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Pursuing sustainable nitrogen management following the “5 Ps” principles: Production,

People, Planet, Policy and Partnerships

Abstract

Nitrogen (N) is an essential nutrient to support life, but if poorly managed, can adversely affect
the environment, ecosystems and human health. The global challenge of achieving food security
with minimal ecosystem degradation and human health impacts hinges on sustainable N
management, which goes beyond farm level and requires concerted efforts from a range of
stakeholders. While various metrics have been developed to inform N management, most of them
focus on one or two stakeholders only. Few efforts have tried to integrate N metrics to derive a
coherent set of actions for all stakeholders. Here we propose the “5 Ps” principles (Production,
People, Planet, Policy and Partnerships) that shape guidelines for sustainable N management with
multidimensional N metrics (i.e., N use efficiency, virtual N factor, N footprint, N neutrality,
reactive N spatial intensity, N boundary, N price and N equity). The “5 Ps” principles address the
environmental, social and economic dimensions of sustainability. These principles allow
multidimensional evaluation of N management, highlight specific areas for improvement, direct
future research, and support the design of effective policy and legislation. They facilitate collective
actions of producers, consumers, researchers and policy makers towards sustainable N
management regionally and globally.

Keywords: Reactive nitrogen; sustainable management; integrated perspectives;

multidimensional metrics.
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1. The global nitrogen dilemma

The global population has quadrupled during the last 100 years. Currently, more than half of the
population is nourished by crops grown with synthetic nitrogen (N) fertilizers. N is an essential
element for all life on earth and thus for food production, but is often in short supply under natural
conditions. Since the invention of the Haber-Bosch process in the early twentieth century, humans
have substantially accelerated the total production of reactive N (Nr: all species of N except
dinitrogen N (N2)) for food and industrial production, from ~ 15 Tera-grams (Tg = 10'?g) N yr!
in 1860 to 210 Tg N yr'! in 2010 (Erisman et al., 2008). With the pressure of growing population
and increasing consumption of fossil fuels and meat-intensive diets, the global N cycle is expected
to be expanded at a record pace (Bodirsky et al., 2012; Galloway et al., 2008; Mueller et al., 2012).

Although Nr inputs are essential for agricultural and industrial production (Fowler et al., 2013), a
large proportion of the Nr inputs is lost to the environment and cascades through the atmosphere,
aquatic and terrestrial ecosystems with multiple effects (Erisman et al., 2013; Galloway et al.,
2003a, b). In the atmosphere, Nr gives rise to smog (e.g. frequent smog events with high
concentrations of PM2.5 in China, Sun and Xu 2016), stratospheric ozone depletion, and enhanced
greenhouse effect. In terrestrial ecosystems, Nr leads to soil acidification, forest dieback, and
biodiversity loss. In marine and freshwater ecosystems, Nr contributes to groundwater pollution,
acidification and eutrophication, which causes algal blooms and biodiversity loss (e.g. the Great
Lakes Basin and the Great Barrier Reef) (De’ath et al., 2012; Hartig et al., 2020; Kroon et al.,
2016). The high levels of Nr in water and air have been directly and indirectly connected with
human ailments, diseases and allergies which influence human health and welfare. The cost of Nr-
related damage in the European Union (EU) has been estimated at 75 to 485 billion euro per year,
with 35 to 230 billion euro related to agriculture (Van Grinsven et al., 2013).

With current Nr losses, the planetary N boundary, which sets a “safe operating space” for
humanity, is being exceeded by two-fold (Steffen et al., 2015). Meanwhile, adequate human
nutrition continues to be a global challenge with 688 million people undernourished and 2 billion
people living with moderately or severely insecure food supplies in 2019 (FAOSTAT, 2021).
Current food insecurity and malnutrition are largely related to inadequate access of poor people to
nutritious food, not to food shortages, while diets of affluent people become richer in animal-
source food, which is associated with relatively large Nr losses. There is also pressing demand for
more sustainable N management in response to the UN Sustainable Development Goals (SDGs)
(United Nations, 2020). While a range of metrics have been developed to inform N management,
most of them focus only on one or two particular stakeholders. There have been few attempts to
integrate the various metrics with a framework to derive a coherent set of actions for all
stakeholders. Here we propose the “5 Ps” principles (Production, People, Planet, Policy and
Partnerships) to shape guidelines for sustainable N management with multidimensional N metrics
(i.e., N use efficiency, virtual N factor, N footprint, N neutrality, reactive N spatial intensity, N
boundary, N price and N equity) (Figure 1).
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Figure 1. The “5 Ps” principles (Production, People, Planet, Policy and Partnerships) that shape guidelines for sustainable N
management for all stakeholders. A multidimensional set of N metrics is presented, with corresponding scales, indicators,

purposes, approaches, major end users and proposed applications for each principle.
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2. Production: nitrogen use efficiency (NUE) and virtual nitrogen factor (VNF)

As an essential nutrient for food production, N use efficiency (NUE) in crop production, defined
as the percentage of N input that is removed in harvested products, is one of the most effective and
prevalent indicators for assessing practices of plant-based food production and potential Nr losses
(Quan et al., 2021; Zhang et al., 2015, 2020). Synthetic N fertilizer use by agriculture increased
rapidly between 1961 and 2016, from 12 to 108 Tg N yr'!, while the efficiency of its use decreased
in most countries, partly due to “the law of diminishing returns” (Lassaletta et al., 2014; Zhang et
al., 2021). Globally, NUE of crop production varies widely among geographic regions and crop
types. For example, the national average NUE of cropping systems range from 25% in China to
68% in the USA and Canada and 72 % in Sub-Saharan Africa (Zhang et al., 2015). Animal-sourced
food production has a lower NUE (10-50%) compared to plant-based food (30—60%), depending
on animal species, feed ration and management (Parodi et al., 2018). The NUE of the whole food
production-consumption chain is the integrated indicator of whole food systems (Erisman et al.,
2018; Ma et al., 2013), but standardization of procedures is needed before proper comparisons can
be made.

A very high NUE in crop production is not necessarily sustainable in the long-term. For example,
N inputs to soil have been insufficient to replenish the N removed in grain in Australian wheat
production systems. This leads to a steady and relentless decline in soil N (Peoples et al., 2017).
The same occurs in many Sub-Saharan countries. Continuous “soil N mining” not only leads to
soil degradation, including declines in soil organic matter, soil erosion and reduced drought and
climate resilience, but also negatively affects yield and quality of crop products and eventually
undermines farmers’ profits and food industries (Godfray and Garnett, 2014; Jat et al., 2020). In
contrast, excessive N fertilizer use is common in intensive cropping systems in densely populated
regions (e.g. China, India) with very low fertilizer NUE. In these systems, as much as 50 to 80%
of applied N may be lost to the environment via ammonia (NH3) volatilization, nitrification-
denitrification, leaching and runoff. Such unwanted Nr losses represent not only a high economic
loss to primary producers, but also cause serious environmental problems. Both “too low” and “too
high” NUEs in agroecosystems are not sustainable, especially over long time periods (EU Nitrogen
Expert Panel, 2020).

The virtual N factor (VNF) has been proposed as an indicator to quantify the performance of N
use and Nr losses along the whole food supply chain. This indicator is based on life-cycle
assessment and extends the system boundary from farms to marketplaces. So far, national VNFs
have been estimated for several countries (Figure 2). Cereals, legumes and seafood products
generally have lower VNFs compared to terrestrial animal products. The Nr losses per serving of
some vegetables and fruits are also relatively low due to their relatively low N content, although
they have relatively large VNFs. Beef from mature beef cattle is the least efficient in terms of N
use due to the large feed requirements, high basal metabolic rate and poor N management of animal
excretion (Hulbert et al., 2004) (Figure 2). The variation of VNFs of foodstuffs confirms the
importance of changes in human diets in reducing Nr losses due to food consumption. There are
large differences in VNFs between nations and agroecosystems. The VNF of a crop or animal
product in one country could be manyfold larger than its VNF in another country (e.g. VNF of egg
in Tanzania and Japan) (Figure 2). Within a country, the VNFs of food products can also differ
substantially due to differences in agroecosystems and practices. For example, more Nr per unit of
beef production is released to the environment from feedlot systems than from grazing systems in
Australia, since a much higher percentage (79%) of N excreted by grazing cattle returns to the
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grassland compared to that from feedlot cattle (15%) (Liang et al., 2016). The comparisons
between lamb produced from grazing versus feedlot systems, and seafood from wild-caught versus
farmed systems also confirmed that lamb and seafood have lower VNFs when produced in
extensive systems compared to intensive ones in Australia (Liang et al., 2016). These differences
indicate large potential for reducing Nr losses associated with food production.

The VNFs of food products provide a means for consumers to compare Nr losses across and within
product groups, which facilitates communication with wider audiences about impacts of dietary
styles. A methodologically consistent procedure is needed to estimate VNFs of different food
products from different producers accurately. The VNFs could be further explored for appealing
and effective labels for food products, to be printed directly on a food product’s packaging to help
consumers make decisions at a grocery store. Four example labels (rating label, stars label, traffic
light label and nutrition label add-on) are presented in Figure 2, to illustrate the case.

Figure 2. Virtual nitrogen factors (VNFs; unit: kg Nr losses (kg consumed N) ') for major
food categories as estimated for various countries. The lower half of the figure shows four
example labels for communicating VNFs of food items to consumers.
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Products

Virtual nitrogen factors

Australia * 1.8 12 49 8 94 1.9 4 438 5 5.5 93 134
us® 1.4 0.5 1.5 9.6 9.6 4.1 3.2 32 4.3 44 52 7.9
UK*® 1.3 0.5 1.1 82 82 29 32 32 39 4.4 52 79
Austria ® 1.2 04 2 4.3 43 - 25 25 3.7 3.6 38 54
Japan © 33 28 6.1 4.6 4.6 1.7 10.7 10.7 3.9 12.9 5.6 273
Tanzania ' 3 0.3 1.8 4.1 4.1 0.2 0.5 0.8 83 33 33 7

Label designs Rating label # Stars label Traffic light label Nautrition label add-on "

[Nutrition Facts|
Servng Sae 1205 pasa 5531

10 15
N-SCORE g g 200
5 \“'/ 20 e
0 ":

* e
Total Fat 0.7g |
Sanurated Fa 0.1 %]

25 * Trans Fa 0.4g
Cholastersl 10mg ]
Sodium 4mg %)
90% of production & Total Carbohydrate 409 19%)
% Distary Fibor 449 1%

% 5

B 50% of production

&  This product Nuogetoopamt | %

2 Liang et al., 2016; ? Leach et al., 2012; © Stevens et al., 2014; 4 Pierer et al., 2014; ¢ Shibata et al.,
2014; T Hutton et al., 2017; T developed from GLEAM http://www.fao.org/gleam/en/; ! Leach et
al., 2016.

3. People: nitrogen footprint and nitrogen neutrality

Environmental footprints have received increased popularity in sustainability research and
ecological economics. The “footprint” concept has been developed over the last two decades to
serve as a metric of single or collective impacts of human activities in terms of resource
consumption and waste emission to the environment (Finnigan, 2004). The N footprint of a person
or population has been developed as an indicator to quantify the Nr losses to the environment as a
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result of an entity’s resource consumption (Leach et al., 2012). It includes Nr losses from food
production, food consumption, fossil fuel combustion for housing and transportation, and
provision of goods and services. Using the N-Calculator model, the N footprint has been estimated
for several countries (i.e., Australia, United States of America, Netherlands, Germany, United
Kingdom, Japan, Austria) (Figure 3b). The N-Calculator is a consumer-based tool, which connects
individual consumption choices with Nr losses, and shows how lifestyle choices affect Nr losses.
Other approaches may be used to estimate N footprints. For example, Gu et al. (2013) used a mass
balance approach to estimate the N footprint for China. Further, a Multi-Region Input-Output
(MRIO) approach, which accounts for trade by tracking Nr losses through economic models, was
used to calculate the N footprint of 188 countries (Oita et al., 2016). However, these other
approaches focus less on consumers’ behavior than the N-Calculator. The N footprint studies have
revealed the large contribution of lifestyle on Nr losses to the environment, while simultaneously
demonstrating the opportunities for lowering N footprints through changing lifestyle (e.g. choosing
a diet with less meat and using renewable energy) (Liang et al., 2016).

While Nr losses from food systems and fuel combustion can be decreased substantially, some Nr
losses are unavoidable. In response, the N-neutrality concept was proposed at the 6™ International
Nitrogen Initiative (INI) 2013 Conference in Kampala, Uganda (Leip et al 2014). The idea is to
extend the concept of carbon neutrality (or net-zero carbon dioxide emissions) to N, and thereby
increase awareness about the consequences of Nr losses to the environment. The ultimate objective
of N-neutrality is to prompt an entity to achieve zero net Nr loss to the environment through (i)
taking measures that avoid and/or reduce the release of Nr from human activities (e.g. transport,
food consumption and energy use) (N-reduction), and (ii) purchasing N offsets that compensate
for the residual/unavoidable Nr losses (e.g. afforestation programs, food waste reduction projects)
(N-offset) (Leip et al 2014). The N-neutrality concept provides an opportunity for more sustainable
activities and events. It may be related to individual products, persons, companies, institutions and
countries, and requires a set of clear goals and monitoring to assess and improve their sustainability
(Galloway et al., 2014).

4. Planet: spatial intensity of reactive nitrogen (NrSI) and nitrogen boundary

The N footprint concept allows the public to understand the impact of their activities on Nr losses.
However, the N footprint is not directly connected to the resulting environmental impacts. The Nr
spatial intensity (NrSI) concept has been introduced to estimate the intensity of Nr losses on a per
area basis (Liang et al., 2018), and to map the intensity of Nr losses for geographic locations
(Figure 3a). The NrSI indicator and N footprint indicator may show large differences between
countries. For example, Australia had a large N footprint but low NrSI while the Netherlands had
a small N footprint but high NrSI (Figure 3b, ¢). The factors affecting the differences between N
footprint and NrSI include land area, population density, and volumes of imports and exports. The
environmental impacts of Nr losses depend on the Nr carrying capacity or the threshold of Nr
loading of an ecosystem (De Vries et al., 2013), and on the intensity of Nr losses. For intensive
feedlots, NH3 emissions may range from 10 to 30 Mg NH3-N ha™! yr™!, and these emissions
damage the surrounding ecosystems and communities (Chen et al., 2015). For grazing systems,
the average NH3 emission is often less than 1 kg NH3-N ha! yr'! and the majority is
redeposited locally, where it may contribute to pasture yield and soil carbon sequestration
instead of creating negative impacts (Smith et al., 2012). The NrSI indicator connects the total
Nr losses with the land area over which they are lost and can be used to indicate the potential for
environmental impacts, identify hotspots of Nr losses, and provide management recommendations
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Figure 3. Schematic diagram of the calculation of the Nr spatial intensity (NrSI; unit: kg Nr
loss ha! yr!) for Melbourne (a), components and comparisons of national N footprints (kg
N capita™! yr!) (b) and spatial distribution of national NrSIs for selected countries (c). N
footprints quantify the per capita based Nr losses from food and energy production and
consumption and NrSI depicts the per area based Nr losses from food and energy production and
consumption to identify the hotspots of Nr losses by human activities (Sources: Carey et al., 2016
and Liang et al., 2016, 2018).
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To pursue sustainable N management it is necessary to sustain adequate and nutritious food
production in harmony with the environment, humans and nature. Earlier, it was proposed to use
“planetary boundaries for N” as a benchmark for the evaluation of the sustainability of N
management (De Vries et al., 2013; Willett et al., 2019). The planetary N boundary sets the
maximum N surplus, i.e. the difference between total N inputs and total N outputs in harvested
crop and animal products. Also, the NrSI for NH3, NOx, N20O, NO3™ leaching and runoff to water
bodies have to be below critical thresholds. With respect to food security, agricultural systems
generally need N inputs to meet N requirements of crops and animals. The “too little” N use may
lead to “soil N mining” and negatively affect soil health and crop production. The planetary N
boundary therefore should also guide minimum N inputs. For cropping systems, depending on the
current N management conditions, there are four main directions toward achieving sustainable N
management, including sustainable intensification, sustainable extensification, increasing N use
efficiency, and avoiding soil degradation (Figure 4). Technically, N management in crop
production can be improved through better fertilization, crop husbandry and soil cultivation
practices, e.g., planting at the right spacing and right time, using the right fertilizer with the right
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amount at the right time and the right placement (4Rs of N fertilizer application). In animal
production, N use efficiency can be improved through improved animal breeding, feeding and herd
management practices, as well as through enhancing crop-livestock integration, so as to increase
the fertilizer equivalence value of animal manure and to decrease excretal Nr losses (Sutton, et al.,
2013).

Figure 4. Framework for the evaluation of the N use efficiency in crop production, and
directions (indicated by arrows) toward more sustainable N management. Adapted and
modified from EU Nitrogen Expert Panel (2020). The different numbers and colors indicate
different situations, with 3 and the green color indicating adequacy, 1 and red too high NUE and
5 and red too low NUE. The slope of the diagonal wedge represents a range of desired NUE
between 50% and 90%: lower values exacerbate N pollution and higher values reflect mining of
soil N stocks. The left vertical dotted white line indicates the desired minimum level of N inputs
for the example cropping system (lower safe N boundary). The right vertical dotted white line
represents a limit related to maximum N inputs (upper safe N boundary) to avoid substantial Nr
losses. The numbers shown are illustrative of an example system and would vary according to
context (e.g. crop species, climate and soil conditions).
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5. Policy: nitrogen price and nitrogen equity

For centuries, governments have provided incentives to farmers to improve food production
methods to increase and sustain the supply of safe and nutritious food and to protect the
environment. Governments facilitate agriculture through offering education programs, research
and development, and extension services. Some governments also support markets and provide
subsidies for the modernization of agricultural practices and for fertilizers and pesticides.
However, farmers in affluent countries (e.g. OECD countries) are also increasingly faced with
regulations and restrictions related to the use of fertilizers, pesticides and manure, as well as to
certain production methods (e.g. soil cultivation, animal housing). Global agri-food systems are
managed by a huge and diverse range of producers, in a wide range of soil and environmental
conditions, while using vastly different agronomic methods to produce numerous food products
(Poore and Nemecek, 2018). Human dietary patterns are also highly diverse, reflecting nutritional
requirements, access to markets, culture and personal preferences, and may change in response to
changes in biological, physiological and socioeconomic conditions (Fieldhouse, 2013).
Socioeconomic changes are necessary to provide adequate incentives for farmers to adopt certified
sustainable N management practices, and for consumers to choose certified sustainable N food
products.

The establishment of an N price based on cost-benefit analysis could provide the monetary value
of N use and Nr losses (Brink et al., 2011; Sobota et al., 2015; Van Grinsven et al., 2013), which
reflect both the costs of agricultural products for their N consumption and the costs of damage to
the environment, resources, human health, ecosystems, climate and society from Nr losses
(societal cost). The N price and a “bonus-penalty” system for price premiums or price levies could
have a range of formats and applications across stakeholders and for specific goals. For a farm, N
price could be used to award N premiums (N credits) to farmers who produce with lower N
pollution than their peers. For agricultural products, the N price could be used to append N levies
for products that are associated with high Nr losses per unit of nutrition (calorie or protein).

Among regions and agricultural systems, there is an uneven distribution of N resources and a huge
disparity in N management practices, ranging from “too much” N use in e.g. China and India to
“too little” N use in e.g. Sub-Saharan Africa (Zhang et al., 2017). Inequality in the use of N
resources is one of the defining issues of the global N dilemma and requires a commensurate focus
that, to date, has been lacking. Although it has been claimed that optimizing the allocation of N
resource among regions would maximize global NUE and mitigate Nr losses by 41% (Sutton, et
al., 2013), there are no intergovernmental mechanisms with targeted incentives for coordinated N
use at international level.

The increasing interconnectedness of global markets may aggravate the inequality in the use of N
resources. Countries importing agricultural commodities essentially purchase N resources, and
thereby reduce N use and Nr losses. Currently, importers of agricultural commodities do not pay
exporters for the externalities and associated societal cost of N use and Nr losses, particularly
where high-income countries obtain agricultural products from lower income countries at the cost
of those ecosystems and people (Stentiford et al., 2020). Many Sub-Saharan countries and West-
Asian countries import food as a means to achieve food security, because of low domestic food
production as a result of poor agricultural practices and/or water and land scarcity. Affluent
countries often import food and feed to sustain a luxurious diet of their consumers, without paying
for the externalities in exporting countries. Any policy aimed at charging importing countries the
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the externalities and associated societal cost of N use and Nr losses of food production in exporting
countries must consider the different development stages of importers and exporters.

The establishment of an N price may provide great opportunity to achieve both N sustainability
and N equity globally, through guiding consumers’ choice for agricultural products with lower Nr
losses, incentivizing farmers to adopt more sustainable N management practices, and promoting
the efficient allocation of N resource by fair share of the responsibilities for N use and Nr losses
through national and international trade. An intergovernmental mechanism with a
methodologically consistent procedure to create and manage N price and N equity is needed at
international level (Figure 1).

6. Partnerships

The N metrics for “Production”, “People”, “Planet”, and “Policy” principles provide guidance to
develop N management measures at multiple fronts along the food supply chain, and collectively
will lead to a research agenda and policy package aimed at facilitating “Partnerships” amongst
countries and amongst stakeholders (i.e. producers, suppliers and processing industries,
consumers, researchers, administrators and policy makers) (Figure 1). As these metrics were
designed with a range of focuses of various stakeholders, improvement in one N metric does not
necessarily lead to the improvement in all other N metrics, and sometimes even leads to
deterioration in some metrics (i.e., tradeoffs) (Figure 5). For example, a high NUE for farmers may
lead to “soil N mining” and degrade soil health, which negatively affects the safe N boundary. The
potential tradeoffs between N metrics, as well as their related stakeholders, may also exist between
regions or countries. For example, New Zealand exports around 3 million tonnes of dairy products
to more than 130 countries worldwide each year, which benefits the national economy and
improves global nutritional security (FAOSTAT, 2021), while its rapid growth in dairy farming
has substantially increased the concentrations of Nr in waterways, with nearly 67 percent of the
country’s rivers carry pollution above acceptable levels (Ministry for the Environment & Stats NZ,
2020). Such tradeoffs, as well as possible synergies, revealed by the monitoring of N metrics,
demonstrate the necessity of partnership building across the boundaries of sectors and nations.
This will also help to identify common goals and shared responsibilities, and consequently guide
the coordination of efforts towards more sustainable N management.

The main activities of such a “Partnerships” include (i) sharing experiences among countries and
regions for better informed decision making; (ii) identifying priorities and targets in N
management and providing customized strategies across stakeholders and nations, while
considering inequities; (iii) collaborating on joint activities and monitoring of all metrics (Figure
1), and ensuring the necessary financial and knowledge support for such activities; (iv) promoting
the efficient allocation of N resources and fair share of the responsibilities and N costs of
production; (v) integrating N management strategies with the effective and efficient use of other
scarce resources (e.g. carbon, water, phosphorus, potassium and micronutrients), so as to better
achieve the UN SDGs.

For example, to tackle Australia’s challenges of sustainable N management for both soil N mining
in rain-fed grain systems (“too little” N issue) and the excessive use of N in intensive crop and
animal production systems (“too much” N issue) (Hochman et al., 2013; Stott et al., 2016), the N
metrics for “Production”, “People”, “Planet”, and “Policy” principles in Australia will inform the
“Partnership” building among stakeholders and with Australian trade partners. Specifically, firstly,
the NUE and VNF of the “Production” principle will provide holistic assessments on N use and
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Nr losses and benchmark N management performance across Australian agroecosystems (Figure
2, Liang et al., 2016); Secondly, the N footprint and N neutrality of the “People” principle will
provide national and sub-national assessments of anthropogenic Nr losses in Australia and
demonstrate the key drivers of Australia’s N footprint (e.g. beef and coal) (Figure 3, Liang et al.,
2016); Thirdly, the NrSI and N boundary of the “Planet” principle will identify the hotspots of
“too little” and “too much” N issues with a fine spatial resolution to prioritize the improvement of
N management across the country (Figure 3, Liang et al., 2018); Fourthly, Australia’s total crop
and livestock production contained 0.79 Tg N (equivalent to 4.9 Tg protein) in 2017-2018, with
66% exported to overseas markets. Countries importing agricultural commodities from Australia
reduce N use and Nr losses that they would otherwise have incurred, while aggravating both “too
little” and “too much” N issues in Australia. The N price and N equity of the “Policy” principle
will provide a socioeconomic perspective (e.g. societal cost, international trade) into Australian N
management studies to estimate and allocate fair share of an importing country’s responsibility for
the societal costs for the consumption of Australian agricultural products, which has not been done
before. Previous studies mainly focused on biophysical processes and management practices, but
with increasing international trade additional metrics will be needed. Lastly, the “Partnership”
principle will connect the other four principles and demonstrate how a collaborative and
multisectoral approach is needed to address Australia’s challenges of “too little” and “too much”
Nr and to achieve more sustainable N management.

7. Future directions

Improving N management requires proper indicators, tools, guidelines and incentives, as well as
targeted education, training and demonstrations. The N metrics at multidimensional levels form
the evidence to address both specific and general sustainability requirements. If put into practice,
each N metric with its proposed approach and application will serve as evidence and benchmarking
for the design, assessment and management of a particular system to address a specific
sustainability requirement (Figure 1). Collectively, the sequential N metrics will serve as evidence
and benchmarking for a top-down design, assessment and management of whole agroecosystems,
coupled with economic, social and environmental dimensions of sustainability (Figure 5). The
concept of the “5 Ps” requires policies and partnerships to make a clear understanding of the goals
and priorities for N management at a given scale. Governments, agricultural producers, other
industries, scientists and the public should engage to achieve optimal agricultural, environmental
and socio-economic outcomes for all dimensions and stakeholders.

The “5 Ps” principles provide a unique framework to encapsulate a wide range of metrics that
cover most of the N management concerns along the food supply chain and enable the
identification of common spaces and priority areas for partnership building. Development and
application of the “5 Ps” principles include (i) improving the quantification of existing N metrics,
since many of the N metrics are based on budgeting approach, often with large uncertainties
(Zhang et al., 2015); (i1) improving the understanding of the interconnections among the N metrics,
especially the socioeconomic dynamics involved (e.g., market response) when translating the
performance of metrics of production to consumption, and/or upscaling the impacts of practice
changes from local to global scales (Metson et al., 2021; Zhang et al., 2015); (iii) exploring the
decision-making strategies with multiple goals and stakeholders involved in the “5 Ps” and using
“S Ps” to enable and inform “intergovernmental mechanisms” of N use; (iv) strategizing the
communication of the metrics and “5 Ps” principles, and working with stakeholders to codevelop
case studies for the application of the “5 Ps”. While N management is of crucial importance for
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sustainable food systems, there is also a clear need to examine the linkages between N management
and greenhouse gas emissions, phosphorus cycling and water use etc. (Willett et al., 2019). The “5
Ps” principles framework proposed here is flexible enough to provide these linkages.

Figure 5. Interaction and integration of N metrics and “5 Ps” for evidence provision by
bottom-up research (anticlockwise, starting from 12 o’clock position, orange arrows) and
implementation by top-down management (clockwise, starting from 12 o’clock position, brown
arrows). Synergies (green arrows) and tradeoffs (red arrows) exist across multiple principles.

Starting point

_b Steps for research and evidence provision _> Synergies
—’ Steps for implementation and management —’ Tradeoffs
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