“purchase-release” effect (NUE is altered if the same value is added to input and output) and
to unaccounted stock changes, e.g. in soil organic matter. Despite these refinements, some of
the more intrinsic limitations of NUE remain, including the fact that it does not provide in-
formation on overall pressure nor on the environmental impacts and that, when calculated at
supply chain level, it does not inform on the distribution of inefficiencies in the chain, or on their
location.

In animal production, NUE has been evaluated at animal level (Powell et al., 2010), farm level
(Nevens et al., 2006; Powell et al., 2010; Gourley et al., 2012a) or food system level e.g. (Suh
and Yee, 2011), cf. following section.

Derivatives of NUE include the crop recovery efficiency, which calculates the nutrients in har-
vested products as a proportion of nutrient fertilization (Conant et al., 2013); or the partial
factor productivity of applied nutrients, which accounts for quantity of harvested crop product
per quantity of nutrient applied (Kg output kg−1 Nut).

2.3.3 Material flow analysis

MFA, or substance flow analysis, is used to map and quantify flows of selected elements through
production systems (Brunner and Ma, 2009; Hashimoto and Moriguchi, 2004; Liu et al., 2008;
Senthilkumar et al., 2012). This approach has been used in agriculture to assess nutrient fluxes,
accumulation of hazardous substances (heavy metals) and sources of environmental pressure.
MFA is built on input-output models applied to each unit-process along the supply chain, and
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Figure 2.1: Main flows of nutrients and levels for the analysis of nutrient use in livestock systems.

connected to each other (Cooper and Carliell-Marquet, 2013). Several studies applied MFA to
map P flows throughout regional (Cooper and Carliell-Marquet, 2013; Senthilkumar et al., 2012;
Suh and Yee, 2011; Wu et al., 2014a) or global food production systems (Cordell et al., 2009;
Liu et al., 2008).

Starting with one input or chemical element in inputs, e.g. Nr from biological N fixation, MFA
maps and quantifies the flow of this element throughout the entire system or through a defined
sub-system. MFA informs on the forms of losses (pressure) but not on their impacts on the
environment, e.g. on Nr migration to surface water (eutrophication) but not on the impact this
may have on biodiversity.

Results from MFA can be used to compute several indicators. For example, Suh and Yee (2011)
compute NUE at different stages and levels of food supply, based on an MFA of the US food
system.

Whereas MFA is an effective approach to better understand hotspots of nutrient losses and to
develop mitigation strategies (Cordell et al., 2009), it requires large amounts of high-resolution
data, which is often not available on a regional to global scale.
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2.3.4 Life cycle assessment

LCA takes a reverse perspective to MFA, taking a unit of product as reference and looking at
all upstream (and downstream) activities and related environmental impacts. It is a holistic
accounting approach that captures environmental pressure related to the production, usage and
disposal (life cycle) of a product or a service (Guinée et al., 2002). Characterization factors are
used to estimate the related environmental impacts, reported to a unit of product (Impact kg−1

output). Originally developed for industrial processes, LCA has been extended to agricultural
studies. A growing number of studies have used LCA to assess the environmental impacts
associated with livestock commodities. While the reference unit is always a unit of product,
LCA assessment can be computed at different levels of aggregation, from a single supplier to
a production system or entire region (Cederberg and Mattsson, 2000; De Boer, 2003; De Vries
and De Boer, 2010; MacLeod et al., 2013; Opio et al., 2013). Most of the recent studies focus
on climate change, land use, fossil energy use, eutrophication and acidification (De Vries and
De Boer, 2010; Xue and Landis, 2010).

Relying on consolidated procedures and international standards (ISO 14040, 2006), LCA is com-
monly accepted as a valuable environmental management tool for decision-makers (Curran, 2013).
As MFA, LCA is however a data intensive approach, which can represent a considerable con-
straint to its use, especially at high levels of aggregation.

2.4 Nutrient Use Efficiency: relative advantage and applica-

tions

NUE demonstrates a number of relative advantages compared to the other approaches reviewed.
NUE and NB are basically two different expressions of the same information. Compared to
NB, NUE however has the advantage of expressing the potential impact in an intensity form
(per unit of product), and therefore cancelling the effect of the size of the activity (cf. Table
2.1). Although NUE does not provide direct information about the environmental impacts of
agriculture, at aggregated level, it informs on the performance with which new N and P are
used. This provides a critical insight into potential environmental and resource issues related to
nutrient use in livestock production.

NUE can be calculated at different scales, embracing one, several or all of the supply chain
involved in the supply chain and thus supporting performance improvement at various levels.
Computing supply chain NUE as the multiplication of NUE in each process or group of processes
avoids the “black box” effect but is obviously much more data-intensive.

NUE can be coupled with other indicators. NB is a natural complement, using the same infor-
mation but providing an overall estimate of losses and stock change. Losses and stock changes
however do not have the same environmental implications and should thus be possibly differ-
entiated in the computation (Godinot et al., 2014). This is especially the case for P, which
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Table 2.1: Overview of main approaches used to assess nutrient use in livestock supply chains

Approach Definition Scale Environmental

impacts

Data require-

ments

Nutrient balance Difference between

nutrients inputs and

nutrients outputs.

From process to en-

tire supply chain.

Can be applied to

geographical area in-

cluding several pro-

cesses.

Partial information:

computes an aggre-

gated amount of sur-

plus, losses or min-

ing.

+

Nutrient use effi-

ciency

Ratio between nutri-

ents outputs and nu-

trients inputs.

From process to en-

tire supply chain.

Partial information

as NB. At Chain

level, informs on the

efficiency of nutrient

use.

+

Life Cycle Assess-

ment

Environmental im-

pact per unit of

product.

Supply chain Aggregate environ-

mental impact per

unit of output.

+++

Material Flow Anal-

ysis

Map of quantified

material flows in the

system.

System Characterizes fluxes

of environmental

pressure.

+++

has a greater potential of retention within soils than N. Furthermore, long time positive/neg-
ative balances or inefficiencies may potentially lead to accumulation/depletion of nutrients (P
in particular) in soils (Gourley et al., 2012b). Attention should therefore be paid either to the
timeframe of the analysis (a long timeframe would capture accumulation/depletion), or to the
existing soil P status in the case of short term analysis. Gourley et al. (2012b) thus argue that
while farm-level N NB and NUE can greatly assist management decision, P NB and NUE can’t,
unless they are combined with soil fertility levels and accumulation/depletion trends. They also
note the spatial and temporal heterogeneity of P NB and NUE, further complicating their use
for decision support.

The other two reviewed approaches provide more information on environmental pressure (MFA)
and impacts (LCA), with however the major drawback of being much more data-hungry. It
is also not certain whether the full mapping of flows or the quantification of environmental
impacts is actually necessary to inform decision making at the supply chain level. Since any
loss of nutrient is likely to cause negative environmental impacts and poses issues with regard to
the management of finite resources, one may argue that benchmarking supply chain level NUE
provides relevant information to guide nutrient management: any improvement of NUE is likely
to generate environmental benefits. The quantification of these benefits would however require
implementing analyses such as MFA or LCA.

2.4.1 Nutrient Use Efficiency in the literature

NUE has been used by a large number of authors to assess nutrient use in livestock systems,
at animal, farm and supply chain level. Table 2.2 provides a non-exhaustive summary of this
literature, reporting results by species and level of analysis. Only N and P were considered in
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this review, given the scarcity of references addressing other nutrients.

Many studies have assessed animal level NUE, generally computing NUE as the percentage of
nutrient in feed that is recovered in edible products. Results are therefore comparable and dif-
ferences between studies mostly related to species and management practices, e.g. feed rations,
climate, animal health, etc. Computations at this level are quite common and the results pre-
sented in table 2.2 are only a fraction of existing literature. They nevertheless tend to confirm
a pattern of decreasing efficiencies for N and P, as we move from poultry to pig, dairy cattle,
and beef cattle. Results found for all species are lower than could be expected when considering
those for single species. This may be related to bias in the geographic coverage of assessments
at specie level – predominantly addressing industrialized countries – whereas studies addressing
all species are global.

NUE assessments carried out at farm and system level encompass livestock rearing as well as
other activities on the farm, such as crop and pasture management. The comparability of these
studies is more challenging than for animal level NUE.

First, because of the many potential methodological discrepancies. An important source of incon-
sistencies is the selection of the flows that are considered in the calculation, e.g. the inclusion/ex-
clusion of manure and other non edible products in the outputs, and the inclusion/exclusion of
non-purchased nutrients in the inputs. In table 2.2, results are given separately for studies in-
cluding or excluding non edible products from the outputs. Regarding dairy and beef cattle, for
which several published research could be gathered, NUE computed including non edible product
is generally higher than NUE excluding non edible products. This is a logical result given the
NUE computation formula. Ranges of results however greatly overlap and this relation is not
observed in other species, for which limited literature is available. The lack of harmonized data
regarding the nutrient content of the various inputs and outputs, as well as differences in the
temporal scale of the analysis are further sources of discrepancy. Differences in approach are
well explained by diverse purposes and users of single analyses but represent a major issue when
producing aggregated assessments of the sector and providing guidance to producers and policy
makers (Oenema et al., 2003; Gourley et al., 2012b). In addition to these methodological issues,
Oenema et al. (2003) describe several sources of biases and errors that can occur during the
analysis and can affect results.

The second major challenge regarding comparability of results at farm level is the great diversity
of activities and processes that can be combined in a farm and that have an effect on the overall
NUE. This issue calls for a disaggregated NUE analysis or for completing the farm level NUE
analysis with other assessments of single processes.

As for animal level, farm level P NUE tends to be higher than N NUE. This trend was observed
by previous authors (Domburg et al., 2000) and is to be related to the many pathways of N
losses, in gaseous or liquid form.

No studies were found to assess NUE at supply chain level (life-cycle-NUE, cf. Figure 2.1),
including fertilizers production and post-farm gate processing.
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Table 2.2: Overview of main approaches used to assess nutrient use in livestock supply chains

Animal level NUE (%) Farm and system level NUE (%)

N P N P

Range References Range References Range References Range References

Dairy cattle
15 to 35a [1,2,3,4,5,6,7,

8,9,10]
19 to 60a [1,4,12,13] 15 to 41 c [4,8,14,15,16,

17,18,19,20,21]
31-48c [4,2,22,23]

15 to 55d [15,17,19,20,21] 56 to 74d [20,21,24]

Beef cattle
4 to 8a [4,24] 14 to 28a [4] 7 to 38c 16,25]

26-34d [15] 21-44d [4,25]

Pig
10 to 44a [4,20,21] 341 [4] 50c [4]

41-45d [26,27] 37d [4]

Poultry
25 to 62a [4,20,21,

25,28,29]
34 to 58a [4,28] 39c [29]

35 to 48d [27] 61d [29]

All species
combined

7.1 to 10.5a [30,31] 4 to 19a [30,32] 5 to 45d [11,27]
74.1b 36b

Note: when several studies are referenced, the range make reference to mean values provided in the studies; when one study only is
referenced, the range or the single value provided in the study are reported in the table.
aCalculated as the percentage of nutrient in feed that is recovered in edible products.
bCalculated as the percentage of nutrient in feed that is recovered in edible and non-edible products, including recycled manure.
cCalculated as percentage of total nutrient input (including deposition and biological fixation) recovered in edible outputs.
dCalculated as percentage of total nutrient input (including deposition and biological fixation) recovered in edible and non-edible outputs.
References: 1: Arriaga et al. (2009), 2: Gourley et al. (2012a), 3: Powell et al. (2010), 4: Domburg et al. (2000), 5: Jonker et al. (2002),
6: Nadeau et al. (2007), 7: Ryan et al. (2011), 8: Oenema et al. (2012), 9: Kohn et al. (1997), 10: Powell et al. (2013), 11: Simon et al.
(2000), 12: Bannink et al. (2010), 13: Klop et al. (2013), 14: Godinot et al. (2014), 15: Bassanino et al. (2007), 16: Oenema (2006), 17:
Nevens et al. (2006), 18: Segato et al. (2010), 19: Schröder et al. (2003), 20: Spears et al. (2003a), 21: Hristov et al. (2006), 22: Spears
et al. (2003b), 23: Plaizier et al. (2014), 24: Oenema and Tamminga (2005), 25: Watson et al. (2002), 26: Schulte and Herlihy (2007), 27:
Öborn et al. (2003), 28: Kratz et al. (2004), 29: D’Haene et al. (2007), 30: Sutton et al. (2013a), 31: Van der Hoek (1998), 32: Suh and
Yee (2011).

2.5 Conclusion

Drawing on relatively simple and generally accessible information, NUE can inform the efficiency
of animal production systems and is confirmed as a valuable indicator to guide decision making
and improve sustainability of nutrient management (Schröder et al., 2011; Sutton et al., 2013a).
Computed at supply chain level, it notably characterizes (i) the use of finite resources (rock P
and fossil fuel for Nr production), and (ii) the losses of nutrients per unit of product, likely to
have impacts on the environment and public health.

Relating nutrient use to a unit of product, NUE can be considered a production oriented indicator
that producers and the private sector can use to benchmark activities and monitor progress. This
is likely to ease its adoption into existing monitoring and reporting systems. Relying on the same
data, NB is a complementary indicator that may be used in parallel to NUE.

Recent assessments have improved NUE calculation but further methodological developments are
required to deliver effective support to decision making. These include (i) the full incorporation of
the life cycle thinking in NUE assessment and the identification of the major causes of inefficiency
along the supply chains, to better address longer and increasingly complex food systems, (ii) the
harmonization of definitions regarding system boundaries, inputs/outputs and timeframes that
can be consistently applied, to ensure comparability of results and (iii) the development of com-
mon datasets on nutrient content in feed and other nutrient sources, to overcome current data
shortage and shortcomings. Several initiatives address these needs, among which the Livestock
Environmental Assessment and Performance (LEAP) multi-stakeholder partnership (2). Initi-
ated in 2012, LEAP focuses on the development of approaches, metrics and databases to guide
environmental sustainability decisions in the livestock sector.

2http://www.fao.org/partnerships/leap/en/
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These developments could be the initial steps towards a better understanding of the variability
in NUE within systems and the related gap between production and processing units operating
at relatively high levels of efficiency and those which on the contrary are less efficient. Quan-
tifying the efficiency gap and understanding underlying drivers is key in helping the sector to
make relatively quick and cost effective sustainability gains, by generalizing the adoption of best
practices (Gerber et al., 2013). Further investigations are also required to test the hypothesis
that, at aggregated level, the efficiency with which new nutrients are used is indeed a good proxy
for environmental and public health impacts related to nutrient management.
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Abstract

The assessment of the performance of nutrient use along livestock supply chains can help to
identify targeted nutrient management interventions, with a goal to benchmark and to monitor
the improvement of production practices. It is necessary, therefore, to develop indicators that are
capable to describe all nutrient dynamics and management along the chain. This paper proposed
a comprehensive framework, based on life-cycle approach, to assess the sustainability of nitrogen
and phosphorus use. The proposed framework represents nutrient flows in typical livestock
supply chain from the “cradle-to-primary-processing-gate”, including crop/pasture production,
animal production and primary processing stage as well as the transportation of feed materials,
live-animals or animal products. In addition, three indicators, including the life-cycle nutrient
use efficiency (Life-cycle-NUE), life-cycle net nutrient balance (Life-cycle-NNB) and nutrient
hotspot index (NHI) were proposed, and tested in a case study of mixed dairy supply chains in
Europe. Proposed indicators were found to be suitable to describe different aspects of nitrogen
and phosphorus dynamics and, therefore, were all needed. Moreover, the disaggregation of
Life-cycle-NUE and Life-cycle-NNB has been investigated and the uncertainties related to the
choice of the method used to estimate changes in nutrient soil stock have been discussed. Given
these uncertainties, the choice of method to compute the proposed indicators is determined by
data availability and by the goal and scope of the exercise.
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3.1 Introduction

The management of nutrients in agricultural systems has contributed to a tremendous growth
of plant and livestock production (Galloway et al., 2003; Steinfeld et al., 2006). With the future
increase of world population, livestock production will continue to play a key role in sustaining
food production, and economic growth (Alexandratos and Bruinsma, 2012). Livestock production
has, and will continue to have, an important role in nitrogen (N) and phosphorus (P) cycles from
a global perspective (Bouwman et al., 2013) because livestock ingest more than 80% of total
harvested N and P and deliver only 20% of N and P in edible products for human consumption
(Sutton et al., 2013a).

Losses to the environment are inherent to these biochemical cycles, for example, through leaching
and runoff from fertilised soils and manure storage; through soil erosion, or through emissions
to the atmosphere, such as ammonia (see e.g. Galloway et al. (2003)). These losses potentially
threaten water, soil and air quality, but also climate, biodiversity and human health (Gerber
et al., 2013; Schulte et al., 2010; Sutton et al., 2013a). These losses also relate to the use of
fossil resources, such as fossil fuel and P rock (Cordell et al., 2009). Achieving better nutrient
management is thus an important aspect to improve environmental performance in the livestock
sector.

Improving the efficiency of N and P use has been identified as a main strategy to achieve global
food security and sustainability (Meena et al., 2015; Oenema et al., 2014; Sutton et al., 2013a).
Several studies described the quantification of nutrient use efficiency (NUE) as a relevant ap-
proach of nutrient management (Gerber et al., 2014; Sutton et al., 2013a) or as an indicator of
nutrient pressure in agro-environmental policy (Halberg et al., 2005b; Powell et al., 2010).

The assessment of NUE, however, commonly suffers from several shortfalls, as identified by Ger-
ber et al. (2014). These shortfalls relate to the fact that nutrient data are aggregated at regional
or system level which can lead to high uncertainties and biases associated with methodological
considerations related to nutrient flows considered, or modelling approaches (Godinot et al., 2014;
Oenema et al., 2003). For example, the simplistic quantification of inputs and outputs flows re-
sults in black-box effect that aggregates nutrient losses, mining and stock change in unique figure
of nutrient surplus. So far, NUE assessments have been conducted at farm, regional or global
scales considering either crop production or livestock production. However, livestock systems
are globalised, necessitating a chain analysis. Only few studies assessed NUE at chain level to
understand the overall performance of delivering animal products at regional or global level.
Exceptions include Suh and Yee (2011) and Wu et al. (2014a), but these studies focus on food
system. These studies do not identify hotspots of nutrient loss, which is required to support
more targeted nutrient management decisions and improve sustainability.

To assess the sustainability of increasingly globalised livestock systems and guide continuous
improvement, it is necessary to develop indicators that are relevant at regional scale and inte-
grate complex interactions along the supply chain (Dolman et al., 2014; Gerber et al., 2014).
The objective of this paper, therefore, is to propose a comprehensive framework to assess the
sustainability of nutrient use in global livestock supply chains to support benchmarking and
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monitoring of production practices. We propose a set of three indicators that we test in the case
study of mixed dairy systems in Europe. We discuss their relevance as well as methodological
uncertainties related to their computation.

3.2 Materials and Methods

3.2.1 Nutrient flows and system boundaries

Figure 3.1 summarises nutrient flows in a typical livestock supply chain. The system bound-
ary includes three interconnected stages: crop and pasture production, animal production, and
primary processing of livestock products as illustrated in Figure 3.1. Each stage has multiple nu-
trient inputs and outputs. These inputs and outputs might be produced in different regions and
might be transported to the farm or processing plant for their utilisation. We consider, therefore,
transport as part of the system boundary; the associated nutrient flows are thus included in the
framework. Fossil fuel consumption is also considered at other stages of production, such as field
operations and processing.

The system boundary represents the “cradle-to-primary-processing-stage” of the life-cycle of live-
stock commodities, including the cradle-to-farm gate, transportation of animals or animal prod-
ucts to the primary processing, and then through the primary processing gate. For instance, the
primary processing stage is limited to the primary milk-processing factory or animal slaughter
for meat processing. We assume that all nutrient flows occur during the same year and that the
system operates in a fixed state, with the exception of soil stock change, to avoid the allocation
between processes over years. Nutrient stocks and changes thereof take place at each stage of
production (Özbek and Leip, 2015; Suh and Yee, 2011), whereas nutrients in products include all
co-products delivered at each stage. So far, several studies don’t account for changes in nutrient
stocks, while this flow may be essential for a low input system or for P management strategy.
The description of nutrient flows accounted for is illustrated in table 3.1.

3.2.2 The proposed framework

The proposed framework includes three indicators: Life-cycle-NUE1, life-cycle net nutrient bal-
ance (Life-cycle-NNB)2 and nutrient hotspot index (NHI)3. Life-cycle-NUE is a dimensionless
indicator, which is independent of units, and it defines the efficiency upon which nutrient inputs
are recovered in end-products, and it considers nutrient mobilisation, use, change in nutrient
stocks and recycling. It is similar to “entire chain NUE” suggested by Suh and Yee (2011), which
refers to linear and multidirectional processes which takes into account three processes (crop,
animal and processing), changes in nutrient stocks and recycling (e.g. manure, crop residues),
but different from a “full-chain NUE”, which refers to the linear and unidirectional input – output
approach, which is estimated as a product of NUE of each stage of the supply chain (Sutton et al.,

1
NUEN : Nitrogen use efficiency ; NUEP : Phosphorus use efficiency

2
NNBN : Net nitrogen balance; NNBP : Net phosphorus balance

3
NHIN : Nitrogen hotspot index ; NHIP : Phosphorus hotspot index
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2013a). Life-cycle-NNB expresses the number of nutrients that is not used for either products
or the build-up of soil fertility regardless of the actual location where they occur in the chain.
In this paper, for N, NNB refers to losses to the environment, including emissions into the soil,
water and air, whereas, for P, it refers to the sum of losses and no useful stock change. The
NNB is reported per unit of land used. This indicator is different to the “nutrient footprint”,
which is computed per unit of product or per capita. The third indicator, NHI, is defined as
the relative distribution of nutrient balances in the chain. It quantifies the evenness of hotspots
of nutrient balances and thus gives information to refine nutrient management strategies. The
combination of these three indicators is proposed to concisely provide relevant and complemen-
tary information on nutrient management performance, and provides direct information on the
efficiency of nutrient use, nutrient balance per ha, and distribution of nutrient pressures along
the chain.

Furthermore, this framework adopts the life-cycle approach approach and is consistent with
biophysical relationships among supply chain stages. Each stage is characterised by inputs,
outputs and loops to different unit processes. The indicators are calculated based on a model
which operates in two steps. First, it estimates aggregated nutrient flows at the unit process,
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Table 3.1: Description on nutrient flows for livestock supply chains e.g. dairy cattle

Stage Type of flow Flow name Flow description

Crop and pasture

production

Inputs

Fuel Quantity of fuel x emissions factors

Synthetic fertilizer
Quantity of N and P applied to

crop or pasture

Manure
Quantity of manure applied or deposited

to the land x N or P content

Crop residues
Quantity of biomass in aboveground

and below ground x N or P content

Biological N fixation Quantity of N fixed by microorganisms

Atmosphere deposition Quantity of N or P deposited throughout rainfall

Outputs

Harvested crop or forage

/ grazed pasture
Quantity of DM harvested x N or P content of crop

Net nutrient balance N or P loss through volatilisation, runoff and leaching

Soil stock change (see section 2.3 )

Animal

production

Inputs

Feed
Quantity of feed component x N or

P content per feed component

Fuel Quantity of fuel x emissions factors

Feed additives Quantity of feed additives x N or P content

Outputs

Milk Quantity of milk x N or P retention in milk

Calves Number of calves x N or P retention in tissues

Culled cows Number of culled cows x N or P retention in tissues

Manure recycled/used

(Quantity of excreted manure per animal category +

litter and bedding - Quantity of manure loss

or disposed of) x N or P content

Net nutrient balance Nutrient loss via volatilisation, leaching and surface runoff

Processing

Inputs
Milk Quantity of milk to be processed x N or P content of milk

Live-animals Number of culling cows

Output

Milk Quantity of milk processed x N or P content

Carcass
Quantity of meat produced (55% of live animals)

equivalent to N or P retention in edible tissues

Other non-edible products
Quantity of non-edible products (% of live weight) x

N or P content

Net nutrient balance Loss associated with organic waste or waste water

before considering the entire chain in a calculation matrix (Suh and Yee, 2011), see A.1. Second,
it estimates the three indicators based on equations described below.

Nutrient use efficiency

Nutrient use efficiency at each production stage

NUE at each stage of the supply chain (NUEi) is estimated as a vector of processes, using the
following formulae (Eq. 3.1):

NUEi =
PRODi + SCi

PROC′

i + IMP′

i + RESi

(3.1)

where PRODi denotes the product output from each process of supply chain i, SCi denotes the
amount of stock change within each process of supply chain i, INPi denotes the internal amount
of product input to each process of supply chain i, IMPi denotes the amount of import to supply
chain i and RESi denotes the amount of “new” nutrient input to each process of supply chain
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i from either nature (e.g. biological N fixation), industrial process (e.g. synthetic fertilizer) or
other agricultural activities (e.g. recycled manure from other livestock species).

Life-cycle nutrient use efficiency

Life-cycle-NUE is expressed as one unit of nutrient in end-products, divided by the amount of
“new” nutrient mobilised in the supply chain to produce it. These amounts of “new” nutrient
mobilised RESi at each stage are estimated as follows (Eq. 3.2):

RES∗

i = RESi.(PRODi + INPi − IMPi + ŜCi)
−1

(3.2)

Life-cycle-NUE, therefore, was calculated as an inverse of the 3rd element of the matrix RES∗

i ,
which corresponded to the amount of nutrient mobilised to produce 1 kg of nutrient in end-
products at processing stage (Suh and Yee, 2011).

Net nutrient balance

The NNB is defined at each stage and supply chain levels. It is calculated as nutrient in-
put minus nutrient output and stock change. For entire supply chain, NNB is also defined as
"Life-cycle-NNB" and is calculated as follows (Eq. 3.3):

Life-cycle-NNB =

∑
NNBi.AF i

A
(3.3)

where NNBi refers to nutrient losses at stage i, AFi refers to the biophysical allocation factor
between products at stage i, and A refers to total land used at supply chain. Allocation is
required to split nutrient losses between the product(s) used in the livestock supply chain and
the product(s) exported out of the supply chain (e.g. grain). Allocation factors were calculated
based on the relative mass of a nutrient in a specific product compared to the total mass of that
nutrient in all products.

Nutrient hotspot Index

The NHI is calculated as the standard deviation of NNB divided by the average of NNB of all
stages of the supply chain. A high NHI implies the occurrence of one or major hotspots of nutrient
balance in the chain, whereas a low NHI implies that nutrient balance is evenly distributed along
the chain, and nutrient management should target each production stage. NHI is estimated as
follows (Eq. 3.4):

NHI =
σ(NNBi)

µ(NNBi)
(3.4)

where σ is the standard deviation of NNB for all stages of a supply chain, and µ is the corre-
sponding average of NNB for all stages of a supply chain.
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3.2.3 Nutrient modelling

Nutrient modelling at each stage of the supply chain requires specific methods to estimate po-
tential nutrient losses and stock change.

Crop and pasture production

Nitrogen

Nutrient modelling in crop and pasture production requires information on all nutrient flows,
including inputs, soil stock change, losses and removal in harvested biomass. However, no dataset
contains direct or full measurement of soil stock changes and losses. Existing models, therefore,
attempt to model either soil stock change or losses (or, alternatively, assume a value), and then
deduct the other variable from a mass balance. We identified three methodological approaches
to estimate soil stock change and N-losses in the literature. Method 1 (M1) assesses N losses
using a field balance and assuming that soil stock change is 0, (Eurostat, 2013). Method 2
(M2) estimates N losses following nutrient dynamics at different unit processes based on several
assumptions (Velthof et al., 2009). Method 3 (M3) assumes minimum and maximum NUE and
applies them to an empirical equation to estimate stock change (Özbek and Leip, 2015). For the
case study, M2 approach was used to illustrate the framework.
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N volatilization
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Figure 3.2: N application transfer into the soil (adapted from Velthof et al. (2009))

The approach for NNBN estimations is described in Figure 3.2. NNBN , refers to all emissions of
polluting N compounds into the soil, water and air (OECD/EUROSTAT, 2007) resulting from N
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inputs including synthetic fertilizer, manure, crop residues, biological N fixation and atmospheric
deposition. The NNBN was estimated as follows (Eq. 3.4:

NNBN = AtmN +RunoffN + LeachingN (3.5)

where AtmN refers to N emissions to the air (e.g. NH3, N2O, NOx) estimated based on IPCC
method (IPCC, 2006), whereas RunoffN refers to surface N runoff, estimated using country-
specific runoff fractions (Velthof et al., 2009) and LeachingN refers to N leaching estimated as
the fraction of N soil surplus leached to ground and surface water (Velthof et al., 2009). The N
stock change was estimated as follows (Eq. 3.6):

StockchangeN = (OrganicN + SoilSurplusN )− LeachingN (3.6)

where OrganicN refers to a part of organic N that is not mineralised and directly enters soil
stock (Dollé and Smati, 2005; Velthof et al., 2009) and SoilSurplusN refers to the sum of N soil
surplus, and LeachingN refers to N leaching. N stock change can be negative when net N input
is less than the N removal via harvested biomass.

Phosphorus

The general approach for NNBP estimation is described in Figure 3.3. To estimate NNBP ,
agricultural soils are divided into two categories: deficient/optimum fertility and excess fertility
soils, using soil P profiles of European soils for cropland and grassland (Tóth et al., 2013b). We
define deficient/optimum soils for soil P content less than 50 mg P kg−1 of soil, and excess fertility
soils at soil P content greater or equal to 50 mg P kg−1 of soil (do Carmo Horta and Torrent,
2007; Tóth et al., 2014). For deficient/optimum soils, soil P surplus is considered a sustainable
build-up (Schulte et al., 2010; Ulén et al., 2007), because it is needed to increase plants P uptake.
A sustainable build-up is defined as the amount of P required to overcome a possible P deficiency
or to maintain soil P levels (Batjes, 2011). For excess fertility soils, soil P surplus is divided into
a sustainable build-up and an unsustainable build-up. An unsustainable build-up is defined
as the undesirable accumulation of P into soils that cannot be recovered by plants unless soil
management changes over time and it may increase the risk of P leaching/runoff. Total P inputs
to labile and stable pools include synthetic fertilizer, manure, crop residues, sewage, atmospheric
deposition and weathering. The NNBP was estimated as follows (Eq. 3.7):

NNBP = (ErosionP +RunoffP ) + UnsustainableP (3.7)

where ErosionP refers to P losses via soil erosion, RunoffP refers to surface P runoff assumed at
5% of P inputs for grass and 10% of P inputs for crop (Sattari et al., 2012; Hart et al., 2004),
whereas UnsustainableP refers to a fraction of soil P accumulation which is not needed for soil
P build-up (Batjes, 2011; Jordan et al., 2005; Schulte et al., 2010), and is estimated using P
recovery fractions, which correspond to potential P retentions (Batjes, 2011).
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Figure 3.3: P application transfer into the soil (adapted from Sattari et al. (2012) and Batjes (2011))

Animal production

The calculations of nutrient flows at the animal production stage are performed to consider the
proportion of animals in each cohort, and the transfer rate of animals between cohorts. Charac-
teristics of animals include the average weight, growth rate, mortality, fertility and replacement
rate. Feed nutrient intake is divided into nutrients retained into edible and non-edible products.
Nutrient excretion is estimated by subtracting nutrient retention from the nutrient intake. The
nutrient losses related to manure management are estimated using specific emissions factors for
the volatilisation, denitrification and leaching of nutrients. Moreover, recycled manure is con-
sidered a valuable output for its fertilizer value and is therefore included in the animal output
(Gerber et al., 2013).

Processing stage

After farm gate, live animals and animal products are processed, providing edible and non-edible
products. The edible products are either sold to market or sent to further processing, whereas
the non-edible products are inputs into industrial processes (e.g. hides, tallow, renderable, and
blood). Nutrient losses may occur through losses of solids and wastewater which, if not treated,
may be considered as harmful to the environment, see Figure 3.1.
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3.2.4 Case study

System definition

To illustrate the proposed framework, we applied it to European mixed dairy systems. Mixed
dairy systems are defined as systems combining dairy farming with other associated agricultural
activities, such as crop production or other animal species husbandry, and are characterised by
an intensive exchange of products and services between these different activities (Oomen et al.,
1998; Robinson et al., 2011). At least 10% of dry matter used as the feed comes from crop
production. These systems account for around 80% of the dairy cows population and 84% of
milk in Western Europe (Gerber et al., 2013).

Data sources for the case study

Data on N inputs were compiled from Global Livestock Environmental Assessment Model
(GLEAM) database. GLEAM was developed to assess the environmental performance of live-
stock supply chains at global level for the reference year of 2005 (Gerber et al., 2013). The
GLEAM database contains detailed country-specific data on crop-specific synthetic fertilizers,
crop residues, manure applied, manure deposited to grazing areas, feed materials, feed rations,
feed intake, animal numbers, feed and animal parameters, and processing yields. However, addi-
tional data were obtained on synthetic N fertilizer (Conant et al., 2013), atmospheric N deposition
(Dentener, 2006), and biological N fixation (Herridge et al., 2008).

Data on synthetic P fertilizer were obtained from FAOSTAT (2017). P contents in manure,
crop and crop residues were estimated based on N/P ratio extracted from Bouwman et al.
(2013) and Feedpedia (2012), whereas P contents in forages and animal products were obtained
from Jongbloed (2011, personal communication), Bouwman et al. (2013) and Wu et al. (2014b).
Moreover, data were collected on atmospheric P-deposition (Mahowald et al., 2008), P-erosion
(Sattari et al., 2012), soil P profile for cropland and grassland (Tóth et al., 2013b), and soil P
recovery and retention potential (Batjes, 2011). However, data on N and P inputs for imported
crops were estimated using FAOSTAT trade matrix considering the main exporter countries to
each country. For grazing animals, the percentage of manure loss on non-agricultural areas was
assumed to be 2-5% of the total manure produced. At milk processing plant, the rate of nutrient
losses was estimated to 2.3% for N and 0.15% for P (Verheijen et al., 1996). For meat processing
at a slaughterhouse, 12% of N and P in non-edible products were assumed lost through organic
waste and wastewater (Verheijen et al., 1996). A summary of aggregated N and P data is
provided in the appendix (Table A.1). A descriptive statistical analysis and calculation model
were carried out using R software (R Core Team, 2013) to estimate N and P flows and indicators.
The correlation analysis was used to select valuable indicators, and a t-test was used to compare
average NUE and NNB values obtained for different methods.
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3.3 Results and discussion

3.3.1 Life-cycle nutrient use efficiency, life-cycle net nutrient balance, and nutrient

hotspot index

Indicators are displayed in Figure 3.4 for N and in Figure 3.5 for P. There was no correlation
across the three indicators (Life-cycle-NUEN vs. Life-cycle-NNBN : R2 = 0.01; Life-cycle-NUEN

vs. NHIN : R2 = 0.02; Life-cycle-NNBN vs. NHIN : R2 = 0.25). Life-cycle-NUEN ranged from
27% in the Republic of Serbia to 48% in Lithuania. Life-cycle-NNBN ranged from 35 kg N
ha−1 in Lithuania to 207 kg N ha−1 in the Netherlands. In addition, NHIN ranged from 86% in
Estonia to 133% in the Netherlands. High values of NHIN indicate the presence of hotspots of
losses, despite high Life-cycle-NUEN that may be associated with it. For instance, France had
a high Life-cycle-NUEN (44%), combined with a high Life-cycle-NNBN (105 kg N ha−1) and a
high NHIN (123%). Schröder et al. (2011) described a similar situation where high NUE was
associated with high losses but did not define any indicator to measure it.
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Figure 3.4: Relationships among Life-cycle-NUEN , Life-cycle-NNBN and NHIN . The horizontal

and vertical dotted lines in the plot indicate the average for country nutrient hotspot index (NHIN )

and Life-cycle-NUEN , respectively. A, B, C, and D represent fours sectors for nutrient management.

Countries are indicated in the plot by their country-acronym: AL: Albania, AT: Austria, BE: Belgium,

BA: Bosnia and Herzegovina, CH: Switzerland, DE: Germany, DK: Denmark, EE: Estonia, ES: Spain,

FI: Finland, FR: France, GB: United Kingdom (of Great Britain and Northern Ireland), GR: Greece,

HR: Croatia, IE: Ireland, IT: Italy, LT: Lithuania, LU: Luxembourg, LV: Latvia, MK: Macedonia,

NO: Norway, NL: Netherlands, PT: Portugal, ME: Montenegro, MK: The former Yugoslav Republic

of Macedonia, RS: Republic of Serbia, SE: Sweden, SI: Slovenia.
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For P, the Netherlands had lowest values for Life-cycle-NUEP (46%) and highest values for
Life-cycle-NNBP (36 kg P ha−1) and for NHIP (161%). Latvia had the highest Life-cycle-NUEP

(85%), associated with lowest values for Life-cycle-NNBP (2 kg P ha−1) and for NHIP (97%).
There was a correlation across the three indicators (Life-cycle-NUEP vs. Life-cycle-NNBP : R2

= 0.68; Life-cycle-NUEP vs. NHIP : R2 = 0.49; Life-cycle-NNBP vs. NHIP : R2 = 0.38).

These results for Life-cycle-NUE are different from those of Sutton et al. (2013a). Those authors
found that, global “full-chain NUE”, defined as the nutrients in final products divided by nutrient
inputs, was 8% for N and ranged from 12% to 20% for P. Higher efficiencies in our study can be
related to the multidirectional approach used, which accounts for internal loops, recycling, stock
changes, and losses. For P, we considered the sustainable P build-up. Those are not the case
in the study by Sutton et al. (2013a), which uses a unidirectional method based on simplistic
input-output approach, focusing on two stages of the chain. Moreover, we focused on dairy
systems in Europe from cradle-to-primary-processing, whereas Sutton et al. (2013a) considered
the global agro-food system.

Figure 3.5: Relationships among Life-cycle-NUEP , Life-cycle-NNBP and NHIP . The horizontal

and vertical dotted lines in the plot indicate the average for country nutrient hotspot index (NHIP )

and Life-cycle-NUEP , respectively. A, B, C, and D represent fours sectors for nutrient management.

Countries are indicated in the plot by their country-acronym: AT: Austria, BE: Belgium, DE: Germany,

DK: Denmark, EE: Estonia, ES: Spain, FI: Finland, FR: France, GB: United Kingdom (of Great Britain

and Northern Ireland), GR: Greece, IE: Ireland, IT: Italy, LT: Lithuania, LU: Luxembourg, LV: Latvia,

NL: Netherlands, PT: Portugal, SE: Sweden, SI: Slovenia.

The plots in Figure 3.4 and Figure 3.5 are divided in four sectors, namely A, B, C and D, based
on overall averages of Life-cycle-NUE and NHI for European countries investigated. Sector
A is characterised by a below average Life-cycle-NUE and NHI. Life-cycle-NNBN is generally
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low to medium for all countries. Countries in this sector may present a potential to improve
Life-cycle-NUE while maintaining the low level of hotspot and Life-cycle-NNB. The improvement
interventions would focus on the reduction of nutrient inputs, the increase of nutrient uptake
by plants, and the reduction of N emissions during manure management. By contrast, sector B
includes the highest Life-cycle-NNB for both N and P associated with high NHI. Thus, higher
NHI values than in sector A indicate that interventions would focus pre-eminently on one stage
of the chain: crop and pasture production. Moreover, sector C is characterised by high NHI,
high Life-cycle-NUE, and medium Life-cycle-NNB. From a nutrient management perspective,
there is a potential to reduce nutrient balance and hotspots while maintaining high levels of
Life-cycle-NUE. Interventions in sectors B and C would focus on the reduction of nutrient inputs
and nutrient losses at all stages of the chain. Sector D presents the low NHI, high Life-cycle-NUE,
and low Life-cycle-NNB. While this Sector can be seen as optimum we identify some caveats. For
example, high levels of Life-cycle-NUEN may be a reflection of low N input levels, with Lithuania
as a case in point compared to other countries in the same sector. Thus, the depletion of nutrients
in the soil, for instance, might be negative for NUE in the long-term. For P, there is an apparent
synergy between P status into soil and Life-cycle-NUE. For instance, Latvia benefited from a
build-up of P in its deficient fertility soils that resulted in the highest Life-cycle-NUEP . The
high Life-cycle-NUEP suggests that soil P concentrations should be monitored in the long-term
to maintain this level of efficiency after that the soil P profile reaches the optimum level.

3.3.2 Variability related to nutrient use efficiency and net nutrient balance

Disaggregating nutrient use efficiency along the chain

Table 3.2 shows the results for disaggregated NUEN and NUEP . Both NUEN and NUEP differed
depending on the stage in the supply chain and they decreased in the order of: processing >
animal production > crop and pasture production, except for Croatia, Germany, Greece, and
Italy, where NUEN decreased in the order of: processing > crop and pasture production > animal
production.

Processing stage had high NUE for all countries at around 95% for N and 98% for P. There were
no difference between N and P at this stage, because the amounts of N and P losses via organic
waste and wastewater are comparable. At animal production, NUE values ranged from 69% to
84% for N and from 95% to 99% for P. These results are higher compared to those reported in
literature (range 15% - 36% for NUEN and 19% - 60% for NUEP ) (Gerber et al., 2014). The
reason is that most of previous studies focused on the efficiency of recovering nutrient into edible
animal products, thus excluding manure and non-edible products as a valuable output (Godinot
et al., 2014; Gourley et al., 2012b; Powell et al., 2010). In this study, we included manure as an
output for its fertilizer value.

Low values of NUE were found in crop and pasture production, ranging from 59% to 81% for
N and from 55% to 92% for P. The difference between N and P are related to the biochemical
processes of both elements into soil. N is labile and mineralised after a short period, whereas,
P is stable and tends to accumulate for long-term and may contribute to build-up P into soil.
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Table 3.2: Results of dissagregated nitrogen and phosphorus use efficiency at each stage of the dairy

supply chains

Country
Crop/pasture production Animal Production Processing

NUEN (%) NUEP (%) NUEN (%) NUEP (%) NUEN (%) NUEP (%)

AL 70 - 75 - 95 -

AT 80 83 74 99 96 85

BE 71 66 81 97 96 85

BA 70 - 71 - 95 -

HR 76 - 72 - 95 -

DK 73 76 70 97 96 88

EE 80 86 69 97 96 87

FI 69 75 77 97 96 88

FR 72 80 83 97 96 86

DE 73 79 70 95 96 87

GR 77 74 74 97 95 82

IE 74 75 84 97 96 85

IT 78 77 71 97 96 86

LV 76 92 82 98 96 84

LT 81 79 81 97 96 84

LU 70 84 82 97 96 87

ME 64 - 70 - 95 -

NL 60 55 72 95 96 87

NO 65 - 74 - 96 -

PT 72 81 76 97 96 87

RS 60 - 70 - 95 -

SI 73 81 72 97 96 86

ES 77 83 81 97 96 87

SE 74 80 75 97 96 88

CH 73 - 73 - 96 -

MK 67 - 71 - 95 -

GB 73 76 84 97 96 88

Countries are indicated in the plot by their country-acronym: AL: Albania, AT: Austria, BE: Belgium, BA: Bosnia

and Herzegovina, CH: Switzerland, DE: Germany, DK: Denmark, EE: Estonia, ES: Spain, FI: Finland, FR: France,

GB: United Kingdom (of Great Britain and Northern Ireland), GR: Greece, HR: Croatia, IE: Ireland, IT: Italy,

LT: Lithuania, LU: Luxembourg,LV: Latvia, MK: Macedonia, NO: Norway, NL: Netherlands, PT: Portugal, ME:

Montenegro, MK: The former Yugoslav Republic of Macedonia, RS: Republic of Serbia, SE: Sweden, SI: Slovenia.
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Results of NUEN differ from those of Lassaletta et al. (2014) (range 30% - 75%) and OECD
(2008) (range 41% - 78%), whereas, results of NUEP differ from those of OECD (2008) (range
37% - 86%%). The differences may be related to data inputs or method used. Lassaletta et al.
(2014) and OECD (2008) used a field balance, with stock changes assumed to equal 0, whereas,
in our study, the stock change was considered as part of the production. Moreover, for P, we
considered the build-up of P into soil sustainable for deficient fertility soils. However, in excess
fertility soils, the accumulation of P is unsustainable and may present a high risk of P loss in
long-term (Jordan et al., 2005; Sharpley, 1999), therefore, it was considered a loss. The role
of build-up of P in soil to enhance plant uptake was discussed previously by several authors
(Cordell et al., 2009; Jordan et al., 2005; Schröder et al., 2011; Schulte et al., 2006; Sharpley
et al., 2013).

Disaggregating net nutrient balance

Life-cycle-NNB provides an aggregated average nutrient loss per unit area used, which can mask
different loss profiles along the supply chain, as well as differences between non-point and point
source losses. Given that most losses are taking place during the crop and pasture stage, we
disaggregated the NNB of this stage to understand the differences between feed resources. The
Figure 3.6 and Figure 3.7 illustrated average NNB results for the in-country crop, in-country
grass and ex-country crop in comparison to the Life-cycle-NNB for N and P. In-country crop and
in-country grass refer to feed crops and forage produced within a country, whereas ex-country
crop refers to imported feed crops from different regions of the world.

Across countries, the variability of NNB values was large for N. The highest averages NNBN

were estimated at 256 kg N ha−1 for in-country grass and at 145 kg N ha−1 for the in-country
crop in the Netherlands. For ex-country crop, NNBN was high in the Republic of Serbia at 46 kg
N ha−1. The lowest NNBN were estimated at 16 kg N ha−1 for the in-country grass in Latvia,
at 27 kg N ha−1 for the in-country crop in Estonia, and at 11 kg N ha−1 for the ex-country
crop in Ireland. There were no significant differences in average NNBN between the in-country
crop and in-country grass, whereas the difference was significant between the in-country and ex-
country crops. The reason is that countries with high livestock density, such as Belgium and the
Netherlands, might apply manure to cropland at rates that are above plant nutrient requirements
in 2005. Despite methodological differences, these results are consistent with those of Velthof
et al. (2009); Leip et al. (2011); Csathó and Radimszky (2012) for Belgium, Luxembourg and
the Netherlands, but slightly lower from those of Lassaletta et al. (2014) who reported values
of N losses higher than 50 kg N ha−1 for most of European countries. The differences may be
related to the type of crop or grass considered as well as to the inputs and outputs data.

Similarly to N, there was large variability in P pressures across countries. The highest NNBP was
obtained at 23 kg P ha−1 for in-country grass and at 58 kg P ha−1 for the in-country crop in the
Netherlands. For ex-country crop, NNBP was high in Croatia at 10 kg P ha−1. Latvia had the
lowest NNBP for the in-country grass at 1 kg P ha−1 and for the in-country crop at 7 kg P ha−1.
The lowest NNBP for the ex-country crop was obtained in Estonia at 3 kg P ha−1. NNBP was
generally higher for in-country crop, compared to the in-country grass and to ex-country crop.
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Figure 3.6: Disaggregated NNBN for different crops and grasses and Life-cycle-NNBN for different

crop and pasture resources. Countries are indicated in the plot by their country-acronym: AL: Albania,

AT: Austria, BE: Belgium, BA: Bosnia and Herzegovina, CH: Switzerland, DE: Germany, DK: Den-

mark, EE: Estonia, ES: Spain, FI: Finland, FR: France, GB: United Kingdom (of Great Britain and

Northern Ireland), GR: Greece, HR: Croatia, IE: Ireland, IT: Italy, LT: Lithuania, LU: Luxembourg,

LV: Latvia, MK: Macedonia, NO: Norway, NL: Netherlands, PT: Portugal, ME: Montenegro, MK: The

former Yugoslav Republic of Macedonia, RS: Republic of Serbia, SE: Sweden, SI: Slovenia.

Figure 3.7: Disaggregated averages NNBP for different crops and grasses and Life-cycle-NNBP .

Countries are indicated in the plot by their country-acronym: AT: Austria, BE: Belgium, DE: Germany,

DK: Denmark, EE: Estonia, ES: Spain, FI: Finland, FR: France, GB: United Kingdom (of Great Britain

and Northern Ireland), GR: Greece, IE: Ireland, IT: Italy, LT: Lithuania, LU: Luxembourg, LV: Latvia,

NL: Netherlands, PT: Portugal, SE: Sweden, SI: Slovenia.

The reason is that P rates are higher for the in-country crop, compared to the in-country grass
and ex-country crop dominated by soybeans. For instance, 70% of soybeans produced in Brazil
is exported to Europe (Cavalett and Ortega, 2009). In this study, NNBP values were comparable
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to those obtained for P surplus by the OECD (2008) (range -1-23 kg P ha−1), Eurostat (2014)
(range -8-20 kg P ha−1), and Csathó and Radimszky (2012) (range 4-40 kg P ha−1).

Moreover, these modelled NNBP were higher compared to results of direct measurements of P
losses at different scale (Daverede et al., 2003; Hart et al., 2004; Jordan et al., 2005; McDowell and
Sharpley, 2001; Schulte et al., 2010). The reason is that NNBP includes a share of unsustainable
P build-up and measures potential, rather than actual environmental pressure from P sources.
Thus, to convert P pressure into potential impact, a pressure-pathways-response-impact approach
is required (Schulte et al., 2006; Yuan et al., 2014).

3.3.3 Uncertainties related to stock change estimations

Results for N presented above were computed using the method (M2) proposed by Velthof et al.
(2009) . Here, we compare these results with those obtained from methods M1 and M3, focusing
on the crop and pasture stage. These methods gave contrasting results for NUEN (p<0.05)
showed in Figure 3.8. Method M1 based on field balance tends to neglect potential N losses
to the environment for low inputs systems. For high input system, however, it resulted in
low NUEN values associated with high risk of losses, which is consistent with previous studies
(Lassaletta et al., 2014; Leip et al., 2011). This approach is widely used at the field, farm or
regional scales because of its simplicity and was adopted by Eurostat/OECD (Eurostat, 2013) for
national nutrient balances reporting. However, the fact that it does not inform on the potential
contribution of soil stock change raises concerns with regard to the reliability of results (Gerber
et al., 2014).

Method M2 is a process-based and estimates N losses following biochemical dynamics of nutrient
in different unit processes. It relies on algorithms that are extrapolated from experimental
studies, and on several assumptions based on expert knowledge. These algorithms are used, for
example, to estimate N emission factors, N leaching fractions, N excretion in animal manure,
whereas assumptions are used to estimate some N flows such as biological N fixation or the
amount of manure applied to cropland (see Velthof et al. (2009)). This method delivers N soil
stock change from the N balance. The importance to include the contribution of soil N stock
change in NUE assessment was discussed in literature (Brock et al., 2012; Godinot et al., 2014;
Özbek and Leip, 2015; Velthof et al., 2009). This method was used in different process-based
models (Britz and Leip, 2009; Dumas et al., 2011; Velthof et al., 2009). Method M3 is new and is
based on the assumptions on NUE values, and then estimates soil stock change (Özbek and Leip,
2015). To test this method, we used default minimum and maximum NUE values for all countries
(33% and 85%) in an empirical equation that resulted in comparable NUEN for all countries.
For all countries, NUEN values obtained using M3 were lower than values obtained using M1
and M2, except for the Netherlands and Republic of Serbia. The reason is that nutrient input
to crop and pasture is relatively high in the Netherlands, because of relatively high livestock
density: 2.5 dairy cows per ha, against an average of 0.98 among European countries (Eurostat,
2014). In the case of the Republic of Serbia, however, the explanation lies in the low nitrogen
recovered in crops and pasture (98 kt N), compared to the nitrogen input (208 kt N). In such
circumstances, the default maximum NUE value assumed in M3 is higher than the computed
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NUE. For low inputs systems, M1 and M2 resulted in similar NUEN values, such as for Estonia
or Lithuania.

None of the three methods is fully satisfactory for regional or global NUE assessment. In the
absence of data and background knowledge of the system, it may be appropriated to use the
method M1. In addition, method M1 is suitable for general scoping analysis aiming to get a broad
insight into potential NUE. Thus, results should be interpreted with caution especially for low
input systems because nutrient losses may be underestimated. Method M2 seems most adapted
for representative regional and global NUE analysis; however, it requires more data and expert
knowledge of the system to validate the assumptions made. This method requires continuous
efforts to develop specific parameters by crop, country or animal species and to improve its
limitations in accounting for the large geo-climatic variability that governs nutrient losses factors,
manure excretion factors, and nutrient dynamics into soil. In addition, uncertainties around N
loss estimates end up in the residual term, N stock change. Regarding M3, this approach may
be adapted for nutrient assessment at field or region scale where it can rely on comprehensive
empirical observations of NUE. This method, however, needs some valid assumptions to upscale
results from experimental studies to national or regional scales. Due to lack of data at these
larger regional scales, this method may not yet be suitable for life-cycle-NUE analysis; however,
it is a useful tool to assess the contribution of soil stock change to the NUE.

Regarding P, the field balance results in similar uncertainties like for N. However, there are
additional sources of uncertainties related to the method used to estimate the sustainable and
unsustainable P build-up shares of the soil stock change. To estimate soil stock change, data on
soil P contents were not statistically representative for some countries, for instance, Luxembourg,
which may increase the uncertainties for this country. Moreover, P recovery fractions were
delivered from the soil modelling that may be a major source of uncertainties (Batjes, 2011).
Furthermore, other sources of uncertainties may be associated with data collection and default
parameters such as emission factors used. However, these uncertainties are not discussed in this
study.

3.4 Conclusion

We presented a framework for regional and global life-cycle nutrient use efficiency assessment
based on life-cycle thinking. This framework accounts for more processes, pools, recycles and end-
uses than previous studies. Moreover, we proposed three indicators, including Life-cycle-NUE,
Life-cycle-NNB and NHI required to fully describe the nutrient dynamics of livestock supply
chains. We concluded that these indicators are suitable and all describe different aspects of
nutrient dynamics and are therefore all needed. Moreover, we demonstrated that the com-
bination of these indicators gives relevant and complementary information to concisely bench-
mark and monitor nutrient management performance. The disaggregation of Life-cycle-NUE and
Life-cycle-NNB showed a large variability and potential for interventions across production stages
and regions of the supply chain. Furthermore, we also found that estimation of stock change
improves the accounting of indicators despite the uncertainties of their estimations. Given these
uncertainties, more than one method is available to conduct a nutrient use efficiency assessment
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at the chain level, depending on the goal and scope of the exercise, as well as data availability.
Based on our results, further research should apply this framework at a regional and global level
for contrasting livestock supply chains, and on further refining and harmonising methodologies.
Moreover, a representative life-cycle NUE assessment requires a large amount of activity data
and parameters, which may be hardly available in some parts of the world. Thus, for consistency
sake, further research should identify minimum data requirements.
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Abstract

Several global datasets are available for environmental modelling, but information provided is
hardly used for decision-making at a country-level. Here we propose a method, which relies
on global sensitivity analysis, to improve local relevance of environmental indicators from global
datasets. This method is tested on nitrogen use framework for two contrasted case studies: mixed
dairy supply chains in Rwanda and the Netherlands. To achieve this, we evaluate how indica-
tors computed from a global datasets diverge from same indicators computed from survey data.
Second, we identify important input parameters that explain the variance of indicators. Subse-
quently, we fix non-important ones to their average values and substitute important ones with
field data. Finally, we evaluate the effect of this substitution. This method improved relevance
of nitrogen use indicators, therefore, it can be applied to any environmental modelling using
global datasets to improve their relevance by prioritizing important parameters for additional
data collection.

Software and data availability

The modelling done in this paper is performed in the R project for statistical computing. R is
an open source statistics software and can be downloaded from https://www.r-project.org. Data
from a global dataset were obtained from the Global Livestock Environmental Assessment Model
(GLEAM) version 2, which was developed by the Animal Production and Health Division (AGA)
of Food and Agriculture Organization of United Nations (FAO). The description of GLEAM can
be found at http://www.fao.org/gleam/en/. The code is programmed in R and is available at
https://github.com/uaimable/GSA.
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4.1 Introduction

The sustainability of agricultural systems depends on many social, economic and environmental
factors related to technology, practices, and innovation, including a proper management of nutri-
ent flows, such as nitrogen (N) (Sutton et al., 2013a). Insight into the efficiency of nutrient use
along livestock supply chains can help to identify targeted nutrient management interventions
(Uwizeye et al., 2016a). Recently, Uwizeye et al. (2016a) proposed a comprehensive framework
to assess nutrient use performance along livestock supply chains. This framework includes three
complementary indicators: life-cycle nutrient use efficiency (life-cycle-NUE), life-cycle net nutri-
ent balance (life-cycle-NNB) and nutrient hotspot index (NHI). Quantification of these indicators,
however, is quite data intensive and its application on a regional or global level can be laborious
because livestock supply chains are relatively long, internationalized and diverse (Gerber et al.,
2013; Henderson et al., 2017). Moreover, data on livestock production is scarce, often outdated
and does not reflect the spatial and temporal variability of the livestock systems. Given the
limited availability and quality of data, regional averages, default parameters and expert knowl-
edge are often used in the global datasets, despite their high uncertainties and potential biases
(Krueger et al., 2012; Uusitalo et al., 2015). These uncertainties in input parameters have an
influence on the variance of the model output (Ferretti et al., 2016; Heijungs and Kleijn, 2001;
Oenema et al., 2003; Saltelli et al., 2008; Sarrazin et al., 2016a; Heijungs, 1996). Also, averaged
or reference values do not reflect the heterogeneity of production units within a given system
(Henderson et al., 2017). Gourley et al. (2015), for example, found that milk production per
hectare varied by a factor of 12 among grazing dairy farms in Australia. Such variability can
also be found for other farm parameters, such as the accumulation of the nutrients in the soil
or feed intake. Overlooking this heterogeneity may lead to wrong decision-making or mitigation
interventions (Anastasiadis and Kerr, 2013; Henderson et al., 2017).

The effect of the uncertainties of input parameters can be evaluated through sensitivity analy-
sis. Generally, there are two types of sensitivity analyses. First, the local sensitivity analysis
(LSA) is based on changing of input parameters around a reference (nominal) value and ranking
the magnitude of the effect for each parameter (Campolongo et al., 2007). Second, the global
sensitivity analysis (GSA) is be based on the variation of input parameters according to their
distribution function, and subsequently determine how much each parameter explains the model
output variance (Saltelli et al., 2008; Pianosi et al., 2016). An example of an LSA, widely used in
environmental studies (Ferretti et al., 2016), is to determine the effect of a change in one of the
input parameters at-a-time on the model results (Groen et al., 2017; Kohn et al., 1997; Oenema
et al., 2003; Suh and Yee, 2011). This approach presents some shortfalls, such as assuming that
environmental models are approximately linear and additive (Ferretti et al., 2016; Saltelli et al.,
2000) or assuming that the variation of one parameter is not associated with any change in the
space of all another parameter (Ferretti et al., 2016; Saltelli and Annoni, 2010). The GSA obvi-
ates these shortfalls and explores how much each input parameter contributes to the variance of
the model output (Ferretti et al., 2016; Pianosi et al., 2016; Saltelli et al., 2008; Sarrazin et al.,
2016b; Sin et al., 2011; Uwizeye et al., 2016b; Wolf et al., 2017). Moreover, GSA allows to select
the i,mportant input parameters and to simplify the model by fixing the non-important param-
eters to their average values (Saltelli et al., 2008). GSA approach, therefore, can provide more
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insights into the improvement of the relevance and reliability of environmental indicators.

An increasing number of global datasets are becoming available for environmental modelling,
opening new opportunities for global sustainability analyses e.g. the Global Livestock Environ-
mental Assessment model (GLEAM) (FAO, 2017) or the ecoinvent (Frischknecht et al., 2005).
Most of these datasets, however, do provide information which may not always be directly us-
able at a country or sub-regional level (Elduque et al., 2015). Consequently, indicators computed
from available global datasets can hardly be used for a country-level decision-making, which sig-
nificantly limits their relevance given that most policy decisions are made at that level. The
objective of this paper is thus to propose a method to improve the local relevance of environmen-
tal indicators computed from global datasets. We first evaluate how indicators computed from
a global dataset diverge from the same indicators computed from local survey data. Second, we
determine the important input parameters, which explain most of the variance of the indicators
computed from a global dataset. Subsequently, we fix the non-important ones to their average
values and substitute the important ones with field data. Finally, we evaluate the effect of this
substitution. The method is tested in the case of N use performance indicators for two contrasted
case studies: mixed dairy supply chains in Rwanda and the Netherlands. In Rwanda, there is
less information available on national statistics, whereas, in the Netherlands, the statistics are
available in the national and European database.

4.2 Materials and methods

4.2.1 Description of the proposed method

The different steps of the proposed method are summarized in Figure 4.1.

Indicators of N use performance at supply chain level

We used the nutrient use performance framework developed by (Uwizeye et al., 2016a) to assess N
management in mixed dairy systems of the Netherlands and Rwanda. The indicators considered
are: (i) Life-cycle-NUEN , which defines the efficiency of which N inputs are recovered in the
end-products; (ii) Life-cycle-NNBN , which defines the amount of N that is available for loss
to the environment; and (iii) NHIN which defines the relative distribution of N balances along
the supply chain. The framework quantifies the N flows in crop/pasture production, animal
production, manure management system (MMS), and processing of animal products including
the internal processes and loops. The detailed description of this procedure and these indicators
can be found in Uwizeye et al. (2016a).

Global sensitivity analysis

We described four steps to perform the GSA. Step 1, we selected the probability density function
(PDF) for each input parameter. For input parameters described by an average or reference
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Figure 4.1: Flow diagram summarizing the methodological steps to improve environmental indicators

computed from a global dataset based on Groen et al. (2014b) and Saltelli et al. (1999).

value without any information on their variability, a normal distribution is assumed, and a
coefficient of variation (CV) of 20% was applied (IPCC, 2006). For input parameters described
by fixed minimum and maximum and a specific likely value (e.g. EF), we assign a triangular
distribution. Finally, we assign a uniform distribution of input parameters that are only defined
by the minimum and maximum, as advised by van Gijlswijk et al. (2004). Step 2, we performed
Monte Carlo simulation (MCS), which consists of generating N random values from a specified
PDF of each input parameter (Groen et al., 2014b; Saltelli et al., 2008). The sample size was
set to N = 5,000. We denoted the matrix of Monte Carlo simulations of each input parameter
used in the model as P, the number of the input parameters as k, the size of the MC runs, as
N, and the number of the model evaluations during the GSA as r. Step 3, the uncertainties of
k input parameters were propagated through the model that results in the sample of the model
outputs in this case for the Life-cycle-NUEN , Life-cycle-NNBN , and NHIN . Step 4, we used the
squared standardized regression coefficients (squared SRC) method for GSA (Groen et al., 2017;
Saltelli et al., 2008) to estimate the sensitivity indices. Several examples of the application of
SRC method are found in the literature (Basset-Mens et al., 2009; Cosenza et al., 2013; Sin et al.,
2011; Groen et al., 2017; 2014a; Sattari et al., 2016; Sin et al., 2011; Uwizeye et al., 2016b). The
squared SRC method is based on multilinear regression between the model output and the input
parameters, and is noted as follows (Eq. 4.1):

Yi = β0 +

k∑

j=1

βj .Pij + ǫi (4.1)
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where Y refers to the model output, the constant β0 represents the intercept, βj refers to the
slope (regression coefficient), P refers to the sampling matrix of input parameters, k the number
of the input parameters and ǫi is the error term, which is assumed to be normally distributed
with a constant variance. The squared SRCs S2j are estimated as follows:

S2
i =

V (Pj)

V (Y)
β2
j (4.2)

where V(Pj) refers to the variance of each input parameter, V(Y) refers to the variance of the
model output and β2

j refers to the squared linear regression coefficient of each input parame-
ter.

The squared SRCs S2i take values between 0 and 1, and their sum represents the coefficient
of determination R2 which is 1 for an approximately linear model (Saltelli et al., 2008). In
this study, the model refers to the algorithms that were used to calculate the N use indicators:
Life-cycle-NUEN , Life-cycle-NNBN , and NHIN (Uwizeye et al., 2016a). Since the sum of the
squared SRC are close to 1, we assumed that the model to calculate each of these indicators
behaves linearly. The SRC method gives insight into the 1st order effects and does not give
any information about the interaction among input parameters (Cosenza et al., 2013). We use
sensitivity packages of R (Pujol et al., 2015) to estimate the squared SRC through a bootstrap
technique (Canty and Ripley, 2014). The bootstrap technique allows to improve the accuracy
of the squared SRC estimates. The number of model evaluations was set to r = 1000 based on
Saltelli et al. (2008).

Identification of the important input parameters

The squared SRCs were calculated to explain the variance of Life-cycle-NUEN , Life-cycle-NNBN ,
and NHIN . Based on squared SRCs, we ranked the input parameters in two categories based
on the threshold value of 0.01 (Cosenza et al., 2013; Sin et al., 2011). The non-important input
parameters were identified with a squared SRC lower than 0.01, whereas, the important input
parameters had squared SRC greater than 0.01.

Discernibility analysis

The discernibility analysis based on Heijungs and Kleijn (2001) was performed to evaluate if
the indicators computed with the global dataset are similar to those obtained from field survey
datasets. The discernibility analysis is an approach to assess the similarities between pairwise
Monte Carlo simulations or sample of model outputs (Yao and Zhao, 2007). It allows counting the
number of occurrences where the difference computed as introduced in Eq. 4.3 is positive:

(ni
1>2)z = ((Yi

1)z − (Yi
2)z) (4.3)
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n1>2 =
N∑

i=1

(ni
1>2)j .100

N
(4.4)

where Yi
1 is a vector of the model output for dataset 1; Yi

2 is a vector of the model output for
dataset 2, N refers to the size of the Monte Carlo samples, and z refers to an occurrence of
positive difference. The percentages show how often the N use indicators of the global dataset
are higher than farm survey. When α−value of 0.05 is applied, values between 2.5% and 97.5%
indicate that the N use indicators are not significantly different. For example, if Life-cycle-NUEN

computed from a global dataset is lower than that from field survey in 4000 out of 5000 runs,
the discernibility analysis equals to 20%, which means that the two Life-cycle-NUEN are not
significantly different.

Local relevance of environmental indicators computed from a global dataset

Following the GSA, we improved the N use indicators results from a global dataset, and simplified
the model by fixing the distribution of the non-important input parameters using their reference
or average values within their ranges. This step does not significantly change the variance of
the results (Pianosi et al., 2016; Saltelli et al., 2008; Sin et al., 2011). Then, we substituted the
distribution of the important parameters in a global dataset with corresponding distributions
from the farm survey datasets as suggested by Heijungs (1996) and Uwizeye et al. (2016b). The
distributions of farm survey data were selected based on PDF that gives the best goodness-of-
fit. We assumed that farm survey data accurately represent reality and that their variability
reflected the heterogeneity of dairy systems. We compared new computed N use indicators to
those estimated from field survey to determine the potential improvement.

4.2.2 Case studies

We applied the GSA to the framework describing N use performance in mixed dairy systems
from cradle to the primary processing stage, in Rwanda and The Netherlands.

Global dataset: GLEAM

Data on mixed dairy systems for Rwanda noted as GLEAMRW and the Netherlands noted as
GLEAMNL, were extracted from the second version of the GLEAM with the reference year of
2010 (FAO, 2017). The dataset contains detailed information on synthetic fertilizer application,
crop residues, manure applied, manure recycled, feed resources, feed rations, animal number, herd
structure, MMS, emissions factors and slaughterhouse activities. These data are based on na-
tional statistics reports and literature. For Rwanda, regional data are used where country-specific
data are missing e.g. leaching rate of N during MMS or yield of grain. Most of the GLEAM data
are based on reference or average values, with no information about their coefficients of variation.
A detailed description of the GLEAM data is provided in the supplemental information (SM01).
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In total, for GLEAMRW , 121 input parameters were included in the sensitivity analysis, whereas
98 input parameters were included for GLEAMNL.

Table 4.1: List of all 26 important input parameters identified for N use indicators computed from a

global model of GLEAM for mixed dairy systems in Rwanda and the Netherlands.

No Symbol Description

1 PDC Carcass dressing

2 PEFLMF Emission factor of indirect N emissions from

liquid manure for cows in manure management system

3 PEFMC Emission factor of indirect N volatilization

from applied manure

4 PEFSY F Emission factor of indirect N emissions

from applied synthetic fertilizer

5 PEFSM Emission factor of indirect N emissions

from solid manure in manure management system

6 PEFSMF Emission factor of indirect N emissions

from solid manure for cows in manure management system

7 PGT Grazing time

8 PLLM Leaching rate from liquid manure

9 PMG Applied manure to pasture

10 PMMC Mineralization rate of organic fertilizer applied to crop

11 PMP Milk yield

12 PNCFG N content of the fresh grass

13 PNCGR N content grain

14 PNCH N content of hay

15 PNCMG N content of maize gluten

16 PPCM Protein content of milk

17 PSY FC Applied synthetic fertilizer to the cropland

19 PSY FG Applied synthetic fertilizer to the grassland

20 PSMG Rate of maize gluten in the total feed ration

21 PSGR Rate of grain in the total feed ration

22 PSH Rate of hay in the total feed ration

23 PSST Stall time

24 PY FG Yield of the fresh grass

25 PY RS Yield of rapeseed

26 PY SB Yield of soybean

Data from farm surveys

Mixed intensive dairy system in Rwanda

The Rwandan mixed dairy system that was the subject of this study is relatively intensive
compared to average dairy production in the country and is characterized by the purchase of
feed, high stock density, and high milk production per hectare. The system is composed of
three main processes: feed production, animal production, and processing of milk and meat.
Feed production includes on-farm grasses and legumes and off-farm production of concentrates,
including soybean meal, maize bran and cotton meal. Animal production includes dairy cows,
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young stocks, and replacement animals. Manure effluents are collected and stored in lagoons or
dried after being mixed with litter. Manure is then applied to the on-farm cropland or sold to
other crop farmers. Activity data were collected through direct interviews and consultation of
bookkeeping from 15 dairy farms located in the peri-urban area of Kigali city. Additional data
related to EF and other coefficients were obtained from secondary resources: EFs (IPCC, 2006),
N content of crops (Feedpedia, 2012), runoff and leaching coefficients (Gerber et al., 2013). A
detailed description of the data for the mixed intensive dairy system in Rwanda is provided in the
supplemental information (SM01). Furthermore, the N use indicators computed from substituted
GLEAM dataset are noted as GLEAMRW *.

Mixed intensive dairy system in the Netherlands

The Dutch mixed dairy system is characterized mainly by the reliance on highly managed pas-
tures, maize silage, and imported feed; a high stock density, and high milk production per hectare.
Data for 249 dairy farms were derived from the Dutch farm accountancy data network (FADN)
for 2010, noted as FADNNL and were used in GSA. FADNNL provides detailed data on on-farm
feed production including fertilizer application, manure application, nutrient, and energy content,
and purchased concentrates (Dolman et al., 2014; Thomassen et al., 2009). Purchased feeds are
aggregated into three main types of compounded feed (singular dry concentrates, wet-by prod-
ucts, and milk replacers). A standard protein ration composition was used to determine the feed
composition of the compound feed (Middelaar et al., 2013). Data related to their cultivation in
their country of origin are taken from Middelaar et al. (2013) and Vellinga et al. (2013). The
processing stage was not covered by FADNNL. Data related to milk processing and slaughter-
house processes, therefore, were obtained from Uwizeye et al. (2016b). A detailed description of
the data for the mixed intensive dairy system in the Netherlands is provided in the supplemental
information (SM01). Furthermore, the N use indicators computed from substituted GLEAM
dataset are noted as GLEAMNL*.

4.3 Results and discussion

4.3.1 Uncertainties of N use indicators

The results of the uncertainty analysis for N use indicators in the Netherlands are shown in
Figure 4.2. The mean value of Life-cycle-NUEN for FADNNL was similar to GLEAMNL (46%).
For other indicators, however, there was a larger difference in mean values. The mean value of
Life-cycle-NNBN was lower for FADNNL (105 kg N ha−1) as compared to GLEAMNL (132 kg
N ha−1). Regarding the NHIN , the mean value was higher for FADNNL (158%) as compared
GLEAMNL (147%).

The distribution of NHIN was similarly leptokurtic with a bottom-skew for both FADNNL and
GLEAMNL. The large skewness of FADNNL suggested a large heterogeneity within the dairy
system suggesting that less performing dairy farms are largely distant to the average farms.
This heterogeneity was partially captured by the CV of 20% assumed for GLEAM dataset.
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Figure 4.2: Box plots of the distributions of the nitrogen use indicators: (a) life-cycle nitrogen use

efficiency, (b) life-cycle net nitrogen balance, and (c) nitrogen hotspot index, for the mixed dairy

systems in the Netherlands computed from farm survey data (FADNNL), global dataset (GLEAMNL)

and improved global dataset with high-quality data from survey (GLEAMNL*). The red points indicate

the mean values.

Oenema et al. (2015) found substantial heterogeneities of N flows in Dutch dairy farms related
to differences in farm structure, farm characteristics, and production intensity. Mu et al. (2017)
similarly determined large heterogeneities for N flows among European dairy farms including
Dutch farms. Despite these differences, the discernibility analysis showed no significant difference
between N use indicators computed for FADNNL and GLEAMNL as shown in Table 4.2. The
reason is that the GLEAM dataset provided reliable and representative estimates of mean value
and variability of N use indicators when the uncertainties of the input parameters are considered.
The reason is that GLEAM data for the Netherlands were collected from abundant and reliable
statistics and literature.

The results of N use indicators for mixed dairy systems in Rwanda are shown in Figure 4.3. The
observed mean value of Life-cycle-NUEN for FIELDRW was slightly higher (33%) as compared to
GLEAMRW (32%). For NHIN , the mean value for FIELDRW was lower (134%) as compared to
GLEAMRW (155%). The largest difference was found for the Life-cycle-NNBN where the mean
value for FIELDRW differed greatly about twofold (65 kg N ha−1) as compared to GLEAMRW (31
kg N ha−1). This difference was found to be significant by the discernibility analysis (Table 4.2).
The reason is that data in GLEAMRW strongly differed from field survey data for some input
parameters. The milk yield given in the GLEAM dataset, for example, is 504 kg year−1, whereas
the average from FIELDRW was 4,879 kg year−1; similarly, the synthetic fertilizer applied to
cropland was assumed to 0 in GLEAMRW , whereas the average value was 51 kg N ha−1 in
FIELDRW . These differences may be related to the fact that GLEAM data are collected from
available sources, that might occasionally be outdated or only existing at a regional level.
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Figure 4.3: Box plots of the distributions of the nitrogen use indicators: (a) life-cycle nitrogen

use efficiency, (b) life-cycle net nitrogen balance, and (c) nitrogen hotspot index, for the mixed dairy

systems in the Rwanda computed from farm survey data (FIELDRW ), global dataset (GLEAMRW ) and

improved global dataset with high-quality data from survey (GLEAMRW *). The red points indicate

the mean values.

4.3.2 Identification of the important input parameters

We classified the input parameters of both GLEAMNL and GLEAMRW subjected to GSA as
important and non-important. The list of important input parameters identified is provided in
Table 4.1. This is different from Huang et al. (2015) who classified them into more detailed
categories, namely: very important, important, slightly important, and unimportant. For the
Netherlands, Figure 4.4 summarizes the results of the squared SRCs of the important input pa-
rameters that contributed to at least one of the variances of the three N use indicators computed
from a global dataset (GLEAMNL).

Out of 98 input parameters, only 23 parameters were identified as important. The most im-
portant ones for Life-cycle-NUEN were EF of indirect N volatilization from applied manure to
cropland, which contributed 24% to the variance of Life-cycle-NUEN , 11% to the variance of
Life-cycle-NNBN , and 7% to the variance of NHIN . The main reason is that this input parame-
ter is highly uncertain and can vary up to a factor of 10, from 0.05 to 0.5. The applied manure
to grassland was the important source of uncertainties and contributed 11% to the variance of
Life-cycle-NUEN and 19% to the variance of Life-cycle-NNBN , but with no effect on NHIN . The
applied synthetic fertilizer to the cropland was also most important and contributed 10% to the
variance of Life-cycle-NUEN , 35% to the variance of Life-cycle-NNBN , and 24% to the variance
of NHIN .

For Rwanda, the results from the sensitivity analysis were shown in Figure 4.5 for the GLEAM
dataset (GLEAMRW ). Out of 121 input parameters, only 9 parameters were identified as im-
portant. The applied manure to grassland was the most important source of uncertainties and
contributed 30% to the variance of Life-cycle-NUEN , 46% to the variance of Life-cycle-NNBN

and 34% to the variance of NHIN . N content of hay was also the important source of un-
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Figure 4.4: Important input parameters for mixed dairy systems in the Netherlands, ranked by

squared standardized regression coefficients S2
i
, for (a) life-cycle nitrogen use efficiency, (b) life-cycle

net nitrogen balance, and (c) nitrogen hotspot index. Computation based on GLEAM dataset (CV =

20%) (GLEAMNL). The list of the acronym of the important parameters is provided in Table 4.1.

certainties and contributed 14% to the variance of Life-cycle-NUEN , 11% to the variance of
Life-cycle-NNBN , and 14% to the variance of NHIN . EF of indirect N volatilization from the
applied manure contributed 14% to the variance of Life-cycle-NUEN but had less effect on other
indicators.

Our results can be compared with studies in life cycle assessment (LCA) of dairy supply chains.
Wolf et al. (2017) identified milk production, feed intake, N2O and CH4 emission factors as
the most important parameters. Godinot et al. (2014) used a variance decomposition method
for GSA for N use efficiency model at a farm level and identified high-protein crop output,
change in soil N stock, synthetic fertilizer, milk production and quantity of applied manure as
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Figure 4.5: Important input parameters for mixed dairy systems in Rwanda, ranked by squared

standardized regression coefficients S2
i
, for (a) life-cycle nitrogen use efficiency, (b) life-cycle net nitro-

gen balance, and (c) nitrogen hotspot index. Computation based on GLEAM dataset (CV = 20%)

(GLEAMRW ). The list of the acronym of the important parameters is provided in Table 4.1.

important parameters. Despite differences between models and methods used in these studies
and this study, we identified milk production, EF and applied synthetic fertilizer as important
input parameters. It is surprising that some input parameters that were important for mixed
dairy systems in The Netherlands were not important for Rwanda such as the milk yield. The
reason may be related to the fact that other input parameters may have larger uncertainties,
and therefore decreased the effect of this parameters during the sensitivity analysis.

4.3.3 Effectivity of the sensitivity analysis results

The sum of squared SRC (R2) was greater than 0.77 for GLEAMNL (Life-cycle-NUEN=0.78,
Life-cycle-NNBN=0.81, and NHIN=0.85); whereas it was greater than 0.70 of GLEAMRW

(Life-cycle-NUEN=0.78, Life-cycle-NNBN=0.76, and NHIN=0.74). These values of R2 are in
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Table 4.2: Results of discernibility analysis for mixed dairy systems in Rwanda and the Netherlands

based on pairwise comparing Monte Carlo simulations obtained from GLEAM dataset and farm survey

data. The percentages show how often the N use performance indicators of the GLEAM dataset are

higher than farm survey. When α−value of 0.05 is applied, values between 2.5% and 97.5% indicate

that the N use indicators are not different. The significant differences are indicated in the bold-printed

percentages.

Life-cycle-NUE
N

Life-cycle-NNB
N

NHIN

FADNNL

Life-cycle-NUE
N

54%

GLEAMNL Life-cycle-NNB
N

19%

NHIN 88%

Life-cycle-NUE
N

61%

GLEAMNL* Life-cycle-NNB
N

28%

NHIN 91%

FIELDRW

Life-cycle-NUE
N

58%

GLEAMRW Life-cycle-NNB
N

99%

NHIN 9%

Life-cycle-NUE
N

91%

GLEAMRW* Life-cycle-NNB
N

47%

NHIN 49%

the application range of the SRC method (Saltelli et al., 2008). Our results, thus, are robust and
confirm that the framework model to assess the N use indicators in the livestock supply chains
is approximately linear.

Building on global datasets to assess nutrient use indicators at local level

After the substitution of the important parameters in GLEAM dataset by the field survey data,
the results of N use indicators changed as follows. For the Netherlands, the mean value decreased
for Life-cycle-NNBN (from +25% to +16% closer to FADNNL value) and was slightly decreased
for both Life-cycle-NUEN (from 0% to -4% closer to FADNNL value) and NHIN (from -6% to
-9% closer to FADNNL value), as shown in Figure 4.2. The discernibility test was not different as
shown in Table 4.2. The substitution of the important parameters did reproduce the lower bound
tail of Life-cycle-NUEN and the upper bound tail of both Life-cycle-NNBN and NHIN .

For Rwanda, results are shown in Figure 4.3. The mean value of GLEAMRW * was substantially
improved for Life-cycle-NNBN (from -52% to a similar value of FIELDRW ) and NHIN (from
+16% to +1% closer to FIELDRW value) but not for Life-cycle-NUEN which decreased after
substitution (from -3% to -27% closer to FIELDRW value). The discernibility analysis confirmed
the improvement of the results from GLEAM dataset, after the substitution of the important
parameters, with no significant difference between GLEAMRW * and FIELDRW as shown in
Table 4.2. The ranges of the distributions of the three indicators were also improved and were
within the ranges of FIELDRW .

The two case studies showed that the proposed method allows improving the local relevance
of the N use indicators computed from a global dataset. This method saves considerable data
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collection effort compared to the findings of Elduque et al. (2015). These authors recommended
the direct measurement of all input parameters to reduce the discrepancies and uncertainties
of environmental indicators related to moulding process for plastics initially computed from a
global dataset of the ecoinvent (Frischknecht et al., 2005).

Reliance on this method allows to systematically improve the important input parameters, ir-
respectively of methodological choices and expert knowledge used in the model. The expert’s
knowledge, for example, has been explored by Krueger et al. (2012). The authors proposed an
approach to reducing the bias which includes the expert calibration, where experts are asked to
judge the same variables in two or different ways. Furthermore, the proposed method also allows
to reflect the heterogeneity within the system and thus improve the decision-making relevance
of the environmental indicators at a country level.

Applicability of this method

The method proposed in this study showed that by targeting a few input parameters during
the data collection phase, the reliability of results of environmental studies could be effectively
improved at a local level. Data collection efforts and cost, therefore, can be substantially reduced.
For example, the important parameters represent about 23% of all input parameters considered
in the Netherlands and 7% in the case of Rwanda. This method may be used in any other
study on environmental modelling for livestock systems or other agricultural systems to improve
the local relevance of the environmental indicators computed from a global dataset such as
GLEAM. By carrying out this analysis before the data collection, using globally available data,
any environmental study can cut on the cost of data collection by focusing on important input
parameters that can be enhanced through good practices in data collection. Moreover, performing
GSA allows acquiring knowledge on the variability of the system under study. It can facilitate
the design of environmental policies and robust mitigation options through the establishment of
targeted incentives to the farmers based on their environmental performance (Henderson et al.,
2017), which is not informed when average values are only used.

Limitation of this method

While this study demonstrated that the global sensitivity analysis is an important method for
input parameters prioritization during the data collection phase, the SRC method used has some
shortfalls. This method may under/overestimate the sensitivity indices in case of correlated in-
put parameters (Groen and Heijungs, 2017). In this study, we assumed that input parameters
were independent and uncorrelated, and the model was linear. Before applying this method to
any other study, however, it would be important to verify correlations among input parameters
(Groen and Heijungs, 2017) and to use a more appropriate GSA method i.e. Sobol in the case
of a non-linear model (Groen et al., 2014a; Sobol, 2001). Moreover, due to the assumption of a
standard CV for all activity data in the global dataset, it is likely that not all important input
parameters are identified. This assumption is a compromise because the distribution of most of
the global data is unknown. Despite this limitation, the method proposed is robust to improve
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the local relevance of the environmental indicators computed from a global dataset. Further-
more, it is important to verify the quality of the global dataset before the application of this
method, because if the quality of data is poor, it is likely that the identification of important
input parameters would be erroneous leading to incorrect results. The data quality indicators
are described in several guidelines such as UNEP SETAC life cycle initiative (Sonnemann and
Vigon, 2011), International Reference Life Cycle Data System (ILCD) Handbook (European
Commission, 2010) or Livestock Environmental Assessment Performance (LEAP) Partnership
guidelines (FAO, 2016). Furthermore, the proposed method demonstrated that EFs are impor-
tant input parameters. Thus, the improvement of their estimates would reduce the uncertainties
and improve the reliability of N use indicators significantly. Several studies on LCA of livestock
systems had also identified the importance of EFs in the quantification of greenhouse gas emis-
sions (Groen et al., 2016; Wolf et al., 2017; Zhu et al., 2016). Attempts should thus be made to
estimate locally-specific EFs, based measurements or mathematical models that take into consid-
eration environmental conditions, such as climate, temperature, and management. Since IPCC
guidelines (IPCC, 2006), efforts have been made to quantify locally-specific EFs e.g. Borhan
et al. (2011) and Redding et al. (2015), but these data are not available for all global regions
and production systems. Because in most of the assessment, EF default values are used, we
recommend that the choice of these values should be documented and supported with a global
sensitivity analysis for better interpretation of results.

4.4 Conclusions

This study proposed a method to improve the local relevance of the environmental performance
indicators computed from a global dataset, by identifying important input parameters through a
GSA that shall be prioritized and established with high-quality data. We demonstrated that N
use performance indicators computed from GLEAM dataset were relatively close to those esti-
mated from farm survey data in the Netherlands than in Rwanda. However, by substituting the
important input parameters for activity data with high-quality data from farm survey, the aver-
age values of N use performance indicators were improved for both the Netherlands and Rwanda.
The use of a standard coefficient of variation also allowed to represent farm heterogeneity but
failed to capture the skewed nature of the distribution.

By applying this method, any environmental modelling assessment using globally available
datasets can improve the local relevance of the assessment by focusing on important input pa-
rameters for additional detailed data collection. However, the quality of the global data should
be checked for the reliability because this method depends on it. Further work on the assessment
of nutrient use indicators in the global livestock supply chains will benefit from this method to
generate analysis that is locally relevant and at lesser data collection cost.
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Abstract

The global pork sector contributes to food security and supports livelihoods for millions of house-
holds but also causes nitrogen (N) pollution. Here we assess N flows, losses, and N use indicators
for global pork supply chains, from “cradle-to-primary-processing-gate” and for three production
systems: the backyard, intermediate and industrial systems. Subsequently, we evaluate the ef-
fects of feeding swill to industrial pigs on N flows and land use. To produce 3.5 Tg N of pork
globally, 14.7 Tg N are lost into the environment, of which 68% is lost to watercourses in the form
of nitrates and organic N and the reminder emitted to the atmosphere as N-gas (e.g., NH3, NOx

and N2O). We found that the efficiency of N use, hotspot and magnitude of N losses per unit of
area depend on the region, production system, origin of feed, and manure management systems.
Swill feeding increases N use efficiency and reduces N losses at the feed production stage. It
achieves a saving of 31 Mt of soybeans and 20 Mt of grains on dry matter basis, equivalent to 16
Mha of land required. Its adoption would require innovative policies to preserve food safety and
public health. Future research may explore the feasibility and requirements to adopt swill feeding
at a country level and may investigate potential impacts on other sustainability objectives.
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5.1 Introduction

The global pork sector contributed around 38% of the global meat supply in 2014 (OECD/FAO,
2015), with a production volume that has been steadily growing (3% per year) over the past
four decades (FAOSTAT, 2018). As it grows, the sector is evolving from local, and horizon-
tally integrated production units to globalised, confined and vertically integrated supply chains,
which rely on international trade for both inputs (e.g., high-quality feed) and outputs (e.g., pork
products) (Gerber et al., 2010). This trend involves automation, specialisation, and reduction of
transport costs. Such “industrialised” systems are responsible for about 56% of the global pork
supply (MacLeod et al., 2013). The livelihoods of millions of producers and consumers benefited
from such growth (FAO, 2011). But, negative environmental externalities have occurred on a
large scale, including nitrogen (N) losses and their associated environmental impacts such as
climate change, acidification, and eutrophication (Hamilton et al., 2018; Poore and Nemecek,
2018). In recent decades, N losses from anthropogenic activities have increased to a level that
has surpassed the planetary boundaries (Steffen et al., 2015), and are expected to rise further
(Bodirsky et al., 2014). Pig systems contribute to such N losses, via gaseous emissions and loads
of nitrates (NO3

– ) and organic N to ground and surface water (Galloway et al., 2003).

Several studies have examined N use in global pig systems, e.g. Lassaletta et al. (2016) or
livestock systems, e.g. Liu et al. (2017) and pointed at the significant interactions between pig
production and global N cycle. The majority of these studies did not stipulate the details of N
dynamics in the pork supply chain and ignored losses associated with feed production happening
outside the pig production unit. Excluding these issues lead to a partial assessment of N use
and related N losses, potentially misguiding decision-making (Uwizeye et al., 2016b). Leip et al.
(2014) assessed N flows along pork supply chains for the European Union, but no such study
exists at the global level.

Research on reducing N losses from pork supply chains has focussed on farm-scale practices
such as manure management (Oenema and Tamminga, 2005), feed production, and housing
(Philippe et al., 2011). Reducing protein content of pig rations, for instance, was shown to have
the potential to reduce NH3 emissions by 50% (Philippe et al., 2011). Further reduction can be
achieved through manure injection into soils during the field spreading (Bittman et al., 2014). For
internationalised pig supply chains, where feed and animal production stages are disconnected,
it is essential to explore novel improvement pathways in the food systems, e.g., by examining
new recycling options.

Feeding food losses and wastes (FLW), known as swill, to pigs is practised in backyard and
intermediate systems (Thieme and Makkar, 2017) but, it is not frequent in industrial pig systems,
despite the wealth of swill available. It is estimated that about one-third of the food produced
(around 1300 Tg y−1 ) gets lost in the food production chain, (FAO, 2011b). Experiments have
shown that the practice does not alter animal performance, regarding carcass characteristics and
organoleptic quality (Westendorf et al., 1998). From a natural resource management perspective,
feeding swill has the potential to reduce land and water use (van Zanten et al., 2018; zu Ermgassen
et al., 2016) and contributes to the reduction of greenhouse gas (GHG) emissions (Brancoli et al.,
2017; Papargyropoulou et al., 2014). In case studies modelled by Lassaletta et al. (2016), feeding
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swill has been found to increase N use efficiency (NUEN ) at herd level, when combined with lower
levels of protein in the diets. Swill feeding can contribute to a circular bio-economy by recycling
wasted nutrient back into the food system (HLPE, 2014; Kirchherr et al., 2017). Despite these
promising results, no study has yet explored the effect of feeding swill to industrial pigs as a
broad strategy to reduce N losses for global pork supply chains.

The objectives of this study are to assess N flows and N use indicators for global pork supply
chains and to evaluate the effects associated with feeding swill to industrial pigs. N flows and
N use indicators are quantified for 2010, based on the framework developed in Uwizeye et al.
(2016a), by region and production system. The potential effect of feeding swill to industrial
pigs is explored as a novel improvement option. The choice of industrial system is based on its
importance in the global pork supply chains and its potential contribution to the sustainability
of food systems.

5.2 Materials and Methods

5.2.1 Global pork supply chains

Pig production systems differ in the size of operations, housing, feed, energy use, and technology.
The classification used in this paper is based on the Global Livestock Environmental Assessment
Model (GLEAM), and organises pig production into three simplified systems: backyard, inter-
mediate and industrial (MacLeod et al., 2013). The distribution of the pig population per region
and production system in 2010 is provided in Figure 5.1.

Backyard systems consist of small-scale production units, in which pigs are reared for the local
market or home consumption. Pigs are partially confined. The primary sources of feed include
swill from households and restaurants, scavenging, other on-farm feed materials, such as second-
grade grains (deemed unfit for human consumption), and local agro-industrial by-products, such
as maize brans. In East and Southeast Asia (ESEA), pigs can be integrated with other animal
species, such as fish. Feed and animal production are coupled, and manure is collected and
recycled on cropland, grassland or applied to fish ponds. But manure can be illegally disposed
into the environment in regions where production units are concentrated in densely populated
areas. Pigs in backyard systems are concentrated in ESEA, predominantly in China (Figure
5.1).

Intermediate systems tend to emerge near cities, due to the increasing demand for pork products
(Gerber et al., 2013). They supply pork for urban markets with medium capital investment
and show an improved level of animal performance as compared to the backyard system. Pigs
are confined, with solid floor and roof. Feed is partially sourced on-farm, although most of
it is purchased locally or from international markets. Swill from restaurants and canteens can
contribute a considerable part of the diet (Gerber et al., 2013). Animal performance is limited by
a lower level of management and biosecurity, compared to industrial systems. Manure is partially
recycled on cropland or grassland, and partially dumped into the environment as the peri-urban
location of production units limits nearby recycling options, e.g., in China (Bai et al., 2014)
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Figure 5.1: Global pig population by region and production system based on FAOSTAT (2018).

or Thailand (Schaffner et al., 2009). Intermediate systems are mostly found in ESEA (Figure
5.1).

In the industrial systems, production units supply pork to local and international markets and
use high-quality feed, which can be produced on-farm, or processed from locally sourced or
internationally-sourced feed materials. Pigs are confined in modern and automated barns with
a high level of biosecurity, and feed conversion ratio is optimised. Manure management system
is usually improved as companies invest in long-term sustainability and economies of scale apply
to manure management. Industrial farms are often concentrated in areas, where operating costs
are minimised, regardless of the increased transportation distances (Gerber et al., 2010). This
geographical concentration, combined with the sheer size of production units and with the import
of feed create an area of high nutrient losses (Costanza et al., 2008). High transport costs
dissuade producers from moving manure to distant crop areas in need of fertilizer. As a result,
over-application on land and dumping into watercourses become frequent where regulation on
manure management is weakly enforced (Strokal et al., 2014). Industrial systems are mostly found
in Western Europe (WE), ESEA, North America (NA) and Latin America and the Caribbean
(LAC)(Figure 5.1).

5.2.2 Modelling framework

In this study, we consider the “cradle-to-primary-processing-stage” part of the life cycle of pork,
around the year 2010. The framework developed by Uwizeye et al. (2016a) is used to assess N
flows, losses, and N use indicators. This framework relies on a modular modelling approach,
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which follows the fate of N step-by-step through the different stages of pork supply chains:
feed production, animal production, and processing of animal products. Figure 5.2 shows the
overview of the N flows modelling used in this study. N emissions from energy production, use
and transport are excluded from the assessment. Manure exported for application on non-feed
crops or fishponds is considered to cross the system boundary. Any loss occurring from these
activities is excluded from the analysis.

FEED RATION & INTAKE 

MODULE

Calculation of:

• Feed ration composition,

• Nutritional values

• Animal’s energy requirement

• Animal’s feed intake

FEED N LOSSES MODULE 

Calculation of:

• N loss compound per ha: N2O, NH3 and NO3
-

• Total N losses for crop production 

• Coefficients energy requirements

• Synthetic N fertilizer application rates

• Manure 

• Biological N fixation (Peoples et al., 2009)

• Atmospheric N deposition (Dentener, 2006)

• EFs for N2O, NH3 (IPCC, 2006)

• Leaching and runoff rates

• FAO trade matrix

ANIMAL N LOSSES MODULE

Calculation of:

• Manure N excretion

• Total N losses from manure as N (N2O, NH3, 

NO3
-)

• N manure exported to other users (energy, non-

feed crop production)

• N retention in animal tissues

• Feed intake by cohort 

• Average digestibility of ration

• Average nitrogen content of ration
MANURE MODULE

Calculation of: 

• Manure application rate to 

arable land and pastures

Feed intake by 

cohort Manure N applied per ha

Agricultural area

ALLOCATION MODULE 

Calculation of:

• Allocation based on N content

• N losses allocated to co-

products

Total feed N losses

PROCESSING MODULE

Calculation of:

• Meat production

• N loss via wastewater (NO3
-)

Total animal and 

processing N losses

• Number of pigs in each cohort

• Herd parameters

• Average live weights

• Growth rates

OUTPUTS MATRIX CONSTRUCTION

Calculation of:

• N flows and N losses per region/system/global

• N use indicators (life-cycle-NUE, life-cycle-NNB, 

NHI)

• Dressing carcass

• Slaughter weight

• Slaughter animals

1
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• Nutritional values of feed materials

• Manure management 

systems

Figure 5.2: Overview of N flows modelling for global pork supply chains adapted from FAO (2017).

The framework draws on three indicators. Life-cycle nitrogen use efficiency (Life-cycle-NUEN ,
%) refers to the efficiency with which N sources are mobilised from nature or other agricultural
systems to generate the final animal products. It considers the linear and multidimensional
processes of N flows such as feedback loops of recycling crop residues, manure as well as the
change in soil nutrient stocks. Life-cycle net nitrogen balance (Life-cycle-NNBN , kg N ha−1)
aggregates the total amount of N losses that are emitted into the environment at each supply
chain stage, regardless of the actual areas where they occur in the chain. It is calculated by
dividing total N losses with total land required to produce feed. Nitrogen hotspot index (NHIN ,
%) characterises the evenness distribution of N balances along the supply chain and is calculated
as a coeffecient of variation of N losses at each supply chain stage. These three indicators are
calculated using the supply-and-use matrices, previously published in detail by Uwizeye et al.
(2016a).
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N flows and losses at feed production stage

Types of feed materials include feed crops, crop residues, agro-industrial by-products, swill and
concentrates. They are divided into two categories: locally produced feed, and non-locally
produced feed. Locally produced feed refers to crops, by-products, and swill produced on-farm
or sourced from national production, whereas non-locally-produced feed refers to feed purchased
from international markets. N flows associated with the production of each feed material are
modelled, except for swill and synthetic amino acids. Swill is considered a residual with no
allocation of upstream N losses. For synthetic amino acids, no sufficient data is available to
estimate N losses associated with their production on a global scale. Total N loss is calculated as
the sum of all N compounds released via volatilisation, runoff and leaching. Data for 245 countries
and territories on synthetic fertilizer application rate, manure application rate, crop residues left
on fields, crop yields, N content of feed materials, and emissions factors for N volatilisation,
leaching/runoff rates, and composition of feed rations are obtained from GLEAM (FAO, 2018a).
Country-specific data for biological N fixation are based on literature (Herridge et al., 2008;
Peoples et al., 2009), and those on the atmospheric deposition are obtained from Dentener
(2006). For non-locally-produced feed, average data are collected from the FAO trade matrix
from 2008-2010 (FAOSTAT, 2018). The description of feed materials is available in SM, Table
B.1, and the compositions of the rations and nutritional values are provided in supplementary
information, Table B.2 for backyard, Table B.3 for intermediate and Table 5.1 for industrial
systems.

N flows and losses at animal production stage

The pig herd is divided into five cohorts: sows, boars, sub-adult males and females for replacement
and fattening pigs. Country-specific data on the number of animals and herd parameters, e.g. live
weights, fertility, mortality, daily-weight gain for each system are obtained from GLEAM (FAO,
2018a). These herd parameters are used to calculate N intake, N retention, and N excretion.
Excreted N is partitioned into different manure management systems and subsequently multiplied
by specific emission factors obtained from IPCC (2006). Additional data are collected on manure
dumped into the environment, for instance, in ESEA (Bai et al., 2014; Schaffner et al., 2009; Vu
et al., 2007; Thien Thu et al., 2012). N losses are estimated as the sum of manure dumped N
losses via leaching, and emission of N-gases (e.g., NH3, NOx, and N2O) to the atmosphere.

N flows and losses at processing stage

Finished pigs are slaughtered for meat, edible offals, and non-edible co-products. N losses take
place through wastage of organic solids, meat unsuited for human consumption, and wastewater.
Data on post-harvest pork products, processes and flows are obtained from GLEAM (FAO,
2018a).
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5.2.3 Scenario analysis

The effect of feeding swill to industrial pigs on N use indicators is explored by substituting
swill for grains (e.g., barley) and soybean. These feed materials are selected for substitution
because of the sustainability issues related to their production. They are edible by humans, and
their use poses questions of land and water use for food production (van Zanten et al., 2018).
Besides, soybean production is a driver of deforestation and land use change, thus associated
with GHG emissions and biodiversity losses (Gibbs et al., 2015). The amount of swill available
by country is estimated based on FAO (2011b), by multiplying regional FLW per capita with
the human population in 2010 (FAOSTAT, 2018), assuming an average DM content of swill of
25% (zu Ermgassen et al., 2016). Food losses during harvesting are excluded because of their
collection in fields is onerous. We assume that only 39% of swill available is used as animal feed,
in line with the level of swill used in Japan (zu Ermgassen et al., 2016). In our scenario, swill
is added in proportions that conserve the overall gross energy and N content of the feed, and
to a maximum level of 50% of the rations (zu Ermgassen et al., 2016). For more details, see
SM section S2.1. The feed compositions for the baseline and scenario are presented in Table
5.1.

5.2.4 Computation

The calculation model and programming code were performed using the R project (R Core Team,
2013). A descriptive statistical analysis and multivariate linear regression were carried out to
compare pig systems. Detailed programming code and data are available upon request.

5.3 Results and discussion

5.3.1 N flows in the global pork supply chains

Overview

Globally, 51.9 Tg N are mobilised annually to sustain feed production for pigs, of which 4 Tg N
are recycled from crop residues and manure (Figure 5.3). Pigs consume around 16.3 Tg N, of
which 1.5 Tg N in the form of swill and 1.4 Tg N in the form of synthetic amino acids, to produce
3.5 Tg N of edible pork products (equivalent to 113.7 Tg in carcass-weight, in supplementary
information Table B.5). Pork production generates co-products at different stages of the supply
chains, including co-products from feed production, e.g., grains (14.5 Tg N), manure exported
to non-feed croplands, grasslands or fishponds (6.9 Tg N) and inedible co-products from meat
processing (0.04 Tg N).

The total N losses are estimated at 26.6 Tg N (sum of all N losses flows in Figure 5.2), , of which
14.7 Tg N are allocated to pork products, while the remainder is allocated to crop co-products
and manure exported (Table 5.2). With a contribution of 76%, feed production is the primary
contributor to total N losses. Losses from pig housing and manure management contribute 22%
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Figure 5.3: Aggregated global N flows associated with pork supply chains in Tg N y−1 for the current

situation. N flows are the sum of fluxes for the three production systems: backyard, intermediate and

industrial without allocation. 1 Organic fertilizer refers to the crop residues from the previous crop, in

crop rotation or green manure. 2 Manure from other species, e.g., cattle or poultry. 3 SSC relates to

soil N stock change.

to total N losses, whereas post-farm activities contribute only 2% (Table 5.2). About 58% of
the total N losses take place in the backyard system (Table 5.2), but this system contributes
only 27% to total pork production (in SM, Table B.5). The industrial system adds 23% to
total N losses but generates about 56% to the global pork production. The intermediate system
contributes equally to the total N losses and pork production, around 19%. About 88% of the
total N losses take place in three regions ESEA, WE and Eastern Europe (EE), which account
for 74% of total pork production (in SM, Table B.5). Considering the composition of N losses
by compounds, about 68% of the total N losses are lost to watercourses in the form of NO3

–

and organic N, which cause freshwater and marine eutrophication. NH3 and NOx emissions
explain 29% of total N losses and are sources of air pollution, human health damages, and
acidification. N2O emissions are much lower (2%, Table 5.3), but they significantly contribute to
global warming. The backyard system provides 60% to total NO3

– losses, whereas the industrial,
like the intermediate system, contribute each around 20%. The backyard system is the primary
sources of NH3 and NOx (51%) and N2O (57%) emissions. The intermediate system contributes
17% to both NH3, NOx and N2O emissions, whereas the industrial system contributes 32% to
NH3 and 26% to N2O emissions. These compound losses take place primarily in feed production,
ranging from 82-88% for NO3

– losses, from 52-61% for NH3 and NOx, and from 83-90% for
N2O emissions. The backyard and intermediate systems have similar loss composition because
of the similarity of their manure management systems, whereas manure is treated as a liquid or is
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stored in the lagoon for the industrial system, resulting in the high proportion of NH3 emissions
(38%).

These results differ from previous studies. For example, N intake estimated in this study is
30% higher than that reported by Lassaletta et al. (2016) for 2005: this is mostly related to an
increase of pig population (15% between 2005 and 2010 (FAOSTAT, 2018) and differences in
feed composition data. Global emissions of N2O estimated in this study are two-fold higher than
those modelled by Oenema et al. (2005) for 2000. This difference is partially explained by 25%
of pig sector growth recorded between 2000 and 2010 (FAOSTAT, 2018), and more importantly
by the differences in system boundaries. Oenema et al. (2005) focussed on animal production –
including manure management – whereas this study included feed production and post-harvest
activities.

Highly variable nitrogen losses at region and system level

Examining Table 5.2 reveals that N losses by the system and by region follow animal numbers
(Figure 1). In most regions, backyard and intermediate systems contribute less to total N
losses than they contribute to the entire pig population (ratio < 1, i.e., losses per head are
lower than average in the region). This observation is not the case in for South Asia (SA) and
ESEA. In contrast, industrial systems contribute more to N losses than they contribute to the
pig population (ratio > 1) in most regions, except for NA, Oceania (OC), and LAC. These
findings relate to differences in production practices, and especially in feed production, manure
management, and animal productivity.

Examining Table 5.3 shows that regional N losses are dominated by NO3
– emissions to ground

and surface water, which are higher than gaseous N emission (e.g., NH3, NOx and N2O), except
in WE and Oceania for the backyard system. In these regions, NO3

– losses are comparable to
NH3 and NOx emissions. The reason is that NO3

– leaching in feed production is low in these
regions, because of the relatively high N uptake in crops. N losses from dead animals are minor
for all regions. These results suggest that different regions experience contrasting issues for N
management, implying a need for country-specific policy interventions. Such interventions would
target mostly feed production stage focussing on best practices during the application of N inputs
to cropland and collection and storage of manure.

The combined estimates of NH3 and NOx emissions for both South Asia (SA) and ESEA are
different from those of Yamaji et al. (2004) for 2000 (2.9 Tg N versus 0.8 Tg N). The differences
between these two studies are related to the growth of the pig sector and increased dependence
on imported feed in 2010 (Gale et al., 2015). For example, SA and ESEA imports of soybean cake
and maize have increased by 107% and 24%, respectively between 2000 and 2010 (FAOSTAT,
2018).
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Table 5.2: Total N losses at each stage allocated to pork supply chains expressed in Gg y−1 by region

for the baseline

N losses (Gg)
Systems Regions

Feed Animal Processing Total
Ratio1 NHIN

2 (%)

B
A

C
K

Y
A

R
D

South Asia 134.9 16.1 1.5 152 1.01 144

North America - - - - -

Western Europe 9.7 3.5 0.5 14 0.32 103

ESEA3 6,143.8 1,457.0 59.2 7,660 1.14 125

Eastern Europe 138.4 21.4 2.3 162 0.73 136

Oceania 4.4 3.4 0.5 8 0.16 74

LAC4 138.3 87.9 6.8 233 0.34 85

Russian Federation 58.6 12.5 1.5 73 0.53 125

Sub-Saharan Africa 50.9 28.9 2.4 82 0.21 89

NENA5 6.7 1.3 0.1 8 0.67 129

Sub-Total 6,685.7 1,632.1 74.7 8,392.5

Share N losses 58%

IN
T

E
R

M
E

D
IA

T
E

South Asia 50.9 4.8 0.6 56 1.66 149

North America - - - - -

Western Europe 13.3 5.3 0.6 19 0.49 100

ESEA 1,824.0 549.1 35.5 2,409 1.10 115

Eastern Europe 79.0 24.3 2.6 106 0.66 111

Oceania 0.7 0.2 0.0 1 0.62 118

LAC 58.9 43.2 4.0 106 0.43 80

Russian Federation 5.8 2.6 0.2 9 0.60 98

Sub-Saharan Africa 29.5 4.9 0.7 35 0.66 133

NENA 3.8 1.0 0.1 5 0.75 119

Sub-Total 2,065.9 635.3 44.3 2,745.5

Share N losses 19%

IN
D

U
S
T

R
IA

L

South Asia 13.5 2.0 0.2 16 2.67 137

North America 316.0 90.9 30.2 437 0.58 103

Western Europe 1,107.1 341.2 48.4 1,497 1.22 110

ESEA 542.3 363.9 36.4 943 1.02 82

Eastern Europe 166.3 63.4 7.3 237 1.27 102

Oceania 17.6 5.5 0.9 24 0.73 108

LAC 127.9 99.6 13.7 241 0.70 74

Russian Federation 87.3 34.7 3.7 126 1.33 101

Sub-Saharan Africa 57.1 2.6 1.0 61 2.54 158

NENA 12.5 4.5 0.5 18 1.28 105

Sub-Total 2,447.6 1,008.2 142.3 3,598.1

Share N losses 23%

World 11,199.2 3,275.6 261.3 14,736.0
All systems

Percentage 76% 22% 2%

1Ratio refers to the relative contribution to N losses and is calculated by dividing the proportion of the regional

N losses to total N losses and proportion of regional pig population to global pig population per system.
2NHI refers to Nitrogen hotspots index
3Eastern and Southeast Asia
4Latin America and the Caribbean
5Near East and North Africa
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Table 5.3: Total N losses by N compounds allocated to global pork supply chains expressed in Gg N

y−1 by region for the baseline

Backyard Intermediate Industrial All systems
Regions

N2O NH3
1 NO3

– 2 N2O NH3 NO3
– N2O NH3 NO3

– N2O NH3 NO3
–

South Asia 2.5 37.5 112.1 0.9 12.0 43.4 0.3 3.6 11.8 3.6 53.2 167.3

North America - - - - - - 9.9 168.4 239.6 9.9 168.4 239.6

Western Europe 0.4 6.5 6.7 0.4 8.9 9.7 30.3 619.6 832.2 31.1 635.1 848.6

ESEA3 133 1,949 5,557 37.6 613 1,749 14 282 632 185 2,845 7,938

Eastern Europe 3.2 49.7 108.8 2.2 44.0 59.4 4.7 102.4 127.7 10.1 196.0 295.9

Oceania 0.2 4.1 4.0 0.0 0.3 0.5 0.4 7.7 15.3 0.6 12.1 19.8

LAC4 5.4 100.3 126.2 2.8 48.3 54.4 6.0 105.6 124.2 14.1 254.2 304.8

Russian Fed.5 1.6 25.8 45.0 0.2 4.0 4.4 2.1 53.4 69.1 4.0 83.2 118.6

SSA6 1.8 34.5 45.3 0.7 9.7 24.5 0.9 11.0 48.4 3.5 55.2 118.2

NENA7 0.2 2.8 5.1 0.1 1.7 3.0 0.4 5.9 11.1 0.7 10.4 19.2

World 149 2,210 6,010 45 742 1,949 69 1,360 2,111 262 4,313 10,070

Percentage 2% 26% 72% 2% 27% 71% 2% 38% 59% 2% 29% 68%

1NH3 includes both NH3 and NOx emissions
2NO3

– includes Nitrates + organic N
3Eastern and Southeast Asia
4Latin America and the Caribbean
5Russian Federation
6Sub-Saharan Africa
7Near East and North Africa

Life cycle net nitrogen balance

Given the relevance of N losses for eutrophication and acidification, we compute N losses per
unit of land area required in the supply chains to produce feed, expressed as Life-cycle-NNBN

indicator. Global Life-cycle-NNBN is 64 kg N ha−1. Figure 5.4 reveals the high heterogeneity
among regions and within systems. For backyard systems, Life-cycle-NNBN ranges from 10 kg
N ha−1 in Sub-Saharan Africa (SSA) to 104 kg N ha−1 in ESEA (global average value: 79 kg N
ha−1). For intermediate systems, Life-cycle-NNBN ranges from 18 kg N ha−1 in SSA and Near
East and North Africa (NENA) to 79 kg N ha−1 in ESEA, (global average value: 66 kg N ha−1),
whereas, for industrial systems, Life-cycle-NNBN ranges from 30 kg N ha−1 in LAC to 64 kg N
ha−1 in SA (global average value: 40 kg N ha−1).

Except in ESEA, backyard and intermediate systems always have lower Life-cycle-NNBN than
industrial systems, because of the connection between feed and animal production stages, giving
more opportunities to recycle manure and crop residues. Moreover, both low fertilizer supply
and low crop yields result in the use of more land to produce feed and in low N losses per unit
of area. The higher Life-cycle-NNBN in industrial systems are related to high N application to
feed-crops and limited availability of land to recycle manure due to the disconnection between
supply chain stages. Production practices cause highest Life-cycle-NNBN in ESEA for backyard
and intermediate systems. For example, the instauration of subsidies for synthetic fertilizer in
China disincentivised the recycling and application of manure to cropland (Bai et al., 2018b;
Chen et al., 2016). Consequently, farmers dumped more manure into water courses without
adequate pre-treatment (Bai et al., 2018b). We observe that the spread of Life-cycle-NNBN

values at the regional level is smaller for industrial systems than for other systems, because of
the standardisation of production, including manure collection and handling, feeding strategies,
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Figure 5.4: The relationship between life-cycle nitrogen use efficiency and life-cycle net nitrogen

balance for global pork supply chains for the baseline, see Table B.7. The size of the bubble represents

the pig population by region. Description of regions: 1: South Asia, 2: North America, 3: Western

Europe, 4: East and Southeast Asia, 5: Eastern Europe, 6: Oceania, 7: Latin American and the

Caribbean, 8: Russian Federation, 9: Sub-Saharan Africa, 10: Near East and North Africa. The

interval lines show the ranges for the various production systems.

and pig genetics.

Life cycle nitrogen use efficiency

Global Life-cycle-NUEN of pork production is 41%, which is estimated by considering all N
flows at each stage. Figure 5.4 reveals a considerable variability of Life-cycle-NUEN among
regions and systems. For backyard systems, Life-cycle-NUEN ranges from 30% in ESEA to
57% in WE (global average value: 28%). For intermediate systems, Life-cycle-NUEN ranges
from 35% in ESEA to 54% in WE (global average value: 37%), whereas, for industrial systems,
Life-cycle-NUEN ranges from 39% in SSA to 63% in NA (global average value: 64%). The
comparison by region shows that in some, backyard systems have higher Life-cycle-NUEN than
industrial systems (e.g., SSA, WE), whereas in other regions it is the opposite (e.g., LAC). For
industrial systems, a low feed conversion ratio, high animal productivity, and proper manure
handling explain high efficiencies. For backyard systems, the use of crop co-products and swill as
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feed and reliance on soil N stock partly compensates for high N losses from manure management
and benefits Life-cycle-NUEN . In the situation where high efficiencies coincide with low N input
levels (such as in SSA), the system is estimated to deplete N stock in the soil, which will reduce
efficiency in the long-run (Uwizeye et al., 2016a).

These results are different to those reported in the literature because of methodological differ-
ences. Liu et al. (2017) found that global NUEN of mixed crop-animal systems ranged from
5% to 65%, Their study included all livestock species and excluded processing. Our findings of
NUE at animal production only range from 62% to 91% (SM, Table B.6) and are higher than
those reported in the literature, ranging from 10% to 44% (Gerber et al., 2014) or from 7%
to 25% (Lassaletta et al., 2016). Discrepancies are caused by the use of different definitions of
valuable outputs, i.e., the inclusion or exclusion of exported manure as valuable output. In this
study, manure is considered part of useful outputs because of its role in soil fertility and quality
(Uwizeye et al., 2016a), resulting in high efficiency. For feed production, NUEN values (range
40%-80%, SM, Table B.6) agree with those of Lassaletta et al. (2016).

Hotspots of nitrogen losses

NHIN values are above 100% in most regions, for all systems, indicating a concentration of
N losses in one stage of the supply chain: feed production as previously shown in 5.3.1. For
instance, about 90% of N losses take place during feed production in SSA for industrial systems,
explaining an unusually high NHIN (158%). Mitigation options, therefore, should focus on this
stage, by timing and dosing the application of synthetic fertilizer and manure based on crop
requirements and adopting low-emission application techniques such as dilution of the slurry
or injection of manure into soil. For NHIN <100%, N losses are spread evenly across different
stages of the supply chain. For instance, for the backyard system in OC, 53% of N losses take
place during feed production and 41% in animal production (Table 5.2). Mitigation options
would need to focus on all stages of the supply chain to reduce the N losses, for example by
lowering the synthetic fertilizer application rate and covering manure during storage to limit the
volatilisation.

Combination of nitrogen use indicators

Figure 5.3 shows that, as expected, low Life-cycle-NNBN is associated with high Life-cycle-NUEN

and vice-versa. There are some exceptions. For instance, backyard systems in LAC and Russia
Federation (RF) have equal Life-cycle-NUEN , but Life-cycle-NNBN in LAC is two-fold higher
than the one of RF. Similarly, NA in the industrial system has high Life-cycle-NUEN combined
with a high Life-cycle-NNBN . The reason is that pig production is geographically concentrated
in these regions, resulting in high N losses per unit of land use. For these regions, mitigation
options would target the reduction of N losses per unit of land while preserving the level of
NUE by adopting low-emission manure treatment techniques such as biological nitrogen removal
or bio-thermal drying. It is essential, however, to evaluate their environmental performance
to avoid shifting impacts from one environmental category (e.g., freshwater eutrophication) to
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Table 5.4: Comparison Life-cycle-NUEN between baseline and scenario and change in N losses at

feed production stage after substitution of swill for grain and soybean in industrial pig system.

Life-cycle-NUENRegions
Baseline (%) Scenario (%) Change

Change in N losses in

feed production Stage

South Asia 42 54 30% -53%

North America 63 67 6% -28%

Western Europe 51 58 13% -33%

ESEA1 50 58 17% -56%

Eastern Europe 52 59 12% -35%

Oceania 51 57 13% -31%

LAC2 60 66 9% -50%

Russian Federation 48 57 18% -53%

Sub-Saharan Africa 39 41 7% -11%

NENA3 52 60 17% -49%

1Eastern and Southeast Asia
2Latin America and the Caribbean
3Near East and North Africa

another (e.g., climate change), because these techniques are energy intensive (Corbala-Robles
et al., 2018).

5.3.2 Scenario analysis

Effect of swill feeding on N use indicators and N losses

The substitution of swill for grains and soybeans in pig rations improves N use indicators (Table
5.4 and Table B.8). Life-cycle-NUEN increases in all regions from 6% in NA to 30% in SA. The
difference between regions is explained by the difference in the amount of swill added to the
ration, itself depending on the baseline proportion of grains and soybeans and the feed ration
composition. The low level of Life-cycle-NUEN improvement modelled in SSA, LAC and NA are
related to lower protein levels in the baseline feed rations (Table 5.1). The increase of efficiency
is achieved through a reduction of N losses at the feed production stage, ranging from -56% in
ESEA to -11% in SSA. As expected, no significant decrease in N losses is observed at animal
production stage because of the conservation of the level of N intake in the substitution scenario.
This decrease of N losses translates to the reduction of N losses per unit of area and hotspots
along the supply chains.

Globally, this scenario would achieve a saving of 31 Mt of soybeans and 20 Mt of grains in DM,
equivalent to 16 Mha of land used. On the global basis, this area saved is equal to 11% of arable
land used to produce oilseeds and 1% of arable land used to produce cereals for livestock feed
(Mottet et al., 2017). These findings agree with previous studies that analysed the effect of
feeding food loss and leftovers on land use for pig production in Europe (zu Ermgassen et al.,
2016; van Zanten et al., 2016). Swill feeding has not been considered a potential large-scale
strategy to improve environmental sustainability in global pig systems, except by Lassaletta
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et al. (2016). The reason is that swill feeding is illegal in many countries due to the risks of
infectious diseases and public health, when swill is not adequately treated (Horst et al., 1997).
For instance, illegal feeding of untreated swill triggered the foot and mouth disease outbreak
in the United Kingdom in 2001, causing high economic losses (around £3 billion). Since then,
policy-makers have adopted the precautionary principle to reduce potential risks of swill (Haydon
et al., 2004).

Feasibility of the use of swill in pig feeding

Swill feeding for industrial pigs is practised in a few countries such as Japan and South Korea.
These countries have put in place innovative policies and regulations for the collection, prepa-
ration and heat-treatment of swill to improve safety and traceability (Takata et al., 2012). For
instance, Governments have developed education programs for urban households for the sepa-
ration of food wastes and incentivised private sector investments in manufacturing units that
collect, treat and process food wastes into animal feed is crucial (Liu et al., 2016). Initiatives
such as the “No Food Loss Project” by the Japanese Government promote the reduction of FLW
and the use of swill as animal feed (Liu et al., 2016). A specific “Ecofeed” market premium is
developed in Japan to provide market incentives to pig farmers.

In other countries, raising awareness with pig production stakeholders on the positive effects
of swill feeding on the environment would pave the way towards swill legalisation. A recent
study found a strong support among farmers and stakeholders for swill legalisation in the United
Kingdom, despite concerns about disease control and consumer acceptance (zu Ermgassen et al.,
2018). The availability of swill is a limiting factor to the production of pork from this feed
resource. Efforts by food policy-makers and private stakeholders to reduce FLW, furthermore,
may eventually reduce the amount of swill available for feed (Garrone et al., 2016; HLPE, 2014).
Despite these efforts, a minimum amount of FLW seems to be unavoidable, e.g. non-edible parts
of food such as fruit skins (Papargyropoulou et al., 2014) and will be available as animal feed
(Beausang et al., 2017).

5.3.3 Limitations

The framework used in this study builds on modular modelling and requires detailed country-
specific data, e.g. on N inputs into soils, crop and grass yields, herd parameters per production
system, emission factors, and manure management. Most of these data were derived from the
GLEAM database. The development of GLEAM involved an extensive effort to compile national
statistics and inventories, literature and expert knowledge at global level (FAO, 2018a; Gerber
et al., 2013; MacLeod et al., 2013). The uncertainties of the data have a large influence on
the results. For instance, a previous study using this framework identified synthetic fertiliser,
manure application and deposition, crop yields and emission factors as the most important
data to explain the variance of Life-cycle-NUEN , Life-cycle-NNBN , and NHIN (Uwizeye et al.,
2017). The data used in this study, however, do not capture the variability of N use practices
within a system in the country, which can be observed if spatial differentiated data are available.
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For some parameters, country-specific data are lacking, and we use global or regional default
values, such as for emissions factors, and gross energy and N contents of feed materials, which
increases the uncertainty of our results. Other uncertainties are related to the mass balance
approach used, which may under/overestimate the amount of manure exported out of the supply
chain or the magnitude of soil N stock change. These parameters can profoundly influence the
results. Other limitations are related the data on swill used in this study. These data may have
large uncertainties because they have been estimated based on limited literature available (FAO,
2011b), but are a good starting point to explore the potential of swill feeding. The scenario tested,
in which we replace a large amount of soybean and grains for swill in the rations, therefore, is
not meant to be realistic in all countries, but to assess the technical potential.

5.4 Conclusion

This study provides an overview of N flows, losses, and three N use indicators in global pig
supply chains and explores the land use and N management implications of partially replacing
grains and soybeans with swill for industrial pigs. It provides sound information on the N use
efficiency, the magnitude of N losses and the stage at which they take place along the supply
chain. This information is of direct relevance to policy or decision makers interested to improve
the sustainability of N management along the supply chain, by considering non-local N losses
associated with the import of feed. This study revealed regional and system heterogeneities for N
use indicators that emphasise the need for region-specific mitigation strategies. The substitution
of swill for soybean and grains in industrial pig diets reduced N losses at the feed production
stage and thus improved Life-cycle-NUEN . Swill feeding has the potential to reduce land use and
waste streams, especially in countries where swill is widely available. Swill feeding will require
innovative policies to frame the collection, treatment, and usage of swill, and ensure safety and
traceability. Further research should investigate the N flows and N use indicators in the global
livestock sector and evaluate the potential impacts of swill feeding on other environmental issues
such as climate change.
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Abstract

Although the global livestock supply chains have effectively supplied animal-source food to a
growing population, they have also altered the nitrogen (N) flows, threatening the environment
and human health. A quantitative assessment of their impacts on N flows is however lacking.
Here, we fill this knowledge gap by providing a disaggregated assessment of N use and emissions
in global livestock supply chains for 2010. We find that livestock supply chains are responsible
for 65 Tg N y−1 , which is roughly one-third of the total human-induced N emissions, of which
63% take place in 2 regions (i.e. South Asia and East and Southeast Asia), and 61% at the
feed production stage. These emissions are in the form of NO3

– (28 Tg N y−1 ), NH3 (26 Tg
N y−1 ), NOx (8 Tg N y−1 ) and N2O (2 Tg N y−1 ). The magnitude and concentration of
N losses imply that there is both urgent need to reduce these emissions and the opportunity to
design targeted mitigation interventions. The wide range of values calculated for N use indicators
further indicates that good practices are available and already implemented in parts of the value
chains. The design and implementation of interventions should consider potential trade-offs and
synergies with other sustainability dimensions, such as climate change, resource scarcity and
food security. Our study suggests that N challenges are global and cannot be tackled without
considering the contribution of global livestock supply chains, thus requiring a global convention
with a strong representation of stakeholders in the livestock sector.
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6.1 Introduction

The global livestock sector is rapidly transforming. Over the past few decades, many livestock
systems over the world have evolved from local, small-scale mixed crop-livestock systems to
global and demand-driven supply chains, in which feed and animal production stages are often
disconnected (De Haan et al., 2010; Freeman et al., 2006). These changes, driven by economic
opportunities, have altered the way livestock production impacts global nitrogen (N) flows, which,
overall, have transgressed the safe operational space, defined by planetary boundary thresholds
(Springmann et al., 2018; Steffen et al., 2015). Globally, N flows are increasingly imbalanced,
with a few countries consuming around 95% of synthetic N fertilizer, while the rest of the world
have little access to N fertilizer thus limiting their crop and animal production (Sutton et al.,
2013b).

The livestock sector contributes to shaping global N flows through the application of synthetic
N fertilizer and manure to produce feed, the accumulation and management of manure, and
the transportation of N-rich products, such as feed, food, and manure (Bai et al., 2018b;a;
Costanza et al., 2008; Sutton et al., 2011). These developments have changed the pattern of
atmospheric N emissions such as nitrous oxide (N2O), a potent greenhouse gas, ammonia (NH3)
and nitrogen oxides (NOx), which contribute to air pollution, damage of human health and
terrestrial acidification (Galloway et al., 2008; Sutton et al., 2013b). They have also increased
emissions of nitrates (NO3

– ) and organic N, which are abundant sources of water pollution and
groundwater and freshwater eutrophication (Hamilton et al., 2018; Galloway et al., 2008). NO3

–

emissions can infiltrate into lower soil strata and can be stored in vadose zones, turning into
delayed sources of groundwater pollution (Ascott et al., 2017). This delayed pollution may cause
long-term damages to human health, aquatic and terrestrial biodiversity, and exacerbate climate
change (Ascott et al., 2017; Sutton et al., 2013a).

The urgency with which these environmental threats must be understood and mitigated, while
maintaining the livelihoods of hundreds of millions of people, has resulted in a large body of
research on the management of N in livestock systems and indeed the global livestock supply
chains. Most studies have focussed on the animal production stage of the livestock supply chain
— including manure management and on-farm feed production, but excluded other stages, in
which most of N emissions can take place (Bouwman et al., 2013; Liu et al., 2017).

Some studies have considered the entire livestock supply chain, as a component of broader food
systems (Bodirsky et al., 2014; Conijn et al., 2018; Springmann et al., 2018; Sutton et al.,
2013a) or of global economy (Oita et al., 2016), but their level of aggregation and simplification
does not allow to draw specific conclusions for the livestock sector. A recent study provided a
more detailed analysis of the global acidification and eutrophication induced by the production
of animal-source food (Poore and Nemecek, 2018), but it relies on a database dominated by
observations for commercial farms in industrialised countries. A comprehensive, yet detailed
analysis of the contribution of the livestock supply chains to N emissions was carried out by Leip
et al. (2015), for the European Union. It suggests that these supply chains represent 82% of the
total NH3 emissions and 73% for the entire N emissions to water bodies from agriculture. In
summary, none of this work has performed a global, yet disaggregated assessment (i.e., spatially
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differentiated and distinguishing between different species, commodities and production systems)
of N use in livestock supply chains and its contribution to N emissions.

Here we fill this knowledge gap, with the aim to elucidate the magnitude and diversity of N use
in global livestock supply chains. Our study focuses on 275 countries and territories grouped
in 10 regions (http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691), using an up-
dated version of the Global Livestock Environmental Assessment Model (GLEAM) for 2010. We
use the most detailed geo-referenced information, highlighting the diversity of livestock supply
chains. We, furthermore, identify hotspots of N emissions and design targeted improvement
pathways.

6.2 Methods

6.2.1 Overview of GLEAM model

GLEAM is a spatially differentiated biophysical model developed at the Food and Agriculture
Organization of the United Nations (FAO) to assess the contribution of global livestock supply
chains to environmental issues (FAO, 2018a). Its structure is based on a life-cycle approach
and covers the main stages of livestock supply chains, including feed crop and grass production,
animal production, processing of animal products and transport. GLEAM has been used to
estimate the contribution of the livestock systems to the global human-induced emissions of
greenhouse gas (Gerber et al., 2013) and is here further developed to estimate nitrogen flows
and associated emissions. GLEAM accounts for N flows and emissions at a resolution of 10
x 10 km at the equator, for a combination species, commodity, production system and agro-
ecological zones. We apply the indicator framework developed by Uwizeye et al. (2016a) to
estimate the life-cycle nitrogen use efficiency (Life-cycle-NUEN ), life-cycle nitrogen net balance
(Life-cycle-NNBN ).

6.2.2 Development of the model

Specific new developments of GLEAM were carried out to perform this analysis.

N modelling in soils

We upgraded the feed module in GLEAM to account for all sources of N entering the soil;
including biological N fixation, synthetic fertilizer, manure, crop residues and atmospheric N
deposition and soil N stock change. We integrated a stepwise approach to reflect the N mass
balance for each feed item and to account for N emissions from each source of N inputs (FAO,
2018a). We used the IPCC method to estimate NH3 volatilisation and N2O emissions from
soils. Then, we combined the information on global land cover, soil classes, slope classes, and
precipitation to calculate NO3

– loads via runoff (Velthof et al., 2009). The fraction of N emissions
via leaching was estimated using a mass balance approach. The release of N2 was considered as a
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recycle flow to the atmosphere and, although calculated, it was excluded in the further analysis
of N emissions. We also estimated NOx emissions from field operations, harvesting and crop
processing using a proxy of CO2 to NOx ratio (Carslaw and Rhys-Tyler, 2013).

N modelling in international transport

Initial trade matrices were obtained from FAOSTAT for the following individual products: soy-
beans, soya cake, whole maize, maize bran, whole wheat, wheat bran, barley, whole cassava,
dried cassava, palm cakes. To homogenise year-to-year variations in trade flows, a three-year av-
erage (2009-2011) was calculated. We then computed trade matrices for aggregated items (soy,
maize, wheat, barley, palm and cassava) by summing individual items and applying FAOSTAT
conversion factors between crop primary and secondary products (FAO, 2003; Kastner et al.,
2014).

For each exporting country, if export was higher than the production, the difference was con-
sidered as re-export. Thus, the proportion of re-exports to total exports was calculated and
assumed similar for each aggregated item and all its related individual items. For every single
item, trade flows between re-exporters and final importers were reallocated to flows between
primary exporters and final importers. This reallocation was done proportionally – re-exports
were reassigned to primary exporters, according to their relative contribution to the imports of
re-exporters. Then, they were allocated to final importers according to their relative contribution
to the exports of re-exporters. For each item, the result was a corrected trade matrix with the
same total volumes of trade and modified trade flows to link primary exporters to final importers
directly.

We also corrected the trade matrix for feed/food use. Among the different individual items
considered, it was assumed that 100% of soybean cake, maize bran and wheat bran were used
as feed and hence allocated to livestock production. For the other items (wheat, barley, maize
grains, soybeans, palm, and cassava), the total feed intake of all livestock species was retrieved
from GLEAM, and we assumed that the total feed intake came from imports and national
production proportionally to their relative value in each country. We estimated sea transport
distances associated with the international trade of feed commodities: wheat, barley, maize,
cassava, soybean and palm, based on the database developed by CERDI (French Centre for
Studies and Research on International Development) (Bertoli et al., 2016). For major exporting
or importing countries with a large area and several important ports (e.g. Argentina, Australia,
Brazil, Canada, China, and the United States), sea distances were calculated by considering their
two main ports (weighted average). A sea distance matrix for each feed commodity was thus
created.

We estimated the fuel consumption, assuming an average fuel consumption of 1.3 g t−1 km−1

based on Notteboom and Cariou (personal communication). We assumed that 86% of fuel
consumed was in the form of heavy fuel oil and the remainder in marine diesel oil across all
countries (IMO, 2014). We then used the EEA approach (EEA and CLRTAP, 2016) to calculate
the total NOx emissions by multiplying the distance and volume of a commodity in the corrected
FAO trade matrix, as well as the associated fuel consumption and emission factors. Finally,
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we assigned NOx emissions to each production system proportionally to the volume of feed
commodity used.

N losses during manure management

We borrowed the method developed by EEA (EEA and CLRTAP, 2016). This method estimates
N emissions from houses or yards and storage from the fraction of the total ammonia nitrogen
(TAN), which represents the total amount of N in the forms of NH3 and NH4

+. We estimated
TAN based on mineralised N in urine from N in faeces according to Vonk et al. (2018). N emissions
were estimated by multiplying TAN by the share of each manure management category and the
corresponding emission factor. For NH3, we considered emissions from house or yard and the
manure storage, whereas for N2O emissions, direct and indirect emissions from manure storage,
and manure leaching were estimated. For NOx emissions, we distinguished emissions from manure
used as biofuel or manure incinerated to recover energy from those from manure management.
NO3

– emissions were estimated based on manure leaching and unregulated disposal into surface
and groundwater based on IPCC (IPCC, 2006) and literature data (Bai et al., 2014; Huang et al.,
2016; Schaffner et al., 2009; Thien Thu et al., 2012; Vu et al., 2007).

N losses after farm gate

A mass-balance approach was used, and N emissions were estimated as the difference between
N in primary products and live-animals and N in final products. It was assumed that most of N
was lost in the form of wastewater and untreated organic wastes from slaughterhouses and milk
processing plants.

6.2.3 Data collection

The GLEAM database was completed and updated for a number of topics. For feed production,
we used the new version of the Global Agro-Ecological Zones (GAEZ) yield maps (Fischer et al.,
2012) for feed crops (resolution: 10 x 10 km at the equator). We added new data on biological
N fixation for legumes, estimated based on the Livestock Environmental Assessment and Perfor-
mance guidelines (FAO, 2018b). For other non-legume crops, we considered default values from
literature (Herridge et al., 2008; Peoples et al., 2009). Crop-specific data on synthetic fertilizer
per ha were obtained by dividing the total fertilizer consumption by crop from the International
Fertilizer Association (Heffer et al., 2017) and the harvest area from FAO statistics (FAOSTAT,
2018) for the main fertilizer consuming countries. Other data on synthetic fertilizer were obtained
from Common Agricultural Policy Regionalised Impact model (CAPRI) for Europe (Leip et al.,
2011), from Swaney et al. (2018) for the United States at a subnational level. For Australia,
data were obtained from Navarro et al. (2016), while we used FAO statistics data for the rest
of the world. Data on atmospheric N deposition were obtained from the literature (Dentener,
2006). Manure deposited on grassland and applied to cropland was calculated iteratively from
the model, prioritising the application of manure to available arable lands in the cell where it
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was produced before applying it to other surfaces (grassland or grazed marginal land). Crop
residues data were calculated from GAEZ yield maps based on IPCC equations (IPCC, 2006).
Data on global land cover (Latham et al., 2014), slope classes (Reuter et al., 2007), and precip-
itation (Harris et al., 2014) were used to calculate spatially explicit runoff rate. For imported
feed items, we estimated N inputs and yield data as the national average weighted by the trade
volumes reported in the FAO trade matrix (FAOSTAT, 2018). For countries with missing data,
we filled the gaps with regional or continental average data.

For animal production, we collected additional data on manure management for the main live-
stock producing countries. Data were based on national greenhouse gas inventories for Brazil,
Australia, Japan, Switzerland and New Zealand reported to United Nations Framework Conven-
tion on Climate Change UNFCCC, NH3 inventory for United States (EPA, 2004), and national
statistics for Canada (Canada, 2003). Data for the European Union were detailed at the NUTS2
level (Bioteau et al., 2009), whereas data for China, India, Mexico and Vietnam were derived
from literature (Dan et al., 2003; Gao et al., 2014; Gupta et al., 2007; Mink et al., 2015; Thien Thu
et al., 2012).

6.3 Results

6.3.1 A substantial contribution to human-induced nitrogen emissions

Our analysis indicates that the livestock supply chains contribute around 65 Tg N y−1 to the
human-induced N emissions for 2010. Most of these N emissions are in the form of NO3

– (28 Tg
N y−1), NH3 (26 Tg N y−1), NOx (8 Tg N y−1) and N2O (2 Tg N y−1).
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Figure 6.1: Contributions of the sources of N compounds emissions to the global N emissions for

livestock supply chains

The bulk of N emissions takes place during feed production and manure management as il-
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lustrated in Figure 6.1. Feed production releases 44 Tg N y−1, in particular through manure
deposited on grasslands, manure spreading and synthetic fertilizer application to cropland, and
crop residues recycled in the field. Manure management is the second source of N emissions with
20 Tg N y−1 lost through volatilisation, N leaching and manure use as energy sources, whereas
the N emissions from animal product processing are minor in comparison.

6.3.2 Regional distribution of N emissions

Most of N emissions take place in South Asia (23 Tg N y−1), East and South-Eastern Asia (18
Tg N y−1), and Latin America and the Caribbean (7 Tg N y−1), as shown in Figure 6.2. In
South Asia, both buffalo and cattle production are responsible for 86% of N emissions. In Latin
America and the Caribbean, beef and dairy cattle production systems account for 70% of the
N emissions estimated in this for the region. Cattle production also contributes highly to N
emissions in Sub-Saharan Africa and North Africa and Near East, while pig and cattle systems
are the main contributors in Western and Eastern Europe.

Figure 6.2: Distribution of N emissions by the livestock species for ten regions expressed in Gg N

6.3.3 A few types of supply chains dominate emissions

We find that globally, cattle, buffalo, goat and sheep supply chains release about 45 Tg N y−1,
representing 70% of the total N emissions from livestock. More specifically, 10 supply chains
contribute nearly 85% of the total N emissions from livestock supply chains (Figure 6.3). Mixed
cattle and buffalo systems alone – most of which are in South Asia – are responsible for 40% of
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the total emissions. Emissions from grazing cattle (dairy and beef) and pig systems (backyard,
intermediate and industrial) are similar at 16% of the total N emissions.
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Figure 6.3: The regional contribution of different livestock systems to the total N emissions. Regions

in the legend are indicated by their acronym: RF: Russia Federation, NA: North America, OC: Oceania,

SSA: Sub-Saharan Africa, SA: South Asia, WE: Western Europe, EE: Eastern Europe, NENA: Near

East and Northern Africa, LAC: Latin America and Caribbean, ESEA: East and South-Eastern Africa.

The colour indicates a livestock species. Monogastric systems are presented in the bold case, whereas

ruminant systems are in the normal case.

6.3.4 Areas of concentration

We find considerable spatial variability in aggregated N emissions along livestock supply chains
(Figure 6.4). High NH3 and NO3

– emissions per unit of land are modelled for the Indo-Gangetic
plain, East and South-Eastern Asia, Western Europe, Oceania, the Nile Delta and Latin America.
In the Indo-Gangetic plain, these emissions are related to a high density of cattle and buffalo
associated with poor manure management and high synthetic fertilizer application (Beig et al.,
2017). In most of the East Asian countries, the geographical concentration of animal population
such as large-scale pigs, chicken, and mixed dairy farms, unregulated manure disposal and high
synthetic fertilizer application explain high N emissions (NH3, N2O, and NO3

– ) modelled. Most
of NH3 and N2O emissions related to pig, chicken and cattle production, take place in Western
Europe, North America and Latin America N emissions from manure management and daily
spreading are, therefore, concentrated on relatively smaller agricultural areas, resulting in high
emissions per ha. The same concentration of cattle and pig systems in North America and
Western Europe also translates into hotspots of NH3.
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NH3 emissions from livestock supply chains (kg N ha-1)

N2O emissions from livestock supply chains (kg N ha-1)

NO3
- emissions from livestock supply chains (kg N ha-1)

A

B

C

Figure 6.4: Spatially distribution of N emissions from livestock supply chains. The emissions are

aggregated for all livestock species and consist of N emissions taking place in feed production, manure

management and processing of animal products per unit of land required to produce feed. A. NH3

emissions B., N2O emissions to the atmosphere and C. NO3
– emissions to surface and groundwater.
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6.3.5 Highly variable nitrogen use indicators across regions and production sys-

tems

We analyse Life-cycle-NUEN , referring to the efficiency of recovering N mobilised at each supply
chain stage into the end-animal products, across production systems (Figure 6.5). Our results
show a high variability across the country and within the different livestock systems, indicating
the significant differences in livestock management practices, feed resources and animal per-
formance around the world. Such variability is more significant in ruminant as compared to
monogastric systems, except for the beef cattle feedlot.
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Small-ruminant meat: grazing

Pig meat: intermediate

Buffalo milk and meat: grazing

Cattle dairy: mixed

Pig meat: industrial

Cattle dairy: grazing

Pig meat: backyard

Small-ruminant milk and meat: mixed

Chicken egg and meat: layers

Small-ruminant milk and meat: grazing

Chicken egg and meat: backyard

Chicken meat: broilers

0 10 20 30 40 50 60 70 80

Life cycle net nitrogen use efficiency (%)

Livestock systems

Figure 6.5: The distribution of life cycle nitrogen use efficiency by species, commodity and systems.

The systems are ranked in decreasing order of the median values. The box shows the 25th to 75th

percentile, and the dots represent outliers. The colour indicates a livestock species. Monogastric

systems are presented in the bold case, whereas ruminant systems are in the normal case.

We find relatively high-efficient systems for both monogastric and ruminant species (Figure 6.5).
The broiler chicken systems are found to be the most efficient system, with Life-cycle-NUEN

values ranging from 32% to 67%. Highest median Life-cycle-NUEN values (>36%) are found
for broiler, backyard and layers chicken, grazing and mixed small ruminant milk, backyard pig
and grazing dairy cattle, despite the significant differences in animal performance and herd
management practices across these production systems. The median Life-cycle-NUEN values of
industrial and intermediate pigs, grazing and mixed dairy cattle, and grazing buffalo milk are
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medium, ranging from 28 to 36%. Low values of the median are found for grazing and mixed
buffalo meat, mixed beef and feedlot cattle, implying that producing meat from ruminant is less
efficient than monogastric due to the differences in animal physiology and feed resources between
them.
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Figure 6.6: The distribution of life cycle net nitrogen balance for global livestock supply chains by

species, commodity and systems. The systems are ranked in increasing order of the median values.

The box shows the 25th to 75th percentile, and the dots represent outliers. The colour indicates a

livestock species. Monogastric systems are presented in the bold case, whereas ruminant systems are

in the normal case.

Life-cycle-NNBN is computed as the total N emissions by system divided by the entire area
required to produce feed (Figure 6.6). The lowest values are modelled for broiler chicken, in-
dustrial pigs, small ruminant systems, mixed and grazing beef cattle, beef cattle feedlot and
grazing beef cattle. These low values are related either to relatively low losses at an animal
(e.g. broiler chicken), or feed production (e.g. industrial pigs, beef cattle feedlot) levels or to
the large areas required for production (e.g. small ruminant systems), effectively ‘diluting’ the
Life-cycle-NNBN . The highest median values for Life-cycle-NNBN are estimated for grazing and
mixed buffalo milk and meat, mixed buffalo meat, mixed dairy cattle, cattle beef feedlot, imply-
ing that these systems have high N emissions and/or are concentrated on relatively limited land
areas.
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6.4 Discussion

6.4.1 5.1 Contribution to total N emissions and planetary boundaries

N emissions from livestock supply chains computed in this analysis represent roughly 35% of the
global agricultural emissions estimated by Bodirsky et al. (2014), or 37% of those same emissions
estimated by Conijn et al. (2018), see Table 1. Compared to global N emissions from the entire
global economy, they represent 29% of the total N emissions estimated by Hamilton et al. (2018),
or 34% of those same emission estimated by Oita et al. (2016). Acknowledging these different
sources, we can suggest that the sector and related supply chains contribute about one-third
of global human-induced N emissions. Benchmarking against results from Oita et al. (2016),
livestock supply chains are responsible for approximately 60% of total NH3 emissions, 32% of
N2O emissions, 23% of NOx emissions, and 39% of NO3

– released to surface and groundwater
in the world.

We also compare our results with the two approaches of planetary boundaries for N flows avail-
able in the literature. The first planetary boundary approach defines the thresholds of annual
N surplus to keep the planet in a safe operating space for humanity, which ranges from 67 to
146 Tg N y−1 (Springmann et al., 2018). Our estimate for total N emissions from global live-
stock value chains (65 Tg N y−1) is slightly lower than the lower bound of this boundary. The
second approach is based on the total N fixation, either industrially or biologically, required to
ensure food security and limit eutrophication of aquatic ecosystems, and ranges from 62–82 Tg
N y−1(Steffen et al., 2015). Our estimate of the total N mobilised as synthetic fertilizer and
biological N fixation to produce feed (76 Tg N y−1, Table 1) is within the range of this planetary
boundary. The livestock sector, therefore, leaves virtually no “N emission allowance” for other
sectors.

6.4.2 Validation

As a way of discussing the validity of our results, Table 6.1 compares our results with previous
studies, at various scales and for different parts of the value chain. Our estimates are similar to
those of Oenema et al. (2014), and comparable to the livestock element of studies that focussed
on agricultural systems as a whole (Billen et al., 2014; Bodirsky et al., 2014; Conijn et al.,
2018). Overall N intake and N excreted are comparable with the two studies (Billen et al., 2014;
Conijn et al., 2018), but differ with Bodirsky et al. (2014), which aggregated these flows at the
regional level. Manure applied to cropland computed in this study is lower than the estimates
published by Conijn et al. (2018), Billen et al. (2014), and Bodirsky et al. (2014), because this
study considers only manure applied to feed crops, whereas these three studies consider manure
applied to all crops. NH3 emissions in this study are lower than those of Conijn et al. (2018),
mostly because we allocated emissions form manure used to fertilize food crops to the crop sector,
and not to livestock supply chains.

At the regional level, our estimates for NH3 and NOx for Western and Eastern Europe are in
line with Leip et al. (2015). NO3

– emissions, nevertheless, differ significantly due to differences
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Table 6.1: Comparison of our results estimated by GLEAM with previous studies

A. GLOBAL LEVEL Unit
Animal level Agriculture systems

Our study
Oenema et

al. 20141
Bodirsky et

al. 20141
Conijn et

al. 20181
Billen et

al. 20142

Feed production

Synthetic fertilizer Tg N y−1 55 116 94 98

Manure applied to crop Tg N y−1 23 31 30 32

Biological N fixation Tg N y−1 21 36 43 29

Atmospheric deposition Tg N y−1 10 21 14 10

Crop residues Tg N y−1 21 42 51

Outputs (crop + grass) Tg N y−1 127 149 152 174

N emissions Tg N y−1 40 105 102

Animal production

N intake Tg N y−1 120 167 138 132

N excretion Tg N y−1 98 107 127 121

NH3 emissions Tg N y−1 11 28

N2O emissions Tg N y−1 0.4 0.22

N losses at chain or system Tg N y−1 65 186 172

B. REGIONAL LEVEL Europe Cattle beef in the US China

Unit
Our study

Leip et

al. 20153 Our study
Rotz et

al. 20194 our study
Bai et

al. 20181

NH3 emissions Tg N y−1 2.7 2.3 5.8 7.8

NOx emissions Tg N y−1 0.5 0.23

NO3
– emissions Tg N y−1 1.4 4.4 7.1 12

N losses Tg N y−1 1.1 1.7

Reference year: 12010, 22009, 32004, 42013-2017

in animal numbers between 2004 and 2010 and in feed composition. For the United States, our
estimates for total N emissions are comparable to those reported by Rotz et al. (2019), despite
differences in definition of production systems and reference year. For China, our findings for
NH3 emissions are slightly lower than those of Bai et al. (2018b), because of the allocation of
N emissions to manure exports considered in our analysis. A significant difference is found for
NO3

– emissions to groundwater and freshwater, because Bai et al. (2014) assumed a higher rate
of unregulated pig manure disposal into the environment, while in our study, an average rate
was calculated from Huang et al. (2016) and Bai et al. (2014).

6.4.3 Modelling challenges

The framework used in this study, coupled with GLEAM model, is relatively data intensive
and requires spatial-explicit information at a pixel level. The level of resolution of the data
varied significantly, and so did the level of uncertainties in the data. Previously, synthetic
fertiliser, manure application and deposition, crop yields and emission factors were found to
strongly influence the variance of N use indicators (Uwizeye et al., 2017). In this study, therefore,
we focussed on these variables and collected the most recent and reliable data for the main
livestock producing countries (see Methods). Modelling uncertainties can also influence the
outcomes of the analysis, in particular, the estimate of N emissions in feed production and
manure management. For instance, N emissions depend on agro-climatic conditions such as
wind, precipitation and temperature; these factors were only considered for N runoff, while NH3

and N2O were calculated based on the IPCC method (IPCC, 2006). Estimates of N emissions
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from manure were improved by deriving N emissions from local-specific TAN based on EEA
recommendations (EEA and CLRTAP, 2016). The manure application rate was improved by
considering different land-uses within the pixels where manure is produced. These improvements
increased the confidence in our estimates of N flows for global livestock supply chains.

6.4.4 Drivers of N emissions and mitigation options

Our study, providing a disaggregated assessment of global N use and flows, and using a compa-
rable level of granularity and accuracy for all supply chains, allows identifying some significant
drivers of emissions worldwide. They are presented here, with a brief discussion of mitigation
options.

Feed crop fertilisation. The level of fertilisation of the feed crop and grass production profoundly
influences the magnitude of emissions. Our calculations indicate that losses from N inputs ac-
count for 95% of N emissions in feed production for pig and chicken systems, 60% in grazing
ruminants, and 70% in mixed buffalo and cattle systems. These emissions are related to the use
of industrial by-products, and crop residues originated from crops that receive important doses
of synthetic fertilizer and manure. A significant exception is a soybean and derived products, for
which around 50% of emissions are related to field operations, processing and international trans-
port, due to the low fertilisation of this crop. This driver explains partially the high N emissions
modelled in South Asia, East and Southeast Asia, Western Europe and North America.

Accelerations of the adoption of good management practices for the manure and fertilizer appli-
cation in cropland and grassland systems can significantly reduce N emissions (Gao et al., 2017).
Interventions would focus on the revision of fertilizer subsidies and other fertilizer pricing policies
(Heffer et al., 2017). They may also incentivise the adoption of low-emission spreading techniques
for manure (Sanz-Cobena et al., 2014), use of nitrification inhibitor (Ganeshamurthy et al., 2017;
Guardia et al., 2017), closing yield gaps, and improving pasture productivity (Bittman et al.,
2014; Reetz Jr et al., 2015).

Manure management. The magnitude of N emissions depends largely on the type of manure, and
the technology used for its collection, storage and use or disposal. For all systems, more emissions
of NH3 (51 to 71%) are related to the management of solid manure in animal houses, yards and
manure storage, daily spreading of manure to the land, and uncollected manure. High emissions
of NOx in buffalo systems are related to manure used as biofuel (Beig et al., 2017). Manure
leaching from storage systems and unregulated disposal are the main drivers of NO3

– emissions
from manure management. The reason is that the increase in demand for animal-source food
has led to the development of large-scale farms (pig, chicken and dairy cattle), relying on feed
imports, in areas with limited cropping activities (MacDonald and McBride, 2009). These farms
have less opportunity to recycle manure, resulting in disposal of manure into watercourses (Bai
et al., 2018b; Strokal et al., 2016; Schaffner et al., 2009) or over-application of manure to limited
land (Costanza et al., 2008). This driver explains the hotspots of NO3

– and NH3 emissions found
in South Asia, East and Southeast Asia, Western Europe, Latin America and North America
(Figure 6.4).
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Mitigation interventions can focus on incentives to collect, transport and recycle manure to
available croplands, but this intervention is often limited by high transport cost (Hendriks et al.,
2016; Lauer et al., 2018). This calls for policies that improve the land/livestock balance by
favouring the location of animal production units in area offering recycling options (type of
crops, soils and water system). Other interventions can focus on the scaling up of innovative
solutions such as liquid and solid separation, recovering NH3 fertilizer from manure (Dube et al.,
2016) or the recoupling of crop and animal production.

Animal husbandry and feeding strategy. The heterogeneity of animal husbandry also explains the
variability of N use indicators. The production of chicken broilers relies on standardised man-
agement practices, high-quality feed and veterinary care, which explains high Life-cycle-NUEN

found. Backyard chicken and pig systems are location-specific and embedded in local food sys-
tems, where they rely on food leftovers and scavenging with no associated upstream emissions.
Similarly, small ruminant browse tree leaves and other natural vegetation, for which we assume
no N emissions or land use. This improves their score on our efficiency and loss indicators (Figure
6.6).

In some countries, innovative feeding strategies, such as the use of food wastes as feed for pigs
(Uwizeye et al., 2019), can improve the environmental performance of pork production, while
safeguarding health risks. In other countries, feeding high-quality feed, use of enzymes to improve
feed digestibility or low-protein feed ration, can increase N retention in animal tissues and reduce
N excreted (Bittman et al., 2014; Bodirsky et al., 2014; Oenema, 2006). These strategies, however,
may increase the feed-food competition, mainly when the improved ration contains human edible
products (van Zanten et al., 2018).

6.5 Conclusions

Our study assesses N use and flows in global livestock supply chains. It suggests that the sector
is responsible for about one-third of the total human-induced N emissions, of which 63% take
place in 2 regions, and 61% at the feed production stage. This finding implies that there is
both an urgent need to reduce these emissions and opportunities to design targeted mitigation
interventions. Focussing resources on a few regions, supply chains and steps along the chain can
increase the effectiveness of interventions. The wide range of values calculated for N use indicators
further indicates that good practices are available and already implemented in different parts of
the value chains. Designing and implementing effective improvement interventions will need to
recognise that: (i) there may be trade-offs with other sustainability dimensions, and (ii) that
in the absence of effective mitigation, or in addition to those, a reduction in the size of the
sector may be necessary in some parts of the world to reduce impacts to acceptable levels and
keep global emissions within planetary boundaries. Both aspects, however, fall outside the scope
of this paper. Our study shows that N challenges are global and cannot be tackled without
considering the contribution of global livestock supply chains. This finding calls for a global
initiative with a strong representation of livestock sector scientists and stakeholders to tackle
the N pollution. Our findings will support dialogue among stakeholders to identify pathways to
shape the sustainable development of livestock supply chains. Further research is required to
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assess the global mitigation interventions proposed and their co-benefits for climate change, and
resource scarcity while ensuring food security.
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7.1 Introduction

The livestock sector has sustained the livelihoods of billions of people since the domestication of
animals (Larson and Fuller, 2014). In the last 50 years, its rapid growth has satisfied the demand
for animal-sourced food from a growing and urbanised human population. Negative repercus-
sions related to nitrogen (N) and phosphorus (P) use; however, have taken place along several
stages of the livestock supply chains, resulting in large-scale environmental issues. Increases in
manure and synthetic fertilizer application as well as poor manure management have resulted
in increased N and P losses into the environment (Sutton et al., 2013a). The livestock supply
chains are responsible for 14.5% of greenhouse gas emissions, including nitrous oxide (N2O), thus
contributing to climate change (Gerber et al., 2013). Emissions of inorganic and organic P and
N to ground and surface waters from manure management, grazed grassland or soils cultivated
for feed, can result in freshwater and marine eutrophication (Azevedo et al., 2013; Cosme et al.,
2017; Hamilton et al., 2018). The implications of these impacts are enormous and can result in
damage to human health and ecosystems as well as loss of biodiversity (Sutton et al., 2013a).
Together with a large usage of natural resources, these impacts have raised global attention on
the role of the livestock in sustainable food systems (Springmann et al., 2018; Sutton et al.,
2013a; van Zanten et al., 2018; Röös et al., 2016). Addressing these nutrient challenges is a
pivotal aspect for improving the sustainability of livestock supply chains.

The objectives of the thesis were to develop a framework of indicators to assess nutrient flows and
emissions along global livestock supply chains, while identifying data, which can be improved to
enhance the accuracy of the results; and to assess the impacts of the global livestock supply chains
on the nitrogen flows, while exploring the improvement options. For the first objective, we defined
the nutrient use efficiency at the chain level as an indicator to benchmark the environmental
sustainability of the global livestock supply chains (Chapter 2). Subsequently, we developed
a comprehensive framework to assess the nutrient use at a chain level (Chapter 3). Then, we
proposed a method to identify the input parameters from global datasets on which improvements
should focus to enhance the relevance of the environmental indicators (Chapter 4). In line with
the second objective, we applied the framework to the global pig supply chains (Chapter 5) and
subsequently to global livestock supply chains (Chapter 6).

While this framework is relevant for the assessment of both N and P flows and emissions, its
application focuses primarily on N assessment in livestock supply chains, due to its implications
for multiple environmental impact pathways. P is covered in Chapter 2 and 3.

This Chapter discusses the development of the framework of indicators at the chain level (section
7.2) and modelling challenges (section 7.3). It provides an overview of the results on the impacts
of livestock supply chains on nutrient cycles and potential improvement pathways (section 7.4).
Finally, it discusses the nutrient management in the context of the overall sustainability (section
7.5) and proposes a general conclusion and recommendations (section 7.6).
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7.2 The framework of indicators at the chain level

Chapter 2 demonstrated the need for harmonised methods and associated indicators to address
the nutrient challenges in livestock supply chains based on the existing literature. The existing
methods identified were nutrient balance (NB), nutrient use efficiency (NUE), material flow
analysis (MFA) and life cycle assessment (LCA). While NB and NUE focus on the animal,
farm or geographical unit (e.g. region, country) as one entity, MFA and LCA focus on nutrient
flows and emissions along the chain by including chain processes, resulting in information on
the environmental impacts along the chain (see Chapter 2, Table 2.1). When applying these
methods, several studies differ in their definition of system boundary, scale, and inputs and
outputs flows included, complicating the comparison of computed indicators. To determine a
nutrient balance at farm or food system level, for example, we need to consider all processes
and activities, including non-livestock related activities (e.g. vegetable production) that might
affect the overall efficiency of the farm or food system (Gourley et al., 2012b; Nevens et al., 2006;
Powell et al., 2010). To determine the nutrient balance associated with livestock production,
however, we need to disaggregate N losses of the farm or food system and consider only those
activities and processes associated with livestock production, including losses associated with,
for example, the production of imported feed (Godinot et al., 2014).

Recently, several researchers have developed approaches to analyse nutrient flows and NUE of
livestock supply chains (Godinot et al., 2014; Mu et al., 2016) or entire food systems of a country
(Erisman et al., 2008; Suh and Yee, 2011). These novel approaches differ in their concepts and
objectives. The first focus on cradle to farm-gate analysis of livestock supply chains to compute
NB and NUE , by including upstream N flows and emissions but excluding post-farm gate
processing. The latter focus on a geographical unit, consider import, and export flows without
fully accounting for potential nutrient emissions related to their production.

We built on the existing methods to develop a comprehensive framework of indicators to assess
nutrient use along the livestock supply chain. The framework developed in Chapter 3 combines
several features of NUE , NB and LCA, and is based on the life cycle approach to encom-
pass all processes and stages along the chain. This framework accounts for detailed nutrient
flows and emissions in three stages of livestock supply chains, namely feed production, animal
production and post-farm gate processing. The system boundary was defined to span from
“cradle-to-primary-processing-stage”, for which data is available. Table 2.1 in Chapter 2 shows
the differences between the framework developed and the existing methods. The benefit of this
framework is its capability to calculate in detail three combined indicators, providing a com-
prehensive understanding of agricultural efficiency and environmental pressures associated with
nutrient flows in order to support tailored improvement interventions along the chain. The first
indicator is the life cycle nutrient use efficiency (life-cycle-NUE, based on Suh and Yee (2011),
which defines the efficiency upon which nutrient inputs mobilised from nature or other systems
are recovered in final animal products while considering linear and multidimensional processes
of nutrient flows in the supply chain. This indicator is computed using supply-and-use matri-
ces (Suh and Yee, 2011) which considers feedback loops such as recycling of crop residues and
manure. It is different from “full chain NUE” proposed by Sutton et al. (2013a), which consider
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the food chain as one entity and is calculated as a ratio between by final outputs divided by the
aggregated “new” nutrient mobilised from nature (synthetic fertilizer and biological N fixation).
This indicator is slightly different from the nutrient footprint (Leip et al., 2014), which is ex-
pressed per unit of product, or from the consumption-focused nutrient footprint, expressed per
capita (Leach et al., 2012). A nutrient footprint approach, however, does not make a difference
between new “nutrient” and recycled nutrient, which is the case in our framework.

Our second indicator is the life cycle net nutrient balance (life-cycle-NNB), which relates to the
quantity of nutrients emissions per unit of land used, which is a good proxy for the environmen-
tal pressure. It aggregates all nutrient emissions regardless of the actual geographical location
where they take place in the chain. This aggregation, however, can introduce compensation of
high nutrient emissions of one process or supply chain stage by another (Mu et al., 2016). To
solve this issue, we introduced a third indicator to identify hotspots in the supply chains, the
nutrient hotspot index. The nutrient hotspot index refers to the relative distribution of nutrient
emissions in the chain and pinpoints the existence of hotspots, where improvement interventions
can target.

We tested this the framework for the case study of European mixed dairy systems (Chapter 3).
The proposed indicators were found to be complementary and relevant for the benchmarking of
the environmental sustainability of nutrient use in the livestock supply chains. This complemen-
tarity was tested using correlation analysis. For N, no correlation was found across the combina-
tion of three indicators, whereas, for P, there was a relative correlation between Life-cycle-NUEP

and Life-cycle-NNBP (R2=0.68) and Life-cycle-NUEP and NHIP (R2=0.49).

By disaggregating NUE and N emissions along the chain, our framework identified the sources of
inefficiencies and differences between the emission profiles of feed items used. This disaggregation
is of particular relevance to the design of targeted improvement interventions. For instance, by
identifying the stage or process in which high N emissions take place, livestock producers can
adopt best practices to reduce the emissions such as sourcing efficient feed items or adopting new
technology for manure management.

We remarked that the framework developed is data intensive like an LCA or MFA. This finding
is different from our original hypothesis that NUE at chain level would require less information
(see Chapter 2). Such a detailed analysis of nutrient flows at all stages of the supply chain,
nevertheless, is the minimum information needed to fully analyse NUE and get better insights
into the sources of inefficiency, identify hotspots of emissions and design targeted intervention
options.

To summarise, the developed framework is found to be robust and the three indicators proposed
are relevant and needed to describe different aspects of nutrient dynamics along the chain and to
support the nutrient management intervention. The development of this framework has revealed
some modelling challenges, which are discussed in the next section.
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7.3 Modelling challenges

7.3.1 Methodological Developments

The framework developed in Chapter 2 relies on sequential methods to assess nutrient flows in
each supply chain stage. They vary from specific Tier-2 methods used for nutrient modelling
for feed and animal production to the simple input-output method used for the post-farm gate
processing or transport. During the development, the question was: which method can be
suitable for accurate nutrient assessment at each stage of the chain? Methodological choices have
been found to influence the results of nutrient assessment significantly due to the simplification
of nutrient dynamics in a given system or limitations to the knowledge in the flows that are
difficult to estimate (Oenema et al., 2003).

For feed production, the goal was to identify a method that could account for nutrient emissions
and soil nutrient stock changes at a global scale. Considering nutrient stock changes is essential
because long-term positive or negative balances can result in accumulation or depletion of nu-
trient in the soils, respectively (Gourley et al., 2012a; Özbek and Leip, 2015). The accumulated
nutrients can be beneficial for the subsequent crop, in particular through crop rotation or P
build-up. In low fertilised soils, changes in nutrient stocks can highly influence nutrient uptake
and emissions (Bahr et al., 2015).

For N, the choice of method to model changes in soil stocks and emissions has been identified
as a critical step for the representativeness of the results. Out literature review elucidated three
methods. The first method (M1) is based on input-output balance and widely used in previous
studies and policy and assumes soil N stock change to be 0 ((Eurostat, 2013; OECD, 2001;
Schröder and Neeteson, 2008). It results in a nutrient surplus that aggregates nutrient emissions
and soil stocks. The second method (M2) relies on detailed information to model N emissions
from surface runoff, volatilisation, denitrification/nitrification and leaching and deducts soil N
stock change from a mass balance (Britz and Leip, 2009; Velthof et al., 2009). The third method
(M3) assumes a range of NUE , which is used in an empirical equation to estimate potential
stock change (Özbek and Leip, 2015). A closer look at our results (Chapter 3) revealed that
these methods resulted in contrasting NUE N. We found that each of these methods could be
used depending on the goal and scope of the study and the data availability. M1 can be used in
scoping and screening analysis to get insight into potential nutrient pressures. M2 is detailed and
allows to identify the sources of N emissions in soils. M3 can be used for feed crops with reliable
information on the range of NUE s, but such required information is currently not available
for each feed crop or grass around the world. We recommended using M2 for regional and
global nutrient analysis because of its representativeness of N dynamics into the soil, despite the
inclusion of uncertainties in N emissions in the estimates for soils nutrient stock changes.

For P, existing methods do not account for sustainable P build-up, in particular for P-deficient
or optimum soils. We recommended considering this agronomic aspect by differentiating the
unsustainable P accumulation in soils (Wall et al., 2013), which is not needed for soil P build-up;
and the sustainable build-up P, which is needed to optimise P uptake from deficient soils. The
consideration of this aspect, however, requires detailed data on soil P concentrations, which can
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be difficult to obtain in many regions. For Europe, we used the comprehensive dataset of soil
P profiles for cropland and grassland (Tóth et al., 2013a) to illustrate this concept (Chapter
3). Adding this step, however, can result in additional uncertainties in the soil P stock change
estimates.

To estimate N-gas emissions from feed production, we used default IPCC emissions factors
(IPCC, 2006). N emissions from synthetic fertilizer and manure application deposited, however,
can be significant, in particular when the climate is warm and windy, but these climate factors
are not considered in this analysis (Guardia et al., 2017; Hafner et al., 2018; Misselbrook et al.,
2005).

For the animal production stage, the method used to estimate the nutrient excreted in the
manure has a significant impact on the accuracy of the estimates of NH3, NOx, and N2O and
NO3

– emissions from manure management. Most studies have used fixed values for nutrient
excretion factors for different animal species and cohorts (Bouwman et al., 2013; Ma et al., 2010;
Oenema et al., 2014). Velthof et al. (2015), however, found large discrepancies of N excretion
factors for livestock species in the European Union and suggested a harmonisation of these
factors to better inform policies on nutrient management. To address this issue and consistently
estimate nutrient emissions, we derived nutrient excretion values from a mass balance between
nutrient intake and nutrient retained in animal tissues and products using a Tier 2 approach
(IPCC, 2006), see Chapters 3, 4, and 5. Then, N emissions were calculated from N excreted
using emission factors from IPCC. This approach was found to be uncertain for the estimate
of N-gas emissions from manure management because a significant fraction of manure is not
mineralised directly. To improve the accuracy, in Chapter 6, we derived N-gas emissions taking
place from housing, yards and manure management facilities from the total ammoniacal nitrogen
(TAN) flow based on Vonk et al. (2018) and European Environmental Agency guidelines (EEA
and CLRTAP, 2016).

Through the development of the framework, we remarked that the selected methods rely on a
large number of data and assumptions; therefore, it was essential to analyse the uncertainties in
the data by identifying the important input parameters that influence the variance of nutrient
flows and nutrient use indicators.

7.3.2 Data quality

The framework developed requires detailed data such as nutrient inputs into soils, herd param-
eters, climate, emission factors, and manure management, to estimate nutrient flows and three
nutrient use indicators. These data are highly variable at the global scale, resulting in large
uncertainties due to the differences in geographical representation, time boundaries, technology
and completeness (Bretz, 1999; ISO 14044, 2006). Several studies have evidenced the influence
of the uncertainties in the data on the variance of the environmental indicators (Groen et al.,
2014a; Heijungs, 1996; Oenema et al., 2013). Such uncertainties can limit the direct utilisation of
these indicators at country-level, to shape the policy and decision-making (Elduque et al., 2015;
Gerber et al., 2013; Groen et al., 2016; Mu et al., 2017).
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In Chapter 4, we addressed this challenge by differentiating the important inputs parameters
that can be established with high-quality data to improve the accuracy of the results from non-
important parameters. We combined existing methods based on global sensitivity analysis in
one approach and tested it using the cases studies of mixed cattle dairy systems in the Nether-
lands and Rwanda. The uncertainty analysis was conducted by comparing the Life-cycle-NUEN ,
Life-cycle-NNBN and NHIN indicators computed using data from GLEAM and a farm sur-
vey. For the Netherlands, results showed no difference between N use indicators computed from
GLEAM dataset and the Dutch farm accountancy data network (FADN), whereas, for Rwanda,
results of N use indicators were different between GLEAM dataset and field survey data. The
reason was that, for the Netherlands, the GLEAM dataset was derived from abundant and reli-
able national statistics, whereas for Rwanda, the GLEAM dataset was collected from available
resources that might not represent current technologies or animal performance. For instance, the
average milk production was assumed to be 504 kg cow−1 y−1 in GLEAM, whereas field survey
data gave an average of 4879 kg cow−1 y−1.

The findings of the global sensitivity analysis showed that uncertainties of a few important
input parameters, such as manure deposited on grasslands, applied synthetic fertilizer, milk
production and emission factors could explain most of the variance of the N use indicators.
In this Chapter, important parameters in GLEAM dataset were substituted for field survey
data, which substantially improved the results of N use indicators for Rwanda. Based on this
analysis, efforts were made to substantially improve the data on synthetic fertilizer usage, manure
application and deposition, and manure management, based on recent data (Chapter 6).

To sum up, this approach was found to be innovative and robust to identify sensitive input
parameters that could be substituted with high-quality data to enhance the accuracy of N use
indicators. The power of this approach was that it detects the important data to be improved
irrespectively of the bias and errors in the space of non-important data. This approach can be
used for any environmental assessment such as LCA indicators computed from global datasets
such as the ecoinvent (Frischknecht et al., 2005).

7.4 Impacts of livestock supply chains on N cycle

The framework of indicators was applied to assess the magnitude of N flows and emissions,
and related indicators in the global livestock supply chains (Chapter 6) and, in more detail,
for pork supply chains (Chapter 5). The results showed that, globally, livestock supply chains
were responsible for around 65 Tg N y−1 of the human-induced N emissions. Most of these
emissions take place in feed production and manure management, primarily in forms of NO3

– ,
NH3, NOx and N2O. The production of milk, meat and their related co-products such as hides
and skins from ruminants contributed 70% to total N emissions from livestock systems, while
the production of eggs and meat from chicken and pork contribute the remaining 30%. However,
we must be cognisant of the role of ruminants in using marginal land and converting nutrients
in grass and crop residues into animal-source foods, thus contributing to food security at the
expense of this lower efficiency. This analysis revealed that, in absolute terms, most of the
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ruminant emissions were related to cattle and buffalo production located in South Asia, whereas
those for monogastrics were concentrated in East and Southeast Asia.

The spatial analysis evidenced the presence of hotspots of N emissions per unit of land required
to produce feed. These hotspots were firmly related to the concentration of the animals and the
sources of animal feed, which in turn are closely related to the density of human population. For
instance, large geographical concentrations of NH3 and NO3

– found in Indo-Gangetic plain were
related to high densities of cattle and buffalo; and associated with high feed crop fertilisation,
poor manure management and manure usage as fuel. High NH3 and N2O emissions in Western
Europe and North America were related to industrial pig, chicken and cattle (beef and dairy)
production. For Latin America and the Caribbean, and Sub-Saharan Africa, hotspots were
related to backyard pig and chicken systems that relied mostly on swill and scavenging with
low land requirements. Thus, expressing N emissions from the daily spreading of manure per
unit of land revealed hotspots. Overall, we found that mixed systems (dairy cattle, beef cattle
and buffalo milk) were responsible for 40% of livestock-induced emissions. Two regions were
identified as the most significant contributors to N emissions: South Asia, East and Southeast
Asia because of high population density managed by millions of smallholders’ farmers.

We found a significant variability of nutrient use indicators within production systems, which
suggests that there may be ample space for improvement. The difference in feed fertilisation,
livestock management, genetics, feed resources, and digestibility explained most of these differ-
ences. We found that broiler chicken systems had the highest Life-cycle-NUEN and relatively
lowest Life-cycle-NNBN . This performance was related to the fact that their production prac-
tices are standardised with a low diversity of genetic material, animal husbandry and feeding of
high-quality feed, such as cereals that are edible for humans. This finding implied a trade-off
between NUE and feed-food competition (van Zanten et al., 2018), but the latter is not yet
considered in this framework.

The drivers of the variability of N use indicators differed from a system to another. For instance,
the low variability of industrial pig and broiler chicken is related to small differences in man-
agement practices between producers due to the standardisation of the production practices,
feeding strategies, genetics and veterinary cares. For ruminants, this variability is related to
low production units practised by millions of smallholder farmers around the world, in which
ruminants provide additional production functions such as local food security, capital insurance,
assets, draught power and social services (Weiler et al., 2014) at the expense of low N use ef-
ficiency. For Life-cycle-NNBN , we evidenced that the variability is due to the land required to
produce feed as well as the magnitude of the emissions. This indicator tended to be lower for
small ruminant systems, for instance, because these commonly utilise vast areas of marginal land
for grazing.

A closer investigation of pork supply chains in Chapter 5 showed that N emissions into the envi-
ronment amount to around 14.7 Tg N y−1. More than half of these emissions took place in the
backyard, but this system contributed only 27% to total pork production. Industrial systems
emitted 23% of total N emissions but contributed significant to pork production (56%). Interme-
diate systems contributed around 19% to both pork production and N emissions. We found that
most of N emissions were in the form of NO3

– and organic N to surface and groundwater with
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large implications for aquatic eutrophication. This finding was related to the significant quantity
of manure lost, through unregulated disposal, into surface water, e.g. in East and Southeast Asia
or to runoff and leaching of manure applied to the land. While the emissions of N2O s were low
(see Chapter 5 and 6), their implications on climate change are substantial, given the high value
of global warming potential of this gas. Backyard and intermediate systems with a high con-
nectivity between animal production and cropland had lower Life-cycle-NNBN than industrial
systems, except in East and Southeast Asia. Regions with high Life-cycle-NUEN were found
across all production systems, implying that in each system, there was a potential to improve N
use indicators through the adoption of best practices in feeding, manure management, fertilizer
use and animal management.

We emphasised that global livestock supply chains are playing a role in the transfer of soil
fertility from grassland to arable land. We estimated that around 3 Tg N are transferred each
year from grasslands to arable lands by grazing ruminants, and this transfer is around 1.5 Tg
N from croplands to grassland through manure application. While this transfer is beneficial for
crop production, it can result in the degradation of the grasslands, as demonstrated for P by
Sattari et al. (2016). International trade of feed contributes to the shift of N embodied in feed
between countries. For instance, soybeans and soybean cakes shifted around 10 Tg N, mainly
from Brazil, Argentina and USA to several importing countries including China, Pakistan and
Mexico. In China, for instance, a share of imported N in feed ends up as excreted manure, which
is seldom recycled, resulting in unregulated disposals of manure in watercourses (Bai et al., 2014;
Strokal et al., 2014). We found that total N emissions from livestock are slightly closer to the
planetary boundary for N surplus (Springmann et al., 2018), indicating that the sector, therefore,
does not leave virtually no “N allowance” for other agricultural sectors. For the livestock sector,
it is relevant to adopt improvement pathways to reduce its impacts on human and ecosystem
health.

7.5 Improvement pathways

The magnitude of N emissions and the significant variability of the N use indicators call for im-
provement pathways to reduce the environmental pressure of livestock supply chains. Interven-
tions can aim to reduce the yield gaps of feed crops, improve grassland productivity through the
incorporation of N-fixing legumes, or increase animal productivity, in particular for small-scale
systems, which represent the largest share of global livestock population. Increasing productivity,
however, would be possible only by combining best practices with other socio-economic solutions
to increase household incomes such as employment, education and entrepreneurship.

Interventions can focus on the adoption of best management practices for the manure and fertil-
izer application in cropland and grassland systems (Gao et al., 2017) and incentives to adopt of
low-emission spreading techniques for manure (Sanz-Cobena et al., 2014). Interventions can also
target the revision of fertilizer subsidies and other fertilizer pricing policies (Heffer et al., 2017),
and collection, transport and recycling of manure to available croplands. Innovative feeding
strategies, such as the use of food wastes as feed for pigs (Chapter 5), feeding high-quality feed,
use of enzymes to improve feed digestibility or low-protein feed ration, and N retention in animal



110 General Discussion

tissues (Bittman et al., 2014). Feeding strategies can be designed to reduce the dependence on
feed that is edible for humans, particularly in regions with food insecurity, and use alternative
feed resources such as insects or food wastes and losses (Parodi et al., 2018; Röös et al., 2016;
van Zanten et al., 2018). The implementation of these targeted interventions would need more
investment, research, and technology transfer, in particular, for the systems managed by millions
of smallholder farmers.

Manure management strategies, such as the direct separation of the liquid and solid phases, or
recovering NH3 fertilizer from manure (Dube et al., 2016), can reduce N emissions substantially
during storage and spreading on the land. Manure transport to areas that need fertilisation
can also reduce the unregulated manure disposal into the environment or the non-collection
of manure from the farmyard. We demonstrated that the regulation of manure recycling and
management could increase Life-cycle-NUEN in East and Southeast Asia and in North America
(Chapter 6).

While analysing the improvement options, it is relevant to identify potential trade-offs and syn-
ergies related to other mitigations strategies for climate change. For instance, supplementing
dairy cattle with nitrates to reduce methane (Van Middelaar et al., 2014) can result in high N
emissions from manure management. Strategies to reduce NH3 emissions from manure manage-
ment can result in the increase of CH4 emissions (Hou et al., 2015). Closing feed crop yield gaps
would require the increase of synthetic fertilizer application per unit of land and water use for
irrigation, thus resulting in high N emissions (Mueller et al., 2012). Improvement of grassland
productivity through synthetic fertilizer or manure application can favour the proliferation of
N-depended alien plants, thus damaging biodiversity (Nyfeler et al., 2009). Overall, mitigation
strategies addressing a hotspot can result into the shift of N emissions into other stages of the
chain, thus this issue must be taken into account while designing mitigation strategies (Hou
et al., 2015; Oenema et al., 2014).

In Chapter 5, feeding swill to industrial pigs was evaluated as a global strategy to reduce N emis-
sions from the pig sector and integrate better the livestock in circular bio-economy. The results
evidenced that, the substitution of swill for grains and soybeans could improve N use indicators
and abate N emissions substantially from 11 to 56%and simultaneously increase Life-cycle-NUEN

from 6% to 30%. It had co-benefits of reducing the livestock pressures on land use by saving
16 M ha of arable lands. This analysis indicated that swill feeding has potential to provide vast
mitigation by reducing N emissions, land use and waste streams. Implementing swill feeding,
however, would require innovative policies to guide the collection, treatment, and usage of swill,
and ensure safety and traceability. Feeding swill, however, is banned in many countries due to
the high risks of infectious diseases, but the example from Japan and South Korea showed that
swill feeding could be regulated and controlled to limit these risks (zu Ermgassen et al., 2016).
For instance, educating households on the separation of food wastes from other wastes, investing
in manufacturing units that can collect, treat and process food wastes into animal feed is crucial
(Liu et al., 2016).

The sole improvement of NUE, however, may not always translate into a reduction of total N
emissions, because enhancing efficiency can cause a rebound effect: as efficiency increases, pro-
duction costs may drop, resulting in a consumption surge. The overall result, despite reductions
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in emission per unit of product, may thus be an increase of absolute N emissions. This issue
calls for approaches combining both efficiency gains and control of the sector’s expansion, e.g.
through dietary changes (not addressed in this thesis).

7.6 Nitrogen and sustainability

Addressing nutrient flows and emissions from livestock supply chains is an essential part of im-
proving the sustainability of the livestock sector, and its contribution to the Sustainable Devel-
opment Goals (FAO, 2018c). Nutrient pollution, nevertheless, is far from being the only sustain-
ability challenge and sustainable development opportunity facing livestock supply chains.

The production of animal-sourced food relies on the use of a large number of natural resources,
often with low efficiency. The livestock sector and requires 40% of global arable lands to pro-
duce feed crop (Mottet et al., 2017). The sector is also a significant user of freshwater that
exacerbates the competition with other agricultural or human activities around the world (Poore
and Nemecek, 2018). Concurrently, the sector contributes about 14.5% of global human-induced
greenhouse emissions (Gerber et al., 2013). Considering livestock as a component of the food
systems, Poore and Nemecek (2018) found that global food systems are responsible for about
32% of global terrestrial acidification and 78% of eutrophication. These environmental issues
have fed the debate on the mitigation options as well as on the role of livestock in sustainable
food systems.

Similarly, livestock supply chains are embedded in the economy and culture of societies. They
thus contribute to rural development, human diets, trade balances, risk management and other
relevant development outcomes. According to FAO (2018c), Livestock can help to build resilience
and offer several options for the adaptation to climate change, while supporting the increase of
children’s cognitive development through balanced diets with high-quality animal-source prod-
ucts. Livestock can also negatively affect these outcomes, e.g. contributing to public health issues
(diets, zoonoses, Anti-microbial resistance), and offering poor conditions to livestock producers
and animals themselves. In some countries where livestock are integrated into cities, livestock
can cause environmental and health threat due to poor manure management. Livestock can also
affect gender in rural areas, where women and girls have limited access to resources, thus keeping
them into poverty.

Addressing these issues requires research drawing on multi-criteria analysis to identify improve-
ment pathways that can offer benefits on the environmental point of view while considering
socio-economic dimensions and local realities. These improvement pathways would avoid poten-
tial adverse effects on livelihoods and maintain the resilience of the livestock farmers.

Several studies have analysed scenarios to improve the environmental sustainability of the live-
stock sector. Closing the productivity gaps and adopting best practices can reduce sectoral
greenhouse gas emissions by 30% (Gerber et al., 2013). Producing animal-source food from food
wastes, crop residues and grass resources would reduce the arable lands used for feed production
by 25% (van Zanten et al., 2018), GHG emissions by 18% and N surpluses by 46% (Schader et al.,
2015), but at the expense of the size of the livestock sector (Ripple et al., 2013). Other scenarios
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explored the abatement of environmental impacts of the livestock through dietary changes (Poore
and Nemecek, 2018; Springmann et al., 2018; Willett et al., 2019), especially in countries with
high consumption of the animal-source foods. Other studies have looked at options to improve
other dimensions of sustainability such as the maintenance of the biodiversity and valorisation
of ecosystem services provided by livestock, restauration of degraded land, and providing equal
access to international markets to small-scale farmers (Brockhaus and Djoudi, 2008; Nori and
Gemini, 2011; FAO, 2018c; World Bank, 2009).

Given the multiple dimensions of sustainability and the necessary combination of both objective
metrics and value judgements, increasing the sustainability of the livestock sector requires in-
ternational collaborations involving multiple livestock stakeholders, e.g. from the private sector,
farmers organisations, civil society and policy-makers. One example of such a multi-stakeholder
initiative is the Livestock Environmental Assessment and Performance (LEAP) Partnership,
which aims to build scientific consensus on the methods and indicators to assess the environ-
mental performance of the livestock supply chains. This thesis has contributed directly to the
work of LEAP Partnership, which recommended the Life-cycle-NUEN indicator for measuring
the efficiency along the livestock supply chains (FAO, 2018b).

7.7 Conclusions

This thesis develops a comprehensive framework of nutrient use indicators and evaluates the
impacts of the livestock supply chains on nitrogen flows. The framework developed incorporates
the life cycle approach in nutrient use efficiency and allows for the identification of sources of in-
efficiencies along supply chains. It proposes three indicators: Life-cycle-NUEN , Life-cycle-NNBN

and NHIN that are required to comprehensively describe nutrient flows and emissions in livestock
supply chains. The developed indicators are suitable, and their combination gives complemen-
tary information to concisely benchmark and monitor nutrient management performance of the
entire supply chain.

Given that this framework is data hungry, we proposed a method to select important input
parameters that need to be established with high-quality data to improve the accuracy of the
results. This method reveals that a few input parameters such as manure deposited and applied,
synthetic fertilizer usage, milk production and emission factors explains most of the variance of N
use indicators. Establishing these input parameters with field survey data improves the accuracy
of N use indicators. This method can be used for any environmental modelling assessment using
globally available datasets to improve the accuracy of the estimates.

Our analysis of N emissions and three N use indicators for the global livestock supply chains
reveals that the sector is responsible for 65 Tg N y−1 of total human-induced N emissions, of
which 63% takes place in two regions, and 61% in the feed production stage. The significant
variability of N use indicators between and within systems indicates that good practices are
available to improve the performance. These findings imply that there is opportunity to design
targeted mitigation interventions.

The global analysis shows that improved genetics, animal husbandry, and veterinary care
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in broiler chicken systems have paid off and resulted in high Life-cycle-NUEN and low
Life-cycle-NNBN as compared to other production systems, but that such levels of efficiency
are achieved at the expense of genetic variability and increased feed-food competition. However,
the transferability of the broiler chicken model, to ruminant or small-scale monogastric systems
may be limited. Ruminants convert mostly forage, crop residues and industrial by-products into
valuable animal-sourced food at the expenses of low N use efficiency.

A detailed evaluation of the impact of global pig supply chains allowed the exploration of the
effects of partially replacing grains and soybeans with swill for industrial pigs on N emissions
and N use indicators. This substitution significantly reduces N losses at the feed production
stage and improves the Life-cycle-NUEN , but constrains the total amount of pork produced
due to the limited availability of swill. This finding is of direct relevance to policy or decision
makers interested in improving the sustainability of N management in pig supply chains. Policies
focusing the swill collection, transport and treatment by manufacturers, retailers and farmers
would be necessary to reduce potential health risks and feed safety related to swill feeding.

We propose improvement pathways focusing on the main sources of N emissions, including feed
production, and manure management through the adoption of innovative technology and best
practices. These improvement pathways can be effective because N emissions are concentrated in
few regions, supply chains and steps along the chain and the wide variability of N use indicators
offers opportunity to design mitigation interventions. The adoption of good practices would likely
require additional investments, knowledge transfer and additional solutions to improve simulta-
neously the socio-economic conditions of farmers worldwide. Addressing N challenges will require
the consideration of potential trade-offs and synergies with other sustainability dimensions such
as climate change or socio-economic aspects.
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Table A.1: Supply-and-use matrix construction
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Crop/pasture       0 0  0       

Animal 

products 
      0 0 0       
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products 

      
0 0 0 

      
IMP3 

  
Resource 
mobilisation 

      
 Resources 
mobilised 

0 0 
      

RES4 

  
Change in 
stock 

      
Stock 
Change  

Stock 
Change 

 Stock 
Change       

-SC5 

  
Waste 
generation 

      

Nutrient 
Losses  

Nutrient 
Losses 

Nutrient 
Losses        

NNB6 

  Total A B C A B C      
1 INP: Matrix of aggregated inputs to each stage, 2 PROD: Matrix of products of each stage, 3 IMP: Matrix of imported 
products, applied as inputs to each stage, 4 RES: Matrix of resources mobilised from the nature or other agricultural activities 
such as biological N fixation (BNF), synthetic fertiliser, atmospheric deposition, manure from other animal species, other 
organic fertiliser. 5 SC: Matrix of stock change at stage 
6NNB: Matrix of nutrient losses at each stage. *Animal end-products: edible and non-edible products. The letters A, B, C 

represent the total nutrient at each stage (A: crop production, B: animal production, C: processing) 
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B.1 Country grouping

In this chapter, countries and territories are grouped in 10 regions based on the FAO Global
Administrative Unit Layers (GAUL). GAUL can be found at: http://www.fao.org/geonetwork/
srv/en/metadata.show?id=12691.

LATIN AMERICA AND THE CARIBBEAN (LAC): Anguilla, Antigua and Barbuda, Ar-
gentina, Aruba, Bahamas, Barbados, Belize, Bolivia, Brazil, British Virgin Islands, Cayman
Islands, Chile, Colombia, Costa Rica, Cuba, Dominica, Dominican Republic, Ecuador, El
Salvador, Falkland Islands (Malvinas), French Guiana, Grenada, Guadeloupe, Guatemala,
Guyana, Haiti, Honduras, Jamaica, Martinique, Mexico, Montserrat, Netherlands Antilles,
Nicaragua, Panama, Paraguay, Peru, Puerto Rico, Saint Kitts and Nevis, Saint Lucia, Saint
Vincent and the Grenadines, Suriname, Trinidad and Tobago, Turks and Caicos Islands, United
States Virgin Islands, Uruguay, Venezuela.

SUB-SAHARAN AFRICA (SSA): Angola Benin Botswana Burkina Faso Burundi Côte d’Ivoire
Cameroon Cape Verde, Central African Republic, Chad, Comoros, Congo, Democratic Republic
of the Congo, Djibouti, Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea,
Guinea-Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Mauritius,
Mayotte, Mozambique, Namibia, Niger, Nigeria, Rwanda, Reunion, Saint Helena, Sao Tome and
Principe, Senegal, Seychelles, Sierra Leone, Somalia, South Africa, Swaziland, Togo, Uganda,
United Republic of Tanzania, Zambia, Zimbabwe.

NEAR EAST AND NORTH AFRICA (NENA): Algeria, Armenia, Azerbaijan, Bahrain, Cyprus,
Egypt, Gaza Strip, Georgia, Iraq, Israel, Jordan, Kazakhstan, Kuwait, Kyrgyzstan, Lebanon,
Morocco, Oman, Qatar, Republic of Sudan, Saudi Arabia, South Sudan, State of Libya, Syrian
Arab Republic, Tajikistan, Tunisia, Turkey, Turkmenistan, United Arab Emirates, Uzbekistan,
West Bank, Western Sahara, Yemen, SOUTH ASIA: Afghanistan, Bangladesh, Bhutan, British
Indian Ocean Territory, India, Iran (Islamic Republic of), Maldives, Nepal, Pakistan, Sri Lanka.
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EASTERN EUROPE:, Belarus, Bulgaria, Czech Republic, Hungary, Moldova, Republic of
Poland, Romania, Slovakia, Ukraine

RUSSIAN FEDERATION: Russian Federation

EAST AND SOUTHEAST ASIA Brunei Darussalam, Cambodia, China, Christmas Island,
Democratic People’s Republic of Korea, Hong Kong, Indonesia, Japan, Lao People’s Democratic
Republic, Macau, Malaysia, Mongolia, Myanmar, Philippines, Republic of Korea, Singapore,
Thailand, Timor-Leste, Viet Nam.

OCEANIA: American Samoa, Australia, Cook Islands, Fiji, French Polynesia, Guam, Kiribati,
Marshall Islands, Micronesia (Federated States of), Nauru, New Caledonia, New Zealand, Niue,
Norfolk Island, Northern Mariana Islands, Palau, Papua New Guinea, Pitcairn, Saint Pierre et
Miquelon, Samoa, Solomon Islands Tokelau, Tonga, Tuvalu, Vanuatu, Wake Island, Wallis and
Futuna.

WESTERN EUROPE Albania, Andorra, Austria, Belgium, Bosnia and Herzegovina, Croatia,
Denmark, Estonia, Faroe Islands, Finland, France, Germany, Greece, Guernsey, Iceland,
Ireland, Isle of Man, Italy, Jersey, Latvia, Liechtenstein, Lithuania, Luxembourg, Madeira
Islands, Malta, Monaco, Montenegro, Netherlands, Norway, Portugal, Republic of Ser-
bia, San Marino, Slovenia, Spain, Svalbard and Jan Mayen Islands, Sweden, Switzerland, The
former Yugoslav Republic of Macedonia, United Kingdom of Great Britain and Northern Ireland.

NORTH AMERICA: Bermuda, Canada, Greenland, United States of America.

B.2 Methods

B.2.1 Scenario analysis: calculation of swill substitution

To estimate the amount of swill that can substitute grains and soybean, an approach that
combines the conservation of gross energy and N supply during the substitution is used as
follows:

µEs = ρEg + ωEso Eq. (1)

µNs = ρNg + ωNso Eq. (2)

where µ,ρ and ω refer to amounts of swill, grains and soybean (kg DM). Es and Ns refer to
average gross energy and N content for swill, Eg and Ng refer to average gross energy and N
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contents for grains; Eso and Nso refer to the average gross energy and N contents for soybean
products. For 1 kg DM of swill added, the amount of grains and soybeans substituted ρ and ω

are calculated based on the combination of Eq. (1) and Eq. (2) as follows:
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Table B.5: Pork production by system and region in kt y−1 for 2010

Regions Backyard Intermediate Industrial Total

South Asia 604 252 101 956

North America - - 13,268 13,268

Western Europe 186 288 21,637 22,111

ESEA1 24,235 15,901 16,077 56,213

Eastern Europe 941 1,185 3,309 5,434

Oceania 191 12 392 596

LAC2 2,767 1,827 6,093 10,688

Russian Federation 589 111 1,679 2,379

Sub-Saharan Africa 1,010 332 427 1,769

NENA3 48 48 227 323

World 30,570 19,956 63,211 113,737

1Eastern and Southeast Asia
2Latin America and the Caribbean
3Near East and North Africa

Table B.6: Nitrogen use efficiency at each stage of the pork supply chain by region and system

expressed in percentage.

Regions
Feed production Animal pro-

duction

Processing

BACK4 INTER5 INDU4 BACK INTER INDU BACK INTER INDU

South Asia 53 49 54 74 78 77 93 93 93

North America 73 91 93

Western Europe 76 74 68 80 79 85 93 93 93

ESEA1 50 55 71 62 67 75 93 93 93

Eastern Europe 62 68 69 79 77 80 93 93 93

Oceania 68 60 65 83 83 83 93 93 93

LAC2 74 78 80 71 74 80 93 93 93

Russian Federa-

tion

69 71 65 78 74 77 93 93 93

Sub-Saharan

Africa

77 57 40 74 82 92 93 93 93

NENA3 61 66 68 73 77 78 93 93 93

Global 52 57 70 64 69 82 93 93 93

1Eastern and Southeast Asia
2Latin America and the Caribbean
3Near East and North Africa
4Backyard system
5Intermediate system
6Industrial system
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Table B.7: Nitrogen use indicators for pork supply chains by region

Life-cycle-NUEN (%) Life-cycle-NNBN (kg N ha−1) NHIN (%)

Regions BACK4 INTER5 INDU6 BACK INTER INDU BACK INTER INDU

South Asia 39 37 42 51 51 64 144 149 137

North America 63 36 103

Western Europe 57 54 51 25 32 45 103 100 110

ESEA1 30 35 50 104 79 40 125 115 82

Eastern Europe 45 50 52 28 32 34 136 111 102

Oceania 55 45 51 15 20 38 74 118 108

LAC2 50 53 60 27 31 30 85 80 74

Russian Federation 50 49 48 14 22 34 125 98 101

Sub-Saharan Africa 54 45 39 10 18 33 89 133 158

NENA3 44 48 52 18 18 41 129 119 105

1Eastern and Southeast Asia
2Latin America and the Caribbean
3Near East and North Africa
4Backyard system
5Intermediate system
6Industrial system

Table B.8: Change in nitrogen use indicators and N losses at animal production stage between baseline

and scenario for global industrial pig supply chains

Life-cycle-NNBN

(kg N ha−1)
NHIN (%)

N losses in animal

production (Gg N y−1)

Regions Baseline Scenario Change Baseline Scenario Change Baseline Scenario Change

South Asia 64 52 -18% 137 110 -20% 2 2 -1%

North America 36 35 -2% 103 87 -16% 90 90 1%

Western Europe 45 43 -5% 110 94 -14% 341 325 -5%

ESEA1 40 37 -7% 82 77 -5% 364 359 -1%

Eastern Europe 34 30 -12% 102 86 -16% 63 60 -5%

Oceania 38 40 7% 108 92 -15% 5 5 -1%

LAC2 30 35 14% 74 73 -1% 100 99 -1%

Russian Federation 34 26 -22% 101 76 -25% 35 33 -4%

Sub-Saharan Africa 33 31 -5% 158 156 -1% 3 3 0%

NENA3 41 40 -2% 105 79 -24% 4 4 -2%

1Eastern and Southeast Asia
2Latin America and the Caribbean
3Near East and North Africa
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Summary

The global livestock sector is rapidly transforming. Over the past few decades, many livestock
systems over the world have evolved from local, small-scale mixed crop-livestock systems to
global and demand-driven supply chains, in which feed and animal production stages are often
disconnected. These changes, driven by economic opportunities, have altered the way livestock
production impacts global nitrogen and phosphorus flows and emissions. These emissions take
place in several stages of the supply chains, namely feed production, animal production and pro-
cessing of animal products and threaten water, soil and air quality, but also climate, biodiversity
and human health. Achieving better nutrient management is thus an important aspect of im-
proving environmental performance in the livestock sector. Improving the efficiency of nutrient
use has been identified as the main strategy to reduce environmental pressures while achieving
global food security and sustainability.

To reduce nutrient losses in livestock supply chains, there is a need for methods and indicators
that determine these losses or the other way around, determine the nutrient use efficiency (NUE).
Most studies that evaluate NUE focus on animal, farm or regional level. For global livestock
supply chains, however, that run across national and continental boundaries, such approaches
over-look nutrient losses associated with off-farm activities, such as the production of feed. Some
studies assess nutrient losses and NUE at a chain level, but they do not consider the entire supply
chain and do not consider the effect of nutrient recycling and stock changes on NUE, or do not
identify hotspots of nutrient loss along the chain that are required to support targeted nutrient
improvement pathways towards sustainable nutrient use. The two objectives of this thesis,
therefore, were to develop a framework of indicators to assess nutrient flows and emissions along
global livestock supply chains, while identifying data, which can be improved to enhance the
accuracy of the results, and to assess the impacts of the global livestock supply chains on the
nitrogen flows, while exploring the improvement options.

Evaluating nutrient use and flows in livestock supply chains requires a framework and data
to estimate flows, emissions and relevant indicators from each production stage. To develop
such a framework, Chapter 2 first reviewed existing studies on nutrient use in the livestock
sector. The review showed that four methods were used previously to analyse nutrient use in the
livestock sector, namely a nutrient balance, nutrient use efficiency, material flow analysis and life
cycle assessment. Among these methods, nutrient use efficiency appeared a suitable approach to
benchmark nutrient management at the animal level, and to some extent at the farm level. The
analysis showed that integrating the life cycle approach into NUE, therefore, could allow for the
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computation of supply chain level NUE, which was proposed as a valuable indicator of nutrient
management sustainability.

To this end, in Chapter 3, a comprehensive framework of indicators, based on the life-cycle
approach, was developed to assess the efficiency of nitrogen and phosphorus use. The frame-
work represents nutrient flows in the typical livestock supply chain from the “cradle-to-primary-
processing-gate”, including crop/pasture production, animal production and primary processing
stage as well as the transportation of feed materials, live animals or animal products. It encom-
passed three indicators, including the life-cycle nutrient use efficiency (life-cycle-NUE), life-cycle
net nutrient balance (life-cycle-NNB) and nutrient hotspot index (NHI). The framework was
tested for a case study of mixed dairy supply chains in Europe. The proposed indicators were
found to be suitable to describe different aspects of nitrogen and phosphorus dynamics and,
therefore, were all needed.

This framework of indicators developed requires detailed data such as nutrient inputs into soils,
herd parameters, climate, emission factors, and manure management, to estimate nutrient flows
and three nutrient use indicators. These data are highly variable at the global scale, resulting in
large uncertainties due to the differences in geographical representation, time boundaries, farming
technology and completeness. In Chapter 4, a method was proposed to identify the important
inputs parameters that contribute significantly to the variance of the results. This method,
which relies on a global sensitivity analysis is tested for the cases studies of mixed cattle dairy
systems in the Netherlands and Rwanda, using the Global Environmental Assessment Model
(GLEAM) dataset. The results showed that uncertainties of a few important input parameters,
such as manure deposited on grasslands, applied manure and synthetic fertilizer, milk production
and emission factors, could explain most of the variance of N use indicators. We subsequently
fixed non-important and substituted important parameters in GLEAM with new field survey
data, which substantially improved the results of N use indicators. This method can be applied
to any environmental modelling using global datasets to improve their relevance by prioritizing
important parameters for additional data collection.

In Chapter 5, the framework of indicators was applied to assess N use, flows and emissions, in
the global pork supply chains and to evaluate the effects of feeding swill to pigs as a strategy to
integrate better livestock in a circular bio-economy. Results showed that N emissions into the
environment amount to around 14.7 Tg N y−1. More than half of these emissions take place
in the backyard system, although this system contributed only 27% to total pork production.
Industrial systems emitted 23% of total N emissions but contributed more than half of the global
pork production (56%). Intermediate systems contributed around 19% to both pork production
and N emissions. We found that most of N emissions are in the form of NO3

– and organic N
lost to surface and groundwater, with large implications for aquatic eutrophication. Backyard
and intermediate systems, with relatively high connectivity between animal and crop production
were more efficient than industrial systems. These results showed that the efficiency of N use
and the magnitude of N losses per unit of area depend chiefly on the region (agro-ecological and
economic context), on the origin of feed, and on manure management systems. The results also
showed that the substitution of swill for grains and soybeans could improve N use indicators and
abate N emissions. Applied on a global scale to industrial systems, this strategy was estimated
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to save 31 Mt of soybeans and 20 Mt of grains on dry matter basis, equivalent to 16 M ha of
land use. Implementing swill feeding, however, would require innovative policies to guide the
collection, treatment, and usage of swill, and ensure safety and traceability.

In Chapter 6, the global nitrogen use and flows were evaluated for livestock supply chains
using the spatially explicit Global Livestock Environmental Assessment Model and its database.
The results showed that, globally, livestock supply chains are responsible for around one-third of
human-induced N emissions of which 63% take place in 2 regions (i.e. South Asia and East and
Southeast Asia), and 61% at the feed production stage. These emissions are in the form of NO3

–

(28 Tg N y−1), NH3 (26 Tg N y−1), NOx (8 Tg N y−1) and N2O (2 Tg N y−1). The magnitude
and concentration of N losses imply that there is both urgent need to reduce these emissions
and the opportunity to design targeted mitigation interventions. The wide range of values
calculated for N use indicators further indicates that good practices are available and already
implemented in parts of the value chains. Mitigation options proposed include improvement
of feed fertilisation, and manure management through the adoption of innovative technology
and best practices. These improvement pathways can be effective because N emissions are
concentrated in few regions, supply chains and steps along the chain and the wide variability
of N use indicators offers opportunity to design mitigation interventions. The adoption of good
practices would likely require additional investments, knowledge transfer and additional solutions
to improve simultaneously the socio-economic conditions of farmers worldwide. The design and
implementation of interventions should consider potential trade-offs and synergies with other
sustainability dimensions, such as climate change, resource scarcity and food security.

In Chapter 7, the development of the framework of indicators, modelling challenges and data
quality were discussed. The discussion revealed that the three indicators proposed in this frame-
work: Life-cycle-NUEN , Life-cycle-NNBN and NHIN provide a comprehensive analysis of nu-
trient use, flows and emissions in global livestock supply chains. The discussion revealed that
livestock supply chains play a role in the net transfer of soil fertility from grassland to cropland
and in shifting N embodied in feed between countries, which may be lost through unregulated
disposals of manure. The chapter discussed the potential improvement options but emphasised
the need to consider rebound effect related to the improvement of NUE, which may result in a
consumption surge. The chapter discussed nutrients challenges in connection to the overall sus-
tainability of the livestock sector, which uses of a large number of natural resources such as land,
freshwater, often with low efficiency and contributes to global human-induced greenhouse emis-
sions. Because the livestock supply chains are embedded in the economy and culture of societies.
They contribute to rural development, human diets, trade balances, risk management and other
relevant development outcomes, while building resilience and adaptation to climate change. Live-
stock can also negatively affect these outcomes, e.g. contributing to public health issues (diets,
zoonoses, Anti-microbial resistance), and offering poor conditions to livestock producers and an-
imals themselves. Addressing N challenges will require the consideration of potential trade-offs
and synergies with these wider sustainability dimensions (e.g. poverty eradication, nutrition,
human health) and it will also need to be done in conjunction with other interventions that
address the growth of the livestock sector. The chapter ends up by calling for a global initia-
tive with a strong representation of livestock sector scientists and stakeholders to tackle the N
pollution.
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Résumé

Le secteur mondial de l’élevage se transforme rapidement. Au cours des dernières décennies, de
nombreux systèmes d’élevage ont été développés, passant de systèmes locaux et de petite échelle,
souvent mixtes culture-élevage à des filières d’élevage orientées vers le marché, dans lesquelles la
production de l’aliment est souvent déconnectée de la production animale. Ces changements, mo-
tivés par les opportunités économiques, ont modifié la manière dont la production animale affecte
les flux et les émissions d’azote et de phosphore à l’échelle mondiale. Ces émissions ont lieu en
plusieurs étapes des chaînes d’approvisionnement de l’élevage, à savoir la production d’aliments,
la production animale et la transformation des produits d’origine animale. Ces émissions men-
acent la qualité de l’eau, du sol et de l’air, par conséquent le climat, la biodiversité et la santé
humaine. La meilleure gestion des nutriments est donc un aspect important de l’amélioration
des performances environnementales dans le secteur de l’élevage. L’amélioration de l’efficience
de l’utilisation des nutriments a été identifié comme la principale stratégie pour réduire les pres-
sions sur l’environnement tout en assurant la sécurité alimentaire et la durabilité des systèmes
mondiales.

Pour réduire les pertes des nutriments dans les chaînes d’approvisionnement de l’élevage, il est
nécessaire de disposer de méthodes et d’indicateurs permettant de déterminer ces pertes ou,
inversement, de déterminer l’efficience d’utilisation des nutriments (NUE). La plupart des études
évaluant NUE se concentrent sur les animaux, les exploitations agricoles ou les régions. Pour
les chaînes d’approvisionnement mondiales de l’élevage, toutefois, qui traversent les frontières
nationales et continentales, de telles approches négligent les pertes de nutriments associées aux
activités se déroulant en dehors des exploitations agricoles, telles que la production d’aliments
pour animaux. Certaines études évaluent les pertes de nutriments et NUE au niveau de la
chaîne, mais ils ne considèrent pas l’ensemble de la chaîne d’approvisionnement et ne prennent
pas en compte l’effet du recyclage de nutriments et les variations des stocks sur NUE, ou ne
permettent pas d’identifier où les points sensibles des pertes de nutriments sont concentrés le
long de la chaîne. Ces points sont nécessaires pour formuler les solutions ciblées d’amélioration
de l’utilisation des nutriments pour une gestion durable de leur utilisation. Les deux objectifs
de cette thèse étaient donc de développer un cadre méthodologique avec indicateurs permettant
d’évaluer les flux et les émissions de nutriments tout au long des chaînes d’approvisionnement
mondiales de l’élevage, tout en identifiant des données pouvant être améliorées pour augmenter
l’exactitude des résultats et d’évaluer les impacts des chaînes d’approvisionnement de l’élevage à
l’échelle mondiale sur les flux d’azote, tout en explorant les options d’amélioration.
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L’évaluation de l’utilisation et des flux de nutriment dans les chaînes d’approvisionnement
d’élevage nécessite un cadre méthodologique et des données permettant d’estimer les flux, les
émissions et les indicateurs pertinents à chaque étape de la production. Pour développer un tel
cadre méthodologique, Le Chapitre 2 a tout d’abord passé en revue les études existantes sur
l’utilisation des nutriments dans le secteur de l’élevage. L’étude bibliographique a montré que
quatre méthodes étaient précédemment utilisées pour analyser l’utilisation des nutriments dans
le secteur de l’élevage, à savoir le bilan de nutriments, l’efficience de l’utilisation des nutriments
(NUE), l’analyse des flux de matières et l’analyse du cycle de vie. Parmi ces méthodes, l’efficience
d’utilisation des nutriments est apparue comme une approche appropriée pour évaluer la gestion
des nutriments au niveau des animaux et, dans une certaine mesure, au niveau de la ferme.
L’analyse a montré que l’intégration de l’approche du cycle de vie dans NUE pourrait donc per-
mettre de calculer le NUE au niveau de la chaîne d’approvisionnement. Cette approche a été
proposé comme un indicateur pertinent de la durabilité de la gestion de flux de nutriments.

À cette fin, dans le Chapitre 3, un cadre méthodologique d’indicateurs pertinents, basé sur
l’approche du cycle de vie, a été développé pour évaluer l’efficience de l’utilisation de l’azote
et du phosphore. Le cadre méthodologique représente les flux de nutriments dans la chaîne
d’approvisionnement de l’élevage typique de la “de l’extraction des matières premières à la trans-
formation primaire des produits”, y compris la production des cultures agricoles et fourragères,
la production animale et la première transformation des produits d’origine animale, ainsi que le
transport de l’aliment des animaux vivants ou des produits d’origine animale. Il englobait trois
indicateurs, dont l’efficience d’utilisation des nutriments au niveau cycle de vie (Life-cycle-NUE),
le bilan net des nutriments au niveau cycle de vie (Life-cycle-NNB) et l’indice des points sensibles
aux pertes de nutriments (NHI). Le cadre méthodologique a été testé pour une étude de cas des
systèmes de production mixte de vaches laitières en Europe. Les indicateurs proposés se sont
avérés appropriés pour décrire différents aspects de la dynamique de l’azote et du phosphore et
ont donc été tous pertinents.

Ce cadre méthodologique d’indicateurs développé nécessite des données détaillées telles que
les apports en nutriments dans les sols, les paramètres des troupeaux, le climat, les facteurs
d’émission et la gestion du fumier, afin d’estimer les flux de nutriments et les trois indicateurs
de leur utilisation. Ces données sont très variables à l’échelle globale, ce qui entraîne de grandes
incertitudes en raison des différences de représentation géographique, de limites de temps, de
technologie de production et d’exhaustivité. Dans le Chapitre 4, une méthode a été proposée
pour identifier les facteurs d’entrée importants du modèle qui contribuent de manière significative
à la variance des résultats. Cette méthode, qui repose sur une analyse de sensibilité globale, est
testée pour les études de cas de systèmes de production mixte de vaches laitières aux Pays-Bas et
au Rwanda, en utilisant une base de données du modèle globale d’évaluation environnementale
de l’élevage (GLEAM). Les résultats ont montré que les incertitudes de quelques facteurs d’entrée
importants, tels que le lisier déposé dans les prairies, le lisier épandu et les engrais synthétiques,
la production de lait et les facteurs d’émission, pourraient expliquer l’essentiel de la variance des
indicateurs d’utilisation de l’azote. Par la suite, nous avons fixé les facteurs non–importants,
dont la variabilité n’influe pas la variance des indicateurs, et substitué les facteurs importants
dans la base de données de GLEAM avec de nouvelles données issues d’enquête de terrain, ce qui
a considérablement amélioré les résultats des indicateurs d’utilisation de l’azote. Cette méthode
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peut être appliquée à toute modélisation environnementale utilisant des jeux de données globaux
pour améliorer leur pertinence en hiérarchisant les facteurs d’entrée importants pour la collecte
de données supplémentaires.

Au Chapitre 5, le cadre méthodologique d’indicateurs a été appliqué pour évaluer l’utilisation,
les flux et les émissions d’azote dans les chaînes d’approvisionnement mondiales du porc et pour
évaluer les effets de l’alimentation des porcs en eaux grasses en tant que meilleure stratégie
d’intégration de l’élevage dans une bio-économie circulaire. Les résultats ont montré que les
émissions d’azote dans l’environnement s’élevaient à environ 14,7 Tg N par an. Plus de la moitié
de ces émissions se produisent dans le système de basse-cour, bien que ce système ne représente
que 27% de la production totale de viande de porc. Les systèmes industriels émettaient 23%
des émissions totales d’azote mais représentaient plus de la moitié de la production mondiale de
viande de porc (56%). Les systèmes intermédiaires représentaient environ 19% de la production
porcine et des émissions d’azote. Nous avons constaté que la plupart des émissions d’azote se
présentaient sous forme de NO3

– et d’azote organique perdu dans les eaux de surface et les eaux
souterraines, ce qui avait des incidences importantes sur l’eutrophisation des milieux aquatiques.
Les systèmes de basse-cour et intermédiaires, avec une connectivité relativement élevée entre la
production animale et la production des cultures, étaient plus efficaces que les systèmes indus-
triels. Ces résultats ont montré que l’efficacité de l’utilisation de l’azote et l’ampleur des pertes
d’azote par unité de surface dépendent principalement de la région (contexte agro-écologique et
économique), de l’origine des aliments pour animaux et des systèmes de gestion du fumier. Les
résultats ont également montré que la substitution des eaux grasses aux céréales et au soja pour-
rait améliorer les indicateurs d’utilisation de l’azote et réduire les émissions d’azote. Appliquée à
l’échelle mondiale aux systèmes industriels, cette stratégie devrait permettre d’économiser 31 Mt
de soja et 20 Mt de céréales en poids de matière sèche, ce qui correspond à 16 millions d’hectares
d’utilisation des terres. Cependant, la mise en place d’une alimentation basée sur les eaux grasses
nécessiterait des politiques innovantes pour guider la collecte, le traitement et l’utilisation des
eaux grasses, ainsi que pour assurer la sécurité et la traçabilité.

Dans le Chapitre 6, l’utilisation et les flux d’azote dans le monde ont été évalués pour les chaînes
d’approvisionnement de l’élevage à l’aide du modèle global d’évaluation de l’environnementale
de l’élevage (GLEAM) qui est spatialement explicite et de sa base de données. Les résultats ont
montré que, dans le monde, l’élevage est responsable d’environ un tiers des émissions d’azote
d’origine anthropogénique, dont 63% ont lieu dans deux régions (Asie du Sud et Asie de l’Est et
du Sud-Est) et 61% ont lieu durant la production d’aliments. Ces émissions se présentent sous
la forme de: NO3

– (28 Tg N an−1), NH3 (26 Tg N an−1), NOx (8 Tg N an−1) et N2O (2 Tg
N an−1). L’ampleur et la concentration des pertes en azote impliquent qu’il est à la fois urgent
de réduire ces émissions et qu’il est possible de concevoir des interventions d’atténuation ciblées.
La large gamme de valeurs calculées pour les indicateurs d’utilisation de l’azote indique égale-
ment que de bonnes pratiques sont disponibles et déjà mises en œuvre dans certaines parties des
chaînes d’approvisionnement. Les options d’atténuation proposées comprennent l’amélioration
de l’utilisation des engrais de synthèse et du lisier durant la production de l’aliment pour an-
imaux et la gestion du fumier grâce à l’adoption de technologies innovantes et de meilleures
pratiques de production. Ces voies d’amélioration peuvent être efficaces car les émissions d’azote
sont concentrées dans quelques régions, systèmes d’élevage, et étapes tout au long de la chaîne,
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et la grande variabilité des indicateurs d’utilisation de l’azote offre la possibilité de concevoir ces
interventions d’atténuation. L’adoption de bonnes pratiques de production nécessiterait prob-
ablement des investissements supplémentaires, un transfert de connaissances et des solutions
supplémentaires pour améliorer simultanément les conditions socio-économiques des producteurs
dans le monde. La conception et la mise en œuvre des interventions doivent prendre en compte
les compromis et synergies potentiels avec d’autres dimensions de la durabilité, telles que le
changement climatique, la rareté des ressources naturelles et la sécurité alimentaire.

Dans le Chapitre 7, le développement du cadre méthodologique d’indicateurs, les défis de la
modélisation et la qualité des données ont été discutés. La discussion a révélé que les trois
indicateurs proposés dans ce cadre à savoir: Life-cycle-NUEN , Life-cycle-NNBN et NHIN four-
nissent une analyse complète de l’utilisation, des flux et des émissions de nutriments dans les
chaînes d’approvisionnement mondiales de l’élevage. La discussion a révélé que les chaînes
d’approvisionnement de l’élevage jouent un rôle dans le transfert net de la fertilité des sols des
prairies aux terres cultivées et dans l’ échange international de l’azote contenu dans les aliments
pour animaux entre pays, cet azote peut être perdu à travers des déversement non réglementée
du lisier dans l’environnement. Le chapitre a examiné les options d’amélioration potentielles,
mais a souligné la nécessité de prendre en compte l’effet de rebond lié à l’amélioration du NUE,
ce qui pourrait entraîner une hausse de la consommation. Le chapitre a abordé les problèmes
de nutriments en liaison avec la durabilité totale du secteur de l’élevage, qui utilise un grand
nombre de ressources naturelles telles que la terre, l’eau fraiche, souvent avec un faible rende-
ment et contribue aux émissions anthropologique des gaz à effet de serre. Parce que les chaînes
d’approvisionnement de l’élevage sont enracinées dans l’économie et la culture des sociétés. Elles
contribuent au développement rural, à l’alimentation humaine, à la balance commerciale, à la
gestion des risques et à d’autres résultats pertinents pour le développement, tout en renforçant la
résilience et l’adaptation au changement climatique. L’élevage peut également avoir un impact
négatif sur ces résultats, par exemple en contribuant aux problèmes de santé publique (régimes
alimentaires, zoonoses, résistance antimicrobienne) et en offrant de mauvaises conditions aux
éleveurs et aux animaux eux-mêmes. Pour relever les défis liés à l’azote, il faudra prendre en
compte les compromis possibles et les synergies avec ces dimensions plus larges de la durabilité
(par exemple, l’éradication de la pauvreté, la nutrition, la santé humaine) et cela devra égale-
ment être fait en conjonction avec d’autres interventions qui traitent de la croissance du secteur
de l’élevage. Le chapitre conclut en appelant à une initiative mondiale avec une forte représen-
tation de scientifiques et d’acteurs du secteur de l’élevage pour lutter contre la pollution par
l’azote.
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