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Chapter 1

I.1. Agrifood systems and their environmental and
social impacts

Agrifood systems comprise the entire range of actors and interlinked activities that add
value in agricultural production and related off-farm activities such as food storage,
processing, distribution and consumption (FAO, 2023). They are responsible for
providing sufficient nutritious food for a growing and wealthier global population
(FAO, 2022; OECD and FAO, 2022). Agrifood systems account for more than a
quarter of global total employment, which is crucial for social stability. Meanwhile, linear
and inefficient agrifood systems have caused substantial losses of nitrogen (N), water
and carbon (C) from the system, inducing severe environmental problems (Springmann
et al., 2018; Wang et al., 2022a). They emit about 30% of anthropogenic greenhouse
gases (GHGs), create about 32% of acid emissions, are responsible for about 80% of
freshwater and marine eutrophication, and account for about 70% of the global
freshwater withdrawals (Poore and Nemecek, 2018; FAO, 2021). Reconciling food
security with the environment and social stability necessitates transitioning to circular,
environmentally sustainable agrifood systems (Ambikapathi ez a/, 2022; FAO, 2022;
Wang ez al., 2022a).

Such a transition requires redirecting material and nutrient flows in agrifood systems,
encompassing the compartments of crop production, livestock production, food
processing, household consumption and waste management (Ma ¢z a/., 2010; Wolf ¢z al.,
2015; Bai ¢ al., 2016; Zhang ez al., 2020). However, our understanding of the system is
hindered by the lack of insight into the direct and indirect linkages between different
compartments. Crops feed livestock and humans while livestock and human excreta
could be used to fertilize crops, but the latter does not always happen (Halpern ¢z al,
2019). Considerable amounts of manure and human waste are lost from the agrifood
system (Berendes ez al., 2018; Harder ez al., 2020). Most research has been focused on
only one compartment of the agrifood system (Liu ¢z a/., 2013; Bai ez al., 2016; Bai ef al.,
2018; Cui et al., 2018). The impact of a single modification within one compartment on
the overall system and on another compartment is often ignored. Supporting a
sustainable circular transition necessitates an integrated system-level analysis of material
and nutrient flows and their interactions in the agrifood system, such as the loops of N,
water and C and their interactions.
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1.2. Nitrogen, carbon and water cycles and their
interactions in agrifood systems

1.2.1. N cycles in the agrifood system

Anthropogenic N input plays a key role in sustaining the current agrifood system. More
than half of the population today is nourished by crops produced with chemical N
tertilizer (Zhang ez al., 2015). The nitrogen use efficiency (NUE) is approximately 20%
wortldwide (Lassaletta ef a/., 2016), and most reactive N is emitted to the atmosphere
and water bodies. The emitted reactive N into the air is a major precursor in forming
fine particulate matter with an aerodynamic diameter less than 2.5 pm (PM2.5), posing
a threat to human health (Domingo ez a/., 2021; Xu et al., 2022). The nitrate discharged
into water causes eutrophication and biodiversity losses (Sutton e# al., 2011; Gu ¢t al.,
2015). Nitrogen losses from agrifood systems can be quantified using loss ratios (LRs)
which are defined as the percentage of N input that is lost via a specific pathway. The
LRs are regional specific (Liu e @/, 2017; Van Damme e# a/., 2018; Chaudhary and
Krishna, 2019), and the LRs of nitrous oxide (N2O-N) and ammonia (NH3-N) have
been widely quantified across variable crop types (Gathre ez al, 2019; Li e al., 2022),
tield management (Shcherbak ez a/, 2014; Gerber ef al., 2016; Davis ef al., 2019; Fan ez
al., 2022), soil and climate conditions (Duan ¢# a/., 2021; Hatris ef al., 2022; Li et al., 2022).
In contrast, the LRs of N leaching and runoff are rarely documented, particularly
regarding their reactions to field management conditions (e.g., fertilizer types), despite
studies suggesting organic substitution for chemical fertilizer to alleviate N losses (Xia
et al., 2017; Zhang et al., 2019).

With site- and management-specific LRs of various N losses, it would be possible to
quantify N losses from agrifood systems both in current systems and in scenarios
exploring measures towards N circularity based on N flows in the system. Current
studies on N flows and losses focus primarily on crop and livestock production (Renard
and Tilman, 2019; Xu e a/, 2021) but to a limited extent on houscholds or entire
agrifood systems. Some models, such as the NUFER (Nutrient Flows in Food Chain,
Environment and Resource use) and CHANS (Coupled Human And Natural Systems)
model Ma ez al., 2010; Gu ez al., 2015; Zhao et al., 2017), have been developed and used
to quantify N flows in the food system. These models could help explore measures and
the potential to reduce N losses and facilitate the transition towards N circularity in
advanced management scenarios. However, due to lack of validations at the household
level, the data they provide on household consumption is unreliable. Therefore, it is
difficult to directly apply existing models to reconstruct N flows for variable households
and guide N circularity management.
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Nitrogen circularity could be promoted by the concept of circular agriculture. Circular
agriculture was proposed to connect agricultural production with sustainable resource
use, aiming to minimize pollution, optimize production and maximize resource reuse
(Kirchherr ez al., 2017; Velasco-Mufioz ¢t al., 2021). The principles of circular N use in
the food system include reducing external inputs, reusing waste streams, and reducing
environmental losses (Muscat e al, 2021; Velasco-Mufioz e al., 2021). Restoring N
circularity requires selecting the most relevant spatial scale to enable nutrient transport
and thereby facilitate N exchange.

1.2.2. Water balances and their interactions with N cycles in the
agrifood system

Water is crucial for human life, food production and ecosystem services (Scanlon ef al.,
2023). It is projected that by 2050, global water consumption will be 20-30% higher
than the current level (WWAP, 2019). Climate change also contributes to an increasing
frequency of extreme weather events, such as droughts and floods (Pokhrel ¢ a/.,, 2021).
These events worsen spatial and temporal mismatches between water resources supply
and demand, presenting greater challenges for many societies in securing reliable water
supplies (Scanlon e al., 2023). For example, over-exploitation of groundwater in the
North China Plain has led to a decline in the groundwater table level at a rate of 0.6
meters per year (Qiu ef al, 2018), which has caused phenomena such as drying
streamflows, ground fissures and land subsidence (de Graaf ¢f 4/, 2019; Luo ¢t al., 2022).
In addition, drainage water with high nutrient concentrations is discharged to rivers and
groundwater, leading to water pollution (Grafton ef al., 2018; Berbel e# al., 2019). Poor

water quality and low available quantities are both urgent problems to be solved.

Agrifood systems are key in ensuring global water security for both quantity and quality.
They account for about 70% of the global freshwater withdrawals and 90% of the water
consumption (Hoekstra and Mekonnen, 2012; FAO, 2021), mainly by means of
irrigation (McDermid ez af., 2023). They are also the primary contributors to water
pollution and deterioration (FAO, 2021). Water-saving irrigation was claimed to save
water and address water competition among agriculture, industry, and the energy sector
(Zhao et al., 2015; Florke et al., 2018; Chen ef al., 2020). For instance, regulated deficit
irrigation and drip irrigation were proved to be effectively improve water use efficiency
at the field level (Kang ez al., 2017; Grafton et al., 2018). However, the “savings” achieved
through efficiency gains at field level may overstate actual impacts on water supply,
because water that is not consumed at one site is often discharged into surface water or
recharges groundwater, which can be later recovered and used downstream
(Aeschbach-Hertig and Gleeson, 2012; Grafton et al., 2018; FAO, 2021). Thus, a
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comprehensive accounting of water flows is necessary to ascertain whether gains in

water use efficiency at the field level effectively conserve water on broader scales.

Water cycles are closely connected with N cycles. Water use efficiency in crop
production tends to be low when NUE is high (Sadras and Rodriguez, 2010). Moreover,
N discharge contributes to water pollution (Cao et al., 2019). The European Union and
United States experience degraded water quality primarily due to agricultural runoff.
Approximately half of their surface waters are rated poor due to high concentrations of
N and in some cases phosphorus (P) (Ibafiez and Pefiuelas, 2019; Scanlon ef af., 2023).
In China, anthropogenic N discharge into freshwater averaged around 14.5 Tg per year
between 2010 and 2014. This is about 2.7 times the estimated “safe” discharge level (Yu
et al,, 2019). Worldwide, some 1.8 billion people must rely on drinking water that is
contaminated with faecal matter, which puts them at risk of cholera and other diseases
(Scanlon et al., 2023). When water quality is factored into water scarcity assessments,
the proportion of the global population experiencing severe water scatcity increases
from 30% to 40% (van Vliet et al., 2021). However, few studies have integrated the
water and N cycles to explore the potential impact of current water use and pollution

on future water security.

1.2.3. C cycles and their interactions with N cycles in the agrifood
system

The UN Climate Change Conference reached an agreement to limit global warming by
the end of this century to well below 2 °C, aiming ideally for below 1.5 °C compared
to pre-industrial levels (UNDP, 2015). Although over 80 countries, representing
approximately 70% of global greenhouse gas (GHG) emissions, have pledged to achieve
net-zero emissions mostly by the current mid-century (Matthews and Wynes, 2022;
Zhao et al., 2022), the current efforts are insufficient to achieve the climatic goal. The
options to achieve net-zero CO; (carbon neutrality) or even GHG (climate neutrality)

emissions are still uncleat.

Agrifood systems are key to achieving the UN climatic goal (Crippa ez al., 2021; FAO,
2022). They emit a third of global anthropogenic greenhouse gases and induce about
22% of global mortality due to air pollution (Poore and Nemecek, 2018; Crippa ¢f al,
2021; Crippa et al., 2022). Understanding the net effect of agrifood systems on climate
requires quantifying C fluxes and their CO; equivalent (Wolf et al., 2015), including both
C flows and storage in different compartments of the entire agrifood system (Wolf ez
al., 2015). The C storage in agrifood systems mainly exists in soils which comprise an
important C pool on earth (Sykes et al., 2019). A large fraction of agricultural lands has
been degraded by soil organic matter loss (Smith ez a/., 2008). Considerable amounts of

C are harvested as grain from agricultural land and consumed by livestock and humans,

5
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but little C from animal and human waste is recycled for crop production (Gu ¢t a.,
2015; Lassaletta ez af., 2016; Billen e# al., 2021).

Enhancing soil C sequestration is often listed as a potential solution not only to combat
climate change (Sykes ¢ al, 2019; Walker ez a/., 2022), but also to regenerate degraded
soils (Kopittke ez a/., 2022). To regenerate degraded soils, adequate amounts of organic
carbon should be applied to increase the content of soil organic carbon (SOC) to 2%
or higher (Maillard and Angers, 2014; Oldfield ez a/, 2019). The increasing SOC both
enhances crop production (Oldfield ¢z 4, 2019) and improves soil resilience and health
(Domingo-Olivé et al., 2016; Oldfield et al., 2019). However, soil C storage and changes
pose challenges for direct monitoring in fields due to the difficulty in sampling and
quantifying belowground plant biomass and rhizodeposition (Hirte et al., 2018; Hu et
al., 2018). In addition, the alteration of soil carbon storage is a gradual process
necessitating long-term observations. The annual change rate is contingent upon the
initial soil C content (Lugato et al., 2014; Moinet et al., 2023). Modelling serves as a
readily available option to forecast soil C storage and changes, but accurate predictions
require rigorous validations, while more than 70% of the models simulating soil carbon
storage lack proper validation (Garsia et al., 2023). Furthermore, C sequestration in soils
originating from atmospheric CO; should be considered in light of CO;-C emissions
caused by the energy and power consumption required for system functioning (Lorenz
and Lal, 2018; Adetona and Layzell, 2019). These emissions may counteract or even

outweigh CO»-C sequestration in soils and agrifood systems.

Apart from CO», non-CO>, GHG emissions contribute to a quarter of climate change,
including CH4 and N2O, which process higher global warming potential (GWP) than
COz (Feral, 2015; Smith and Gasser, 2022; Xing ef al., 2022). Therefore, mitigating
climate change should consider both C and N cycles and their interactions. The C
storage of terrestrial ecosystems is significantly influenced by N availability (Kicklighter
et al., 2019; Raza et al., 2020). Enhanced N availability through atmospheric deposition
promotes the net primary productivity of ecosystems and increases the biological
sequestration of C (Kicklighter ez a/, 2019). However, N-induced soil acidification,
which is neutralized by soil inorganic carbon (SIC), could also cause dramatic loss of
SIC in cropland (Raza et al., 2020). In addition, it may reduce crop productivity and
thus decrease the biological C sequestration. Circular N use with optimal N inputs in
the agrifood system could directly reduce N>O emission and mitigate climate change. It

also indirectly reduces N>O emissions by decreasing NHj3 and leached NO;3™ losses

(Paustian ez a/., 2000). Nitrogen circularity and C neutrality could be mutually reinforced.
Promoting synergies and minimizing trade-offs between them may help transition to C

neutrality or even climate neutrality in the agrifood system.
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1.3. Options towards sustainable circular agrifood
systems and the optimal scale

Promoting circularity necessitates good management practices for both production and
consumption (Geyik ez a/., 2023). Good crop production practices could reduce fertilizer
inputs, improve nutrient use efficiency, mitigate nutrient losses, increase crop biomass
and thus C inputs to cropland. Such practices include optimal fertilization (Cui ef af,
2018; Horton ef al., 2021), organic substitution of chemical fertilizer (Zhang e al., 2019;
Young ez al., 2021; He et al., 2023), and enhanced-efficiency fertilizer, such as polymer-
coated fertilizer, nitrification inhibitor, urease inhibitor, chemically altered fertilizer,
bacterial fertilizer (Lam ef al, 2022). Regarding livestock production, a better feed
conversion ratio could reduce feed inputs depending on the livestock species and
environmental conditions, such as the livestock's thermal environment (Patience ¢ 4/,
2015; Bai ez al., 20106; Sell-Kubiak ¢# a/., 2017). Furthermore, good practices in household
consumption, i.e. consuming less animal and more plant protein than the Western diet
(Resare Sahlin and Trewern, 2022), as recommended by the EAT-Lancet Commission
(Willett ef al, 2019), could alleviate malnutrition, support human health and reduce
environmental emissions from the agrifood system (Errickson e al, 2021;
Vaidyanathan, 2021; Wang ef a/., 2023).

Dietary changes affect land use and crop cultivation, especially when considering
circularity (Muscat ¢f al., 2020; van Selm ez al.,, 2022). 1f residents switch to the EAT-
Lancet diet, the demand for plant-based foods will increase, especially for legumes.
Ideally, this demand is met with locally grown food to support circularity. Thus, crop
switching will be necessary, requiring increased cultivation of soybeans and other
legumes to meet the rising demand for plant-based protein. Soybeans and other legumes
require fewer agrichemicals and less water input per hectare compared to other cash
crops, such as cotton, thereby resulting in lower N and C emissions as well as reduced
water consumption (Zhang ez al., 2009; Guo ¢ al., 2022). Recent research in China also
confirmed that crop switching and redistribution can promote co-benefits, including
reductions in environmental impact (GHGs: -5%; water: -9%; fertilizers: -8%;
pesticides: -8%) alongside an increase in farmer income (+5%) (Wang ¢z a/., 2022b; Xie
et al., 2023).

Dietary changes also necessitate adjustments in livestock production to align with
healthier diets (Willett ¢7 a/, 2019; van Selm e al, 2022). The demand for livestock
products would decrease with residents adopting the Lancet EAT diet. Ideally, livestock
breeding should be scaled down to align with these healthier dietary patterns. This
proportionately reduces N and C emissions from livestock production, manure

management and energy and power consumption. In addition, this reduces water and
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nutrient requirements for feed production. This can potentially spare more land to grow
food directly for humans or ecosystem services, considering that around 30% of the
global cropland is cultivated to grow livestock feed (Muscat ¢z al., 2020).

Apart from the above options, waste recycling also contributes to closing cycles of N,
C and water within agrifood systems, potentially enhancing their water and nutrient use
efficiency (Springmann et al., 2018). Substantial amounts of human and animal manure,
along with kitchen residue, are disposed of in dump pits or rivers, leading to the
discharge of significant amounts of N and C from agrifood systems (Bai ¢f a/., 2016;
Trimmer ef al., 2017; Berendes et al., 2018; Spang ez al., 2019). The recycling of organic
wastes facilitates the reconnection between sanitation and agticultural practices. This
includes the collection of household wastes and animal manure, converting them into
fertilizer products, and repurposing food waste and losses as animal feeds (Sandstrém
et al., 2022; Govoni et al., 2023). Moreover, utilizing livestock manure, crop residues,
and potentially human waste is considered an efficient way to increase SOC (Maillard
and Angers, 2014). Elevated SOC levels not only enhance crop production (Oldfield ez
al., 2019) but also promote soil resilience and health (Domingo-Olivé e al., 2016;
Oldfield ez al, 2019). In addition, this aids in reducing C and N emissions to the
environment while increasing water retention (Bagnall ¢# a/., 2022), but the presence of
contaminants, such as antibiotics or heavy metals, may restrict the widespread use of
household and livestock wastes (Chee-Sanford e# al., 2009; Cobo ef al., 2018).

All these options contribute to decreasing N, C and water losses, thus promoting
circularity within the agrifood system. However, their contributions may interact with
one another. For example, reducing livestock means less available animal manure for
crop production. Consequently, more chemical fertilizers may be needed to maintain
the optimal fertilizer input as mentioned in good crop production practices. The overall
impact on circularity remains unclear considering the range of available options, the

varied contributions of different practices, and their interactions.

Promoting circularity necessitates selecting the most relevant spatial scale. Restoring
circularity requires quantifying nutrient flows within certain spatial boundaries to
describe the current state (Van der Wiel ez a/, 2020). The area should be sufficiently
small to capture the local circumstances, enable transport and thereby facilitate nutrient
exchange, but also large enough to include all components of the agrifood system. Field
and farm scales (Zhao et al., 2017) are too small as they exclude practices to promote
nutrient cycling among households and various farming systems (Giller, 2013). A
national scale (van Zanten ez al, 2023) is generally too large, obscuring underlying
heterogeneity and hindering the optimization of nuttient cycles on smaller scales. Van
der Wiel e al (2021) claimed that the district scale was suitable for restoring nutrient
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circularity in Germany because it meets the above requirements. Spiegal ¢ a/. (2020)
proposed that the county level was one of the suitable research units to advance nutrient
recycling in the US. A district or county may be a suitable scale for circularity provided
that it encompasses the entire agrifood system, with its diverse components spatially
close enough to form a network enabling easy exchange of agricultural products and
nutrients. In addition, public agricultural extension services are typically organized at
this scale.

|.4. Research objectives

How to close N, C and water cycles simultaneously is unclear, particularly at a system
level involving households and waste management. Moreover, options promoting
circularity within the agrifood system may interact with one another. Furthermore,
promoting circularity necessitates selecting the most relevant spatial scale. Therefore,
the main aim of this thesis is to explore circularity options for N, C, and water in
agrifood systems at the county scale.

We selected Quzhou county (China) as a case study. China is the largest producer and
consumer of reactive N (Chen ¢z al., 2016), the largest emitter of CHGs (UNEP, 2020),
and a hotspot of water scarcity due to issues with water quantity and quality driven by
excessive N and C losses in agriculture (Rodell ¢f @/, 2018; van Vliet ¢z al, 2021). The
Chinese government pledged to achieve carbon neutrality by 2060 (Feng and Fang, 2022).
Quzhou is a demonstration county for China’s “Agricultural Green Development”
strategy seeking to be a demonstration area for producing nutritious agricultural products
while minimizing environmental impacts (MOA, 2020).

Quzhou is in the center of the North China Plain. It has a sub-humid, temperate,
continental monsoon climate. The county covers an area of 677 km? and includes 10
towns and 342 village-size administrative units. The registered population was 527,000
in 2017, with over 90% of the inhabitants residing in rural areas (NBSC, 2018). It
encompasses all relevant compartments of the agrifood system, with diverse
components spatially close enough to enable the exchange of agricultural products and
nutrients. The main crops are wheat, maize, cotton and vegetables, while the main
livestock includes pigs, laying hens, sheep, and beef cattle. The crop and livestock
production as well as human consumption varies among villages. To provide tailored
recommendations to local farmers on agronomic technologies, China Agricultural
University led to establish the Science and Technology Backyard platform in Quzhou.
This platform involves agronomists living in villages among farmers and connects the
scientific community with the farming community to facilitate information exchange
and innovation. It has collected substantial data on the characteristics of the agrifood
system in Quzhou.
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Quzhou is a typical county in China which is in transition from extensive low-efficient to
intensive high-efficient and high-emission production (Chen ez a/, 2016; Bai ¢ al, 2018;
Wei ¢t al., 2023). Such a transformation is common in middle-income, rapidly-developing
countries such as India, Indonesia, Brazil and Pakistan (FAO, 2022; OECD and FAO,
2022; Kang et al., 2023). Low-income regions (such as sub-Saharan Africa) are projected
to experience similar transformations in the future with their economic development
(FAO, 2022; OECD and FAO, 2022). The development paths of “emit first and treat
later” followed by most high-income countries are not replicable for low- and middle-
income countries in combating global warming. The options explored in this study
provide insights for the global community on managing N, C and water cycles and

transitioning towards sustainable circular agrifood systems.
The specific objectives of this thesis are as follows:

* to quantify the loss ratios of N leaching and runoff in croplands and assess N
flows in an entire agrifood system (Chapters 2 and 3);

* to evaluate the impact of available options to promote N circularity and their
synergistic effects (Chapter 3);

* to assess water security in an agrifood system, elaborated in terms of water
quantity and quality, for both surface water and groundwater, along with their
potential synergies and trade-offs with N circularity (Chapter 4);

* to explore the potential for achieving net-zero GHG emissions (climate
neutrality) in an agtifood system, considering both C and N cycles (Chapter 5).

1.5. Outline of this thesis

This thesis contains a general introduction (this chapter), four research chapters
(Chapters 2-5), and a general discussion (Chapter 6). Figure 1.1 visualizes the framework
of this thesis and the connections between the chapters.

Chapter 2 quantifies the losing rates of N leaching and runoff for various fertilizer
types, which are rarely documented but crucial for both N and water cycles as well as
their interactions in agrifood systems (the discharged N could contaminate water and
threaten water security). The quantified factors aid in quantifying N cycles in the
following chapter.

Combining the above loss ratios, farm surveys, statistical data, a nutrient flow model
(NUFER) and parameters from literature review, Chapter 3 presents N flows in an
agrifood system, including not only crop and livestock production but also detailed
household data. Key performance indicators (KPIs) in line with circular agriculture are
selected to evaluate N circularity of the agrifood system. These KPIs are applied to a

10
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case study bridging the gap between village and county level N cycle in Quzhou, China.
Based on the N cycles, this chapter further evaluates advanced scenarios to transition
towards N circularity at the county level.

Chapter 4 evaluates water security and N circularity, in terms of water quantity and
quality, for both surface water and groundwater. The temporal-dynamic water balances
are quantified by accounting for detailed water flows in the case study area of Quzhou,
China, from 2010 to 2020. Scenario analysis was adopted to evaluates the possibility of
achieving synergies between water security and N circularity.

Chapter 5 examines C cycles and net GHG emissions in the agrifood system by
integrating the NUFER model with a soil C cycle model (RothC). Net CO; emissions
from the system are quantified using CO,-C sequestration against CO,-C emissions
from fossil fuels used in the agrifood system of Quzhou, China. Net GHG emissions
from the system are quantified by considering both C and N losses. Subsequently, this
chapter evaluates potential strategies to attain net-zero COz and GHG emissions in the
agrifood system.

| The agri-food system in Quzhou |
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Chapter 2
Abstract

Organic inputs as a substitution for, or addition to, chemical fertilizers can potentially
mitigate N losses. However, it is not well known how their effects on N leaching and
runoff depend on application approaches. We conducted a global meta-analysis of 129
studies to compare the effects of organic inputs on N export via leaching and runoff.
We compared three application approaches: chemical fertilizer N substituted by organic
fertilizer with: 1) equal amounts of total N or, 2) equal amounts of mineral N and 3)
additional organic fertilizer N on top of chemical fertilizer. The meta-analysis showed
that organic inputs reduced overall N leaching and runoff by 15% and 29%,
respectively, without compromising crop yield, and that this effect was significantly
influenced by the application approach taken. Organic substitution of chemical fertilizer
N with equal amounts of total N decreased both leaching and runoff by more than 30%
and hardly affected crop yield. Substitution with equal amounts of mineral N generally
increased crop yield by 6% but also increased N leaching by 21%. Organic inputs in
addition to chemical fertilizer N did not affect leaching and runoff. The differences
between application approaches were reinforced with increased treatment duration. The
loss ratios of leaching and runoff were 14% and 4.5%, respectively, from chemical
fertilizer, and 9.2% and 2.6%, respectively, from organic fertilizer. The optimal
substitution rates differed between leaching (40-60%) and runoff (60-100%) when
substitution was based on equal amounts of total N. We conclude that substitution of
chemical for organic fertilizer at equal amounts of total N is most effective in reducing
N export via leaching and runoff without compromising crop production.
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2.1. Introduction

Overuse of reactive nitrogen (N) induces emissions to the environment, such as N
leaching/runoff and other N losses (Sutton 7 al., 2011; Cui ¢t al., 2018; Cassman and
Dobermann, 2021), causing ecosystem eutrophication (Rivett ez a/., 2008), water quality
degradation and loss of biodiversity (Yu e# al., 2019). The anthropogenic N discharge
(14.5 Tg per year) to freshwater in China was about 2.7 times the estimated ‘safe’ N
discharge threshold (1.0 mg N L), of which more than 35% of N discharge was
incurred from cropland fertilizer use (Yu e al., 2019). Organic materials (such as straw,
manure and waste water products) could potentially be used to substitute for chemical
fertilizer and mitigate N export via leaching and runoff (Xia ez a/,, 2017; Malcolm ez 4/,
2019; Tang ez al., 2019; van der Wiel ez a/., 2020). Organic inputs can improve soil quality,
increase its water retention capacity and promote crop N uptake (Bergstrom and
Kirchmann, 2004; Oldfield e al., 2019), thereby reducing leaching and runoff.

Two organic substitution methods and one addition approach are commonly reported
in the literature: substitution of chemical fertilizer with organic fertilizer based on the
latter’s total N content (Equal Nwy) or its mineral N content (Equal Niin), and the
addition of organic N to chemical fertilizer (Additional Norg). The Equal Niow approach
is widely used in China (Zhang ez al., 2019; Bah et al., 2020). Several meta-analyses have
shown that the Equal Nww approach could mitigate N leaching or runoff by
approximately 26%, but either they did not differentiate between leaching and runoff
(Wei et al., 2020) or had limited data sources (Xia ¢# al., 2017). The results of the Equal
Nmin approach have been reported in Europe and Americas (Bakhsh ez al, 2007;
Sotrensen and Rubaek, 2012; Brockmann e# a/., 2018). Equal Nmi» may increase N losses,
especially when the organic fertilizer is surface applied (Bakhsh ez 4/, 2007; Seidel ez al.,
2017). Most studies are single location trials (Bakhsh ez a/., 2007; Sorensen and Ruback,
2012; Seidel ez al., 2017), and a meta-analysis of the effects of Equal Nmin on N export
via leaching and runoff is lacking. As an alternative to substitution, Additional No could
reduce N losses either through soil quality effects or immobilization effects using a
substrate with a high C/N ratio, or increase them due to extra N application. The
addition of organic N to chemical fertilizer is widely practiced in Africa (and in some
cases in China too) to increase crop productivity (Chivenge e# /., 2011; Sileshi ez al,
2019), while N losses were seldom analyzed.

The effect of organic substitution for, or additions to chemical fertilizers on N exports
may also depend on the types of organic amendment (Hijbeek ez a/, 2017; Xia et al.,
2018). The application to agticultural soils of organic fertilizers with a high C/N ratio
is expected to increase microbial N immobilization capacity and reduce leaching and
runoff (Zhang et al., 2013). Using the Equal Neww approach, Liu ez a/. (2021) analyzed
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the responses to N losses using different types of organic fertilizer for vegetable systems
in China and found that mixed animal-plant sources of organic N reduced N leaching
more than single sources because mixed animal-plant N soutces can optimize the C/N
ratio to satisfy N and C demand, favoring vegetable yields and N uptake. Soil texture
may affect organic matter decomposition (Xia ¢z al., 2018) through effects on aeration
and oxygen availability for mineralization, with knock-on effects on leaching and runoff
(Ji et al., 2011). Soils with a sandy texture generally have poor retention of water and
nutrients, and the increased water infiltration paired with N substrate from organic
fertilizer mineralization could aggravate N loss (Blanco-Canqui and Lal, 2009; Xia ez a/,
2018). Field management, such as fertilizer application (Karimi and Akinremi, 2018)
and crop cultivation (Klaus ez a/, 2018) could also affect the leaching and runoff
response. N losses may increase rapidly when the N application rate increases and
exceeds the optimum level of crop demand (Wang ¢ a/, 2019). Crop cultivation, such
as flooding in paddy field, affects anaerobic conditions regulating organic
decomposition and N transformations (Klaus ez a/, 2018).

N export via leaching and runoff can be quantified using the loss ratio (LR). This is
defined as the percentage of applied fertilizer N that is lost via leaching or runoff. The
Intergovernmental Panel on Climate Change (IPCC) uses a default LR of 30% for N
leaching for fertilizers without distinguishing between fertilizer types or locations
(Eggleston et al., 2006). Wang et al. (2019) demonstrated that the IPCC overestimated
the LR for leaching from (mainly) chemical fertilizers, which should range from 9-20%
depending on the crop and fertilizer type. The LRs for leaching and runoff from organic
materials have not been systematically analyzed, which could undermine the accuracy

of loss inventories and databases of N export via leaching and runoff.

There could be trade-offs or synergies between N leaching/runoff and crop production
(Xia et al., 2018; Zhang et al., 2019). Crop yield increased at lower levels of soil organic
carbon (SOC) while leveling off or decreasing slightly at 2-3% SOC (Oldfield ez 4/,
2019). Considering that about two-thirds of the world’s croplands have a SOC content
of less than 2% (Oldfield ¢ al, 2019), we speculate that organic inputs improve SOC,
increase crop yield, and thus reduce N surplus for leaching and runoff.

This study aims to: 1) quantity the effects of different organic application approaches
on N export via leaching and runoff depending on the type of organic fertilizer; 2)
compare the leaching and runoff LRs between chemical and organic fertilizers, and 3)
demonstrate the potential trade-offs and synergies between N losses and crop
production. To achieve these aims, we conducted a meta-analysis of 129 peer-reviewed
articles.
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Organic inputs to reduce nitrogen leaching and runoff
2.2. Materials and Methods

2.2.1. Literature selection

Peer-reviewed papers were collected to evaluate the effects of organic fertilizer inputs
on N export via leaching and runoff. Papers published before September 2020 were
searched for in Web of Science, Google Scholar and China National Knowledge
Infrastructure databases. ‘Organic inputs’, ‘organic substitution’, ‘organic fertilizer’,
‘leaching’ and ‘runoff’ were used as search keywords. We also included papers that cited
or were cited by Cui ¢f a/. (2020) and Burkitt (2014) on similar research topics.

The papers included in our analysis met the following criteria: 1) They reported
cumulative N leaching or runoff during a crop growth period. If the data were presented
as annual rates, these were divided by the number of crops per year; 2) they reported
the results of N leaching/runoff using lysimeter and suction cup methodologies which
calculated leaching or runoff rate by N concentrations and volume of water flow. The
sampling frequency was mostly once a week. After rainfall or irrigation events, samples
were collected directly when discharge occurred; 3) the papers reported on both
chemical fertilizer (CF, defined as control) and organic fertilizer (OF) treatments,
including crop residues (such as green manures or straw; 17%), farm yard manure
(29%), slurry (22%) and processed organic materials (composted manure or sewage
sludge, digestate and commercial organic fertilizer; 32%), the amounts of which were
specified; 4) phosphorus and potassium fertilizers were applied to ensure that these
were not yield-limiting; and 5) only field or lysimeter studies were included. Papers that
reported data from the same experiment were excluded. Observations conducted at the
same site over sampling years were all recorded. In total this analysis included 129 peet-
reviewed articles on experiments performed worldwide (Asia, 53%; Europe, 31%;
Americas, 12%; Aftrica, 4%), with 511 site/year observations for leaching and 125
observations for runoff. These observations were for various crop types: dryland crops,
77%; rice, 13%; vegetables, 10% (see supplemental database for details).

2.2.2. Evaluation of variables and data treatment

Leaching and runoff were the main response/dependent variables used to evaluate the
effects of organic inputs compared with chemical fertilizer only. Leaching and runoff
included both organic and mineral N when reported (18%) and otherwise only mineral
N (82%). The LRs of leaching and runoff as affected by organic input were calculated
as a percentage of the applied fertilizer N lost through leaching or runoff. The responses
for crop yield, nitrogen use efficiency (NUE), NH3, N>O and CH4 emissions to organic
inputs were also evaluated. NoO and CHy4 emissions were measured by static chamber,
and NH; volatilization by dynamic or vented chamber. NUE was calculated as follows:
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NUE = (U; — U¢)/R 0

where Uf and Uc indicate the aboveground N uptake of treatment with or without
tertilization. R means N application rate.

The effects of organic inputs were evaluated based on the application approach (Equal
Niowl, Equal Niin and Additional Noy), treatment duration and substitution rate (R,
which is defined as the ratio of organic N input to total N input) and organic types. In
most cases the mineral N of organic fertilizers can be quantified by the sum of NO3-N
and NH4"-N (plus uric acid N in some cases). Sometimes, mineral N is also calculated
based on the total ammoniacal N retention and organic N mineralization. Table 2.1
summarizes the number of observations and N (mineral and organic) application rate
for the different application approaches. Treatment duration was divided into 1 year
and >1 year. The R, was categorized in four classes (4 = R, = 40, 40 < R, = 60, 60 < R,
< 100, Ry = 100). Organic types were grouped into crop residues, farm yard manure,
animal slurry and processed organic materials. In addition to these variables, we also
entered the following information about the experimental sites into our database, where
applicable: fertilizer application rate; irrigation; soil properties (SOC, cation exchange
capacity (CEC), soil slope and total N) and climate conditions (precipitation and
temperature) (see supplementary data for details).

Table 2.1. Number of observations (#) for leaching and runoff, depending on application
approach, and their mean N application rates (kg N ha) with 95% confidence interval (CI)

Category n Chemical fertilizer Organic fertilizer
Mineral N Mineral N Organic N
Mean Cl Mean Cl Mean Cl
Leaching Overall 511 201 192-209 87 79-95 154 144-165
Equal Ntotal 281 226 214-238 83 72-93 143 132-154
Equal Nmin 156 162 152-174 51 41-60 216 195-240
Additional Norg 74 185 166-203 185 166-203 59 47-73
Runoff Overall 125 217 204-231 128 112-143 106 89-126
Equal Ntotal 104 223 209-239 120 103-137 103 87-121
Equal Nmin 6 139 119-159 68 35-101 310 201-446
Additional Norg 15 205 184-226 205 184-226 47 33-64

Equal Niw means that chemical fertilizer N is substituted by organic fertilizer with equal
amounts of total N; Equal N, indicates substitution based on equal amounts of mineral N;
Additional N, refers to the effects of organic fertilizer N in addition to chemical fertilizer.
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2.2.3. Meta-analysis

The effects of organic inputs on the response variable X (e.g., leaching or runoff) were
quantified by effect size, which was defined as the natural log of the response ratio
(InRR) with the following equation:

LnRR = Ln (j‘(—‘c’) )

where Xo and Xc represent the mean value of organic and chemical fertilizer treatment
for response variable X. Natural log conversion of the response ratio was used to
stabilize the variance (Hedges ef al, 1999). The results were exponentially back-
transformed and presented as the percentage of changes (RR-7)X700% in the variables
under organic application. Positive or negative percentage changes denoted an increase

or decrease in the corresponding variable.

Effect sizes were weighted by the inverse of the pooled variance (Liu e# a/., 2019; Weti et
al., 2020). For studies that did not report a standard deviation (SD) or standard error
(SE), the approach of Bracken (1992) was used to estimate SD in the “metagear” R
package (version 3.6.1). A random-effects model was used according to the significance
of the residual heterogeneity of the observations in the “metafor” R package (version
3.6.1). A mixed-effects model was used to assess the variations in effect size according
to several categorical and continuous factors. The mean effect sizes and the 95%
confidence intervals (CIs) were presented in forest plots. Differences between organic
fertilizer (OF) and chemical fertilizer (CF) treatment were considered to be significant

when the Cls did not overlap zero.

Funnel plots were adopted to evaluate the publication bias (Makowski e a/, 2018; Ying
et al., 2019). We carried out a trim and fill analysis for the funnel plots in the “metafor”
R package (version 3.6.1). Results (effects) were considered acceptable if there was no
significant difference before and after trim and fill (Makowski ez a/, 2018). In cases
where the funnel plots test indicated publication bias, the bias-corrected effect size value
was adopted, which was estimated using the trim and fill method (Figure A. 1 and 2).

2.3. Results

2.3.1. Effects of organic application approaches on N export via leaching
and runoff

Organic inputs, on average, significantly decreased N export via leaching and runoff by
15% and 29%, respectively (Figure 2.1). This overall result was dominated by studies in
Equal Ny approach, because these were by far the most in terms of numbers (281 out
of 511). Application approach had a significant impact on leaching and runoff: Equal
Niotal approach reduced both leaching and runoff by more than 30%, but Equal Nmia
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approach increased N leaching by 21%, while it had no effect on runoff based on the
few available observations (n = 6). Additional N, approach had no effect on leaching
and runoff.

The effects of the application approach on N leaching and runoff varied with treatment
duration. Equal Ny decreased N leaching after 1 year, but leaching increased when the
substitution was based on Equal Nmin, and was unaffected when organic N was added
to chemical fertilizer. The differences between application approaches were reinforced
with increasing treatment duration. Leaching was reduced by approximately 40% after
more than 1 year at Equal Nw. However, Equal N increased leaching by 20%. While
increased loss due to leaching remained consistent with different treatment regimes,
with increased runoff, loss was visible only after more than a year at Equal Npin.
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Figure 2.1. Effects of organic inputs on N leaching (a) and runoff (b). Error bars represent
95% confidence intervals. Numbers in parentheses indicate numbers of observations.

The rate of N fertilizer application did not correlate with the effect of organic inputs on
leaching, regardless of the application approach (Figure 2.2a). It also did not lead to
differences in leaching related to application approaches. Runoff was significantly more
reduced (p< 0.01) with lower N application rates when the substitution was based on
Equal N (Figure 2.2b). The relationship was not significant for Equal Nmin (p = 0.28)
or Additional N (p = 0.68) based on our limited data (n=6 for Equal Nmin, 15 for
Additional Noy; Figure 2.2b).
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Figure 2.2. Effects of total N application rate on N leaching (a) and runoff (b) loss ratios of
organic inputs. Negative and positive value indicates decreased or increased N leaching caused
by organic inputs.

Organic inputs reduced leaching and runoff independently of the substitution rate in
the Equal N approach. The optimal substitution ratio (Rs) to mitigate N leaching was
40-60%, which decreased leaching by 45% (Figure 2.3). For Rs >60%, leaching did not
decrease significantly compared to no substitution. Runoff decreased by 22% at a low
substitution rate (4 < Ry = 40), and the optimal R, to mitigate runoff was in the 60-
100% range. Runoff tended to decrease gradually as R, increased.
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Figure 2.3. Effects of substitution rate Rs on N leaching (a) and runoff (b) when chemical
fertilizer N is substituted by organic fertilizer with equal amounts of total N. Rs is defined as
organic N input/total N applied (%). Error bars represent 95% confidence intervals. Numbers
in parentheses indicate numbers of observations.
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2.3.2. N export via leaching and runoff affected by organic material
types and other factors

Organic material types affected N export via leaching and runoff under organic inputs
(Figure 2.4). Crop tresidues with a higher C/N ratio (40) reduced N leaching and runoff
by 22%. Farmyard manure with a low C/N ratio did not affect leaching but decreased
N runoff by 23%. Animal slurry with a low C/N ratio (13) significantly affected neither
leaching nor runoff. Processed organic materials reduced N leaching and runoff (33%)
morte than other types, while they had a significantly lower C/N ratio than crop residues.
Organic inputs decreased leaching (Figure A. 3) and runoff (Figure A. 4) more when
the SOC was low. The effects of organic inputs were not dependent on clay content

and crop cultivation (Figure A. 5).
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Figure 2.4. Effects of organic types on N leaching (a) and runoff (b), and theit C/N ratio (c).
Error bars represent 95% confidence intervals. Numbers in parentheses indicate numbers of

observations.

The leaching and runoff LRs for chemical fertilizer were 14% and 4.5% of applied N,
respectively. Organic inputs significantly reduced these LRs to 9.2% and 2.6%,
respectively (Table 2.2). Additional Nor reduced the LR for leaching most (7.0%)
compared to other approaches, while Equal Neow had the lowest LR for runoff (2.3%).
The substitution rate R did not significantly affect either of the two LRs. Organic types
did not affect the runoff LR but they did affect leaching. Processed organic materials

showed a significantly lower leaching LR (6.1%) than animal manure (11%).
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Table 2.2. Loss ratios (LRs) for leaching and runoff with 95% confidence interval (CI) depending
on application approach, substitution rate and organic type.

Category Leaching Runoff
n Mean Cl n Mean Cl
Chemical fertilizer 511 14 12-15 125 45 3.3-57
Organic fertilizer 511 9.2 8.2-10 125 2.6 1.9-3.3
Equal Ntotal 28I 88  73-10 104 2.3 1.8-2.9
Rs (%) 0-40 86 69 5.1-89 64 23 1632
40-60 52 6.1 3.7-89 10 22 0.8-3.9
60-100 17 10 5.4-16 3 1.4 0.3-34
100 126 I 84-14 27 25 1.5-3.6
Equal Nmin 156 I 9.8-12 6 45 0.1-10
Rs (%) 0-40 38 14 12-15
40-60 18 12 7.5-17
60-100 17 98 7.7-12
100 83 98  8.1-12
Additional Norg 74 7 4.7-10 15 4.1 0.9-7.8
Organic type Crop residues 84 7.1 4.9-9.6 25 3.6 1.6-6.1
Animal manure 286 I 9.4-13 34 1.5 0.6-2.6
Processed manure 141 6.1 4.9-74 66 2.8 2.0-3.6

R, substitution rate, defined as otganic N input/total N applied x100 (%0).

2.3.3. Effects of organic application approaches on crop production

Organic fertilizer application overall showed only minor effects on crop yield (Figure
2.5). Crop yield varied with organic application approaches. Equal Nw did not
significantly change crop yield, while Equal Nmin and Additional No, increased crop
yield by 6% and 5%, respectively. NUE was decreased by organic inputs. Equal Nuin
decreased NUE by 57%, while Equal N and Additional Ny did not significantly
affect it.

The substitution rate R affected the crop response to organic inputs under the Equal
Niowl approach (Figure 2.6), and crop yield was significantly increased when R, ranged
from 40-60%, while it tended to decrease for other rates.
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Figure 2.5. Effects of application Figure 2.6. Effects of Rs on crop yield when chemical

approach on crop yield and fertilizer N is substituted by organic fertilizer with
Nutrient Use Efficiency. Error bars equal amounts of total N. Rs, substitution rate, defined
represent 95% confidence intervals. as organic N input/total N applied * 100 (%). Error
Numbers in parentheses indicate bars represent 95% confidence intervals. Numbers in
numbers of observations. parentheses indicate numbers of observations.

2.4. Discussion

This study shows that reducing N export via leaching and runoff losses from agricultural
fields through organic inputs depends on the application approach used. We
demonstrated that partially replacing chemical fertilizer N by organic N based on equal
amounts of total N can reduce leaching and runoff by approximately 30% across a wide
range of environmental conditions. The leaching and runoff loss ratios of N were
reduced from 14% and 4.5%, respectively, for chemical fertilizer to 9.2% and 2.6%,
respectively, for organic fertilizer. The type of organic fertilizer applied is a major
determinant of the loss reductions, with processed organic materials and crop residues
being superior to animal manure. The reduced impact on the environment is achieved
with no impact on yield. However, replacing chemical fertilizer N with organic fertilizers
based on equal amounts of mineral N generally increases leaching. Adding organic
fertilizer to chemical fertilizer did not significantly affect leaching and runoff.

2.4.1. Leaching and runoff and crop production responses to organic
application approaches

To our knowledge, this is the first global meta-analysis to examine how the full suite of
organic application approaches affects N export via leaching and runoff. Replacing
chemical fertilizers based on Equal Ny reduced leaching and runoff by approximately
30% (Figure 2.1), which can potentially be explained by an improvement in the soil’s
water retention capacity (Bergstrom and Kirchmann, 2004), the slower release of
mineral N from organic fertilizer or better synchronization of N supply from the
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organic fertilizer and crop N demand; (Sorensen and Ruback, 2012; Fan ¢ 4/, 2017).
This result is supported by previous meta-analyses which suggested that N losses were
reduced by 26% under organic inputs (Xia et al., 2017; Wei ez al., 2020). The optimal R
to reduce leaching was 40-60% (Figure 2.3). This corroborates our observation that
crop yield was significantly increased when the R, was in this range (Figure 2.6). The
optimal R; for runoff was 60-100%, but crop yield decreased at this Rs.

N leaching significantly increased when chemical fertilizer was replaced by organic
based on Equal Npin. This is most likely because extra (organic) N was applied in the
organic fertilizer (267 kg N ha') compared to the chemical fertilizer treatment (162 kg
N ha) and, in most cases, there was extra N in excess of crop demand (150-210 kg N
ha1; Cui ef al., 2018; Liu ez al., 2021). This excess N was obviously not compensated for
by improvements in soil quality that might have reduced the leaching and runoff.
Organic N that is mineralized after the cropping season can contribute to leaching and
runoff loads when drainage occurs (Yaguee and Quilez, 2015). This was supported by
our observation that N export via leaching and runoff increased as treatment duration
increased (Figure 2.1).

N leaching was not affected when organic fertilizer was added to chemical fertilizer
(Additional Nog; Figure 2.1a). Straw was used for this in the largest number of studies
(71%) with the Additional No, approach. Crop tresidues with a higher C/N ratio (40)
than farm yard manure (14) showed a greater potential to reduce N leaching (Figure
2.4). Previous studies also reported that organic sources differed in their potential to
mitigate leaching and runoff (Xia e a/, 2018; Zhang ez al., 2019). Organic sources with
a higher C content favor the N immobilization process and thus reduce leaching and
runoff (Fan ez al, 2017; Liu ez al., 2021). Interestingly, processed organic materials could
reduce leaching and runoff more while their C/N ratio (14) is lower than that for crop
resides. This could relate to carbon conversion during composting or anaerobic
digestion processes. For example, processed materials may contain more lignocelluloses
and hemicelluloses which are more resistant to microbial decomposition (Xia e# al.,
2017). Any further underlying reason is unclear and would need further research.
Obviously, the C/N ratio, as such, does not fully explain the effect of organic fertilizers
on leaching and runoff.

Runoff was not significantly affected by Equal Nuin and Additional No. approaches
(Figure 2.1b), although their total N application rates were relatively high (262 and 267
kg N hal, respectively; Table 2.1). On the one hand, organic inputs induce off-season
N mineralization which could promote N runoff. On the other hand, organic inputs
favor soil aggregation, which reduces soil erosion and runoff (Wang ez al, 2020).
Organic inputs also loosen topsoil and thus reduce water flows laterally, which is the
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prerequisite for N runoff (Tan ef a/, 2015). The above mechanisms counteract each

other, resulting in an insignificant result for runoff for Equal Nmin and Additional Noyg.

Organic inputs did not affect crop yield (Figure 2.5). This result did not support our
expectation that organic inputs would increase crop yield and N uptake by improving
soil quality. A potential reason for this may be the slow release of mineral N from
organic fertilizer decomposition (Bergstrom and Kirchmann, 2006; Sieling and Kage,
2000), which is offset by but not overcompensated for by improved soil quality and
reduced losses. Crop yield is improved only when the treatment duration is more than
3 years (Xia ez al., 2018; Wei ef al., 2020), while our observation in 66% of cases was less
than 3 years. Equal N increases crop yield but also reduces NUE (Figure 2.5), which
is at least partly due to increased leaching losses. Organic inputs decrease NH; emissions
and increase CH4 emissions, but have no significant effect on NoO emissions based on
our limited data which does not distinguish between application approaches (Figure A.
0). Interestingly enough, application approaches are related to regional and country
differences. In China, Equal N was used in 77% of our observations, with =>90% of
them applied to substitute for urea. In Europe, Equal Nmin was adopted in 60% of cases,
with animal slurry often used to replace ammonium nitrate or urea ammonium nitrate

(see supplemental database for details).

The Equal Niow approach was more effective in mitigating N losses without sacrificing
crop production than the Equal Nmin or Additional No.g approaches (Figure 2.1 and 2.4).
This may be partly due to the N application rate. The average N application rate was
226 kg N ha'! per season for the Equal Ny approach (Table 2.1). Therefore, crop
demand (150-210 kg N ha'!) can still be met when substituting part of the active mineral
N by slow-release organic N.

2.4.2. Factors determining how organic inputs affect leaching and runoff

Leaching (Figure A. 3) and runoff changes (Figure A. 4) affected by SOC, CEC, soil
texture and water input were tested, independently. Leaching and runoff did not
correlate significantly with the tested indicators, apart from SOC. Otrganic inputs
decreased leaching and runoff more when the SOC was low, which could be explained
by the effects of SOC on crop yield and N uptake: organic amendment increases the
SOC more when the initial SOC is low. The increased SOC promotes crop yield and N
uptake, and thereafter reduces N surplus and losses (Oldfield e a/, 2019; Waqas ¢ al.,
2020). Organic inputs could also mitigate N discharge at high levels of SOC (> 30 g kg~
1) with the mitigation potential promoted when SOC increases further. Such a result is

probably related to water retention due to soil aggregation (Hoffland e a/., 2020).
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We arrived at a leaching and runoff LR of 14% and 4.5%, respectively, for chemical
tertilizer N (Table 2.2). This is similar to previous studies which reported LRs of 9-20%
for leaching and 1-4.5% for runoff (Nesme ez al, 2010; Sorensen and Jensen, 2013;
Wang ¢t al., 2019). Organic inputs overall reduced the leaching and runoff LRs to about
half of that for chemical fertilizer N, so the default value set by the IPCC (30%) is too
high, and this work emphasizes the relevance of LR calibration for leaching and runoff
for different types of fertilizer.

2.4.3. Limitations and implications

Although we looked for articles without imposing any geographic limitations, over 50%
of the studies were carried out in Asia, especially in China. Since most of the Chinese
experiments were designed on the basis of Equal N, the “overall” results in Figure
2.1 and 2.5 were dominated by Equal Nw. Even though P and K were not limiting
factors for crop growth in the articles included, organic materials provide other essential
nutrients, such as zinc (Zn) and boron (B), which may also affect crop yield and N losses
(Franke et al., 2008; Wet et al., 2020). Moreover, when examining the effect of treatment
duration on organic application approaches, the studies were only divided into two
groups (1 year and >1 year) due to limited data, which might therefore not
comprehensively reflect the long-term effect. Additionally, due to data limitations, we
did not distinguish between application approaches when analyzing the leaching and
runoff response to various other influencing factors.

Our manuscript reveals larger patterns at a global level and found substitution of
chemical for organic fertilizer at equal amounts of total N could reduce leaching and
runoff without compromising crop production. Scientists can gain some insight into
application approaches and make large scale evaluations or model validations. Further
research is needed to quantify the effect of organic application approaches on N losses
with different treatment durations, because repeated application of organic fertilizers
will lead to a build up of soil organic matter, which may result in increased soil fertility
and losses in the long term. For managers working at higher scales of spatial resolution

(i.e., field, village or county), more on-site experiments are requited.
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2.5. Conclusions

This global meta-analysis looked at the effects of different organic fertilizer application
approaches on N export via leaching and runoff. Partial substitution of chemical
fertilizers by organic fertilizers with the same amount of total N generally reduces
leaching and runoff without compromising crop yield. Processed organic materials with
alower C/N ratio reduce leaching and runoff more and have lower loss ratios compared
with crop residues and animal manure. The C/N ratio does not fully explain the effect
of organic fertilizers on leaching and runoff. Although we could not distinguish between
application approaches when analyzing organic types due to data limitations, this work
emphasizes the importance of loss ratio calibration for leaching and runoff for different

types of fertilizers.
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Abstract

Increased nitrogen (N) losses from linear agrifood systems result in severe
environmental issues. These problems can be mitigated by circular N use. Yet,
circularity is a scale-specific problem, and the feasibility of pathways towards N
circularity at different scales is unclear. This study aimed to 1) evaluate N circularity of
a complete agrifood system, including household compartment, at both the village and
county scale; and 2) assess potential pathways towards N circularity. We used the county
of Quzhou (China) with 342 villages as a case study and applied the modified version
of a nutrient flow model (NUFER) to calculate N flows, using national statistical data
and own survey data collected from farms and households. To evaluate N circularity,
we selected four key performance indicators: N import, N loss, N use efficiency and N
recycling rate. Our analysis showed significant variation at the village scale, depending
on local production and consumption patterns. At county level, total N import was 546
kg ha'l yr!, of which 54% was lost to the environment. The N use efficiency of the
agrifood system and N recycling rate of excreta were both <30%. We investigated
scenarios to increase N circularity, including application of good management practices
in crop and animal production; household dietary change to more plant protein;
recycling of organic waste; growing legumes instead of cotton; and reducing livestock
breeding. All measures combined increased the system’s N use efficiency by 172% and
N recycling rate by 87%, while reducing N import by 68% and N loss by 77%. Recycling
of organic waste was the most effective and most feasible strategy to promote
circularity. Our study bridges the gap between village and county level N cycles,
illustrates possibilities to transition towards circular N use, and can help policymakers
worldwide to achieve more sustainable agrifood systems.
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3.1. Introduction

Nitrogen (N) is fundamental for human life, while excessive N induces environmental
concerns. Across the world, agrifood systems suffer from substantial N losses, leading
to major sustainability challenges such as waste of resources, heavy reliance on external
inputs, air and water pollution, and water eutrophication (Poore and Nemecek, 2018;
Springmann ¢ al., 2018; Domingo ez al., 2021). These problems will increase further
with a larger and more affluent global population (Bodirsky ez a/, 2014). Thus, there is
an urgent need for transition to circular, environmentally sustainable agrifood systems
in which the N cycle is closed (Billen e7 al., 2021; Velasco-Mufioz e# al., 2021). Such a
transition requires a redirection of agrifood system N flows, which is complex due to
many interactions between the compartments of crop production, livestock production,
food processing, and household consumption. To support this transition, it is important
to quantify these flows and interactions, both in current systems and in scenatios
exploring measures toward N circularity.

Nitrogen circularity should include N flows in the entire agrifood system, including the
household component. However, literature on N flows and losses focuses mainly on
crop and livestock production (Herrero ¢ a/., 2010; Renard and Tilman, 2019; Xu e/ 4/,
2021) and only to a limited extent on households or complete agrifood systems. The
crop-grassland-livestock balance was reported to determine the robustness of food
production in three types of European farming systems, assessed with a dynamic N
flow model (Pinsard et al., 2021). The NUFER model (Nutrient Flows in Food Chain,
Environment and Resource use) was used to quantify N flows in the food chain without
detail human consumption data (Ma et al., 2010; Meng et al., 2022). Households N flows
have generally received limited attention, but scientists increasingly point out the
potential contribution of dietary change and food waste reduction to mitigate N losses
(Willett ef al., 2019; Chen ef al., 2020; Vaidyanathan, 2021). Recycling N from human
excreta is also receiving increased attention. The global mass of human excreta may
surpass 1 Pg per year by 2030 (Berendes e/ /., 2018). Human excreta cause 1-3% of
global N2O emissions (McNicol ez a/, 2020), while well-managed and recycled human
excreta could substitute 15% of chemical N fertilizer and contribute to global long-term
food and nutrient security (Rose ¢z al., 2015; FAOSTAT, 2019; Harder ef al., 2020).

The concept of circular agriculture was proposed to link agricultural production with
sustainable resource use (Kirchherr e @/, 2017; Velasco-Mufioz ef al., 2021), and it has
guided reshaping the agrifood system to eliminate pollution and reuse resources. For
example, Zhang et al. (2019) proposed to recouple livestock production with cropland
and feed livestock based on the manure carrying capacity of cropland, to mitigate
agricultural pollution. Muscat et al. (2021) summarized several principles related to
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circular N use in the food system, such as safeguarding the health of the agroecosystems,
avolding unnecessary products, using biomass efficiently, and recycling unavoidable by-
products. These principles of circular agriculture are abstract; therefore, indicators are
needed to evaluate circularity (Moraga e al, 2019; Velasco-Mufioz et al, 2021).
Specifically, we need some key performance indicators (KPIs) that reflect the main
flows and processes, and which are relatively easy to collect and calculate.

Apart from selecting KPIs to evaluate N circularity, it is important to select the most
relevant spatial scale. Restoring N circularity requires quantifying N flows within certain
spatial boundaries to describe the current state (Van der Wiel e a/, 2020; Papangelou
and Mathijs, 2021). This area needs to be sufficiently small to capture the local
circumstances, enable transport and thereby facilitate N exchange, but also large enough
to include all compartments of the agrifood system (Van der Wiel ez a/, 2020). The
national scale (Bodirsky e al., 2014; Luo et al., 2018) is generally too large as it masks
underlying heterogeneity and impedes optimization of N cycles on smaller scales; the
field or farm scale (Zhao e# al, 2017) is too small as it excludes options to improve
nutrient cycling between various farming systems (Giller, 2013). Van der Wiel et al.
(2021) proposed that district may be a suitable scale in Germany, while in China, the
county scale meets these requitements. It contains the full agrifood system, and its
various compartments of the agrifood system are spatially close enough to form a
network in which agricultural products and nutrients can be easily exchanged. In
addition, public agricultural extension services are generally organized at county level
and farm recommendations and agticultural policies ate often implemented by a county
agricultural bureau. However, to understand nutrient flows at the county scale, it is
important to recognize the underlying heterogeneity at the scale of towns and villages
that have different types of production and consumption patterns and population

densities.

Based on gaps identified above, this study aimed to 1) evaluate nitrogen circularity of a
complete agrifood system, including households, using KPIs to identify the main
limitations for closing N cycles; 2) conduct this analysis by integrating village-level
patterns to county-level flows; and 3) assess potential and feasible options towards
circular N use bridging the gap between village and county scale, using scenario analysis.
As a case study, we used Quzhou County (China). China is the largest producer and
consumer of reactive N in the world (Gu ez 4/, 2015; Chen ez al., 2016) and its agricultural
N flows are characterized by high input, high output, high surplus, and high dependency
on synthetic fertilizer (Chen ez al, 2016). In Quzhou, agricultural production is typical
of rural areas across China, having evolved from low-input, low-output to high-input,
high-output farming. Currently, Quzhou is a demonstration county for China’s
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“Agricultural Green Development” national strategy (MOA, 2020), aimed at high and
nutritious production with low environmental impact.

3.2. Materials & Methods
3.2.1. Study area

The county of Quzhou is in the central part of the North China Plain. It covers an area
of 677 km? and includes 342 village-size administrative units (hereafter as “villages”),
including units in urban areas (NBSC, 2018). The distance between adjacent villages is
less than 1 km on average. The county’s registered population is 527,000, of which
491,000 live in rural areas. Farms generally consist of multiple plots of arable land,
ranging from 0.03 to 2 ha, spread out across the village. The average arable land per
household is 0.6 ha. Agricultural production in Quzhou has changed substantially; in
the last 40 years, grain yield has increased from 1.5 to 7.1 Mg ha! due to increased use
of chemical fertilizers and pesticides; meat production has increased fifty times from
1145 to 57440 Mg per year.

To account for the heterogeneity in N flows in a feasible way, we grouped the 342
villages in Quzhou into four types: (a) cereal villages, (b) cash crop villages, () livestock
villages and (d) land-limited villages (Table 3.1). This approach proved to work well for
villages participating in the Science and Technology Backyard platform in Quzhou
(Zhang et al., 2016). In cereal villages, the proportion of cereal crop areas is larger than
average across Quzhou, while in cash crop villages, the proportion of cash crop
(including cotton, fruits and vegetables) areas is larger than average. In livestock villages,
production of maize (main livestock feed in Quzhou) is lower than consumption, while
in land-limited villages, less than 0.07 ha (1 mu) of arable land is available per capita
and/or production of wheat (main staple food in Quzhou) is lower than consumption.
These criteria were mutually exclusive for all except 13 villages, which met the criteria
of both land-limited and livestock villages. We arbitrarily classified these 13 as land-
limited villages, as their livestock densities were more like land-limited than livestock
villages. The division is conceived particulatly for this study and does not presume to
suggest universal criteria for village classification. The characteristics of each village type
(Table 3.1) are average values of all villages within the type. Villages in the same type
are considered to be similar, so N flows from one village type to the same would not
take place.
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Table 3.1. Characteristics of the four village types distinguished for evaluating N circularity
in Quzhou

Main crops (ha/village) Number of livestock (head/village)
Resident
Village type n population
Wheat Maize Cotton Vegetable Fruit Arable Pig CattIeSheeP Meat  Layer per village
land /goat poultry poultry
“Cereal” 120 103 108 |6 5 5 185 211 67 776 1101 2088 1542
“Cash
crop” 87 75 88 27 24 7 161 241 69 914 5270 1562 1389
“Livestock” 82 82 84 24 7 5 145 2313 106 1087 10844 69668 1375
“Land-
. 53 47 54 10 12 5 80 1377 49 570 4032 16436 1733
limited

Note: n indicates the numbers of villages. Data source: Quzhou Statistical Yearbook 2017.

3.2.2. Selection of KPIs

To evaluate N circularity of the agrifood system, we selected KPIs that reflect the main
principles of circular agriculture: (1) reducing external inputs, (2) reusing waste streams,
and (3) reducing environmental losses (Muscat ¢ a/., 2021; Velasco-Mufioz ez al., 2021).
For the principle of reducing external inputs, we used N import as KPI; for reusing
waste streams, N recycling rate (NRR); and for reducing environmental losses, N use
efficiency (NUE) and N loss. For the latter principle, we selected two KPIs, because
neither NUE nor N loss alone is suitable for comparing open and closed systems. For
example, intensive agricultural systems may have a relatively hich NUE but are still
characterized by an open N cycle with substantial N losses (Van der Wiel ¢z a/, 2020).
The KPIs are defined below (section 3.2.3.3) in formulaic expressions.

3.2.3. Calculation of N flows and KPlIs
3.2.3.1. Adapted NUFER model

The time scale of this research is one year, and the agrifood system based on the 2017
county statistical data and our own 2019-2020 survey data is considered as the baseline
scenario (S0). N flows were quantified throughout the entire agrifood system, including
the compartments of crop production, livestock production, food processing, and
household consumption, at village (type) and county level. N flows were quantified both
within and between the different village types (Table 3.1) using the NUFER model (Ma
¢t al., 2010). While the original NUFER model was mainly used to assess N flows in
crop and livestock production (Zhao ¢ al., 2017; Bai ez al., 2018; Meng et al., 2022), we
added the household compartment, modified and expanded the model based on
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detailed survey data on village-level household consumption and waste management
(Supplementary Material). Nitrogen flows in the agrifood system were firstly quantified
for each village type and then scaled up to county level based on N flows normalized
by arable land and the average arable land area of each village type (Figure 3.1).

! . T . 1
! Cereal villages (120) Land limited villages (53) !
1 N || bl : = 1
Crop Livestock Food ¥ Crop Livestock Food
: production l¢{ production g processing ™ producti le| producti le-| processing [P Household :
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1 1
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i Livestock villages (82) Cash crop villages (87) |
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| z T L T H
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Figure 3.1. Adapted NUFER model, including households and integrating village and county
level N flows. The blue and red lines indicate the boundaries at the village and county level,
respectively; the black, blue and red arrows indicate N flows within villages of the same type,
between different village types, and across county boundaries, respectively. The input and output
are depicted at the village scale but are further detailed to each of the four compartments. The
figures in brackets indicate the number of villages of each type. The flows are for all villages of
the same type (Table 3.1).

3.2.3.2. Village (type) level N inputs

For each village type, N inputs were calculated for the crop production, livestock
production, and household compartment. For the food processing compartment, we
only considered milling of wheat and maize due to limited data and supposed minor
effect of this compartment. For each crop and livestock species, we used crop- and
livestock-specific input data, and these inputs were integrated to village level using the

average crop areas and livestock densities of each village type (Table 3.1).

Total N input into the crop production compartment of each village type (Icwowr) Was

calculated as:

Ic(o(al = Icchemical fertilizer + Icorganic fertilizer +Icresidue + cheposition + I<:BNF + Iclrriga(ion + Icseed (I)

Where the inputs are chemical fertilizer (ICchemical ferdlizer), Ofganic fertilizer including
livestock manure and human excreta (ICorganic ferilizer), residues from last crop (Icresiduc)s
deposition (Icaeposition), biological N fixation (Icsng), irrigation watet (ICirigation), and seeds

(ICsccd) .
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Total N input into the livestock compartment (Iliw) was calculated as:

”total = ”imported feed + ”domestic feed + ”young stock (2)

where the inputs are imported feed (Iimported feed), feed produced within the village type
(Haomestic feed), and imported young stock from outside the village type (Iljoung stock)-

Total N input into the household compartment (Ther) Was calculated as:

Ihtotal = Ihdomestic food + Ihimported food (3)

where Thgomestic food 18 N input from food produced within the village; Thimported food 18 N
from food imported outside the village.

Total N input into the village agrifood system (Isww) Was calculated by summing the
abovementioned N inputs into the crop production, livestock production and
household compartments, corrected for internal flows (N from crop residues, feed and

food produced and used within the same village type), as follows:

Istotal = Ictotal = Icresidue + "cocal = ”domestic feed + Ihtotal = Ihdomestic food (4)

3.2.3.3. Calculating KPIs for evaluating N circularity at village (type)
level

The KPI of N import into the agrifood system (NIs) was calculated as follows:

le = lstotal = cheposition = ICBNF = Iclrrigacion (5)

N deposition, BNF and N in irrigation water were substracted from N input (eq. 4),
because these flows were not imported from a specific region and therefore did not
compromise N circularity.

The KPI of N loss was calculated by adding the N losses in the crop production,
livestock production, food processing, and household compartments. Nitrogen loss
from the crop production compartment (NL.) was calculated as follows:

NLc = OCNH3 + OCNZO + ocde"itriﬁcatim + Ocleaching + ocruncff+ Ocerosion + Ocdiscarded residue (6)

where the losses are NH3 volatilization (Ocnms), N2O emission (Oceneo), denitrification
(OCanirtcation), leaching (OCieaching), 1UNOLE (OcCrunofr), erosion (Ocerosion), and discarded crop

residues (Ocadiscarded residuc)-
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Nitrogen loss from the livestock production compartment (NLj) was calculated as

follows:
NL| = Olmanure H&S + OImanure discharge + Olmanure treatment (7)

where Olmanure Haes 15 N losses from manure during the housing and storage stage, where
N is emitted as NH3, N2O and N to air; Olmanure discharge 1S N losses via manure discharge
to water or landfill; Olmanure treatment indicates N losses during manure treatment, in which
N is lost as NHs, N2O and N to air, or through leaching and runoff to water. In the

present papet, these losses are collectively referred to as livestock manure losses.

Nitrogen loss from the food processing compartment (NL;,) was estimated using a
milling loss ratio of 5% for wheat and 2% for maize (Ma e# a/., 2010). Bran yield (20%
in wheat milling, 3% in maize milling) was not considered a loss; all bran was assumed
to be used for feeding local livestock, based on observations and the fact that local
livestock consumed more bran than the amount produced within Quzhou.

Nitrogen loss from the household compartment was estimated based on our year-round
survey data (see section 3.2.5).

Based on the above losses from the various compartments, total N loss of the agrifood
system (NLg) was defined as follows:

N |OSSS = NLc + NI-I + NLp + Ohfood losses + Ohexcretz losses + Ohliving losses (8)

where NL;, Ohgood lossess Ohexcretalossess OMliving losses represent N loss from food processing,
household food waste (Figure S2), discharged human excreta, and human daily life (Ma
et al.,, 2010).

The KPI of NUE was calculated both at the compartment level and system level. The
NUE of crop production (NUE,) was calculated as follows:

NUEc = (Ocmain product + Ocresidue for 1’eeding)>l< I OO/ICtotaI (9)

whete OCmain produce 18 N output in main crop products; OcCresiduc for feeding 1 N output in
crop residues used for feeding livestock.

The NUE of livestock production (NUE)) was calculated as follows:
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NUEl = (Ollivestock + Olegg + Olmilk)*IOO/ ”tocal (IO)

where Oljivestock, Olege, and Olmiie are N output in livestock, eggs, and milk, respectively.

The NUE of the agrifood system (NUEy) was calculated according to Ma et al. (2010),
as follows:

NUEs = (Ocexpcrt + Olexport + Ihtotal - Ihimported food)/( Istotal_ Ihimported food) (I I)

where Ocexpore 1s N output in crop product export (including crop residues for feeding);
Ollesport 1s N output in livestock product export.

The KPI of NRR was calculated both at the compartment level and system level. The
NRR of crop production compartment (NRRc) was calculated as follows:

NRRC = ocrecycled residue>i< I 00/(Ocresidue - Ocresidue for feeding) ( I 2)

where Ocrecyled residue 18 residue-N recycled to cropland and Ocreique 1 total residue-N
production. Crop residues used for feeding livestock were subtracted from total residue
production because they are regarded as marketable products (as grains), rather than
waste.

The NRR of livestock production (NRRI) was calculated as follows:
NRRI = OIrecycled manure* I OO/Olmanure ( I 3)

where Olreeyeled manure indicates manure-N recycled to crop production and Olmanure
indicates total manure-N production.

Finally, the NRR of the agrifood system (NRRs) was defined as follows:

NRRS = (ocrecycled residue + o'recycled manure + Ohrecycled excreta)ﬂ< I OOI(OCresidue = Ocresidue for feeding +
Olmanure + Ohexcreta + Ohfood Iosses) (|4)

whetre Ohrecyeled excreta indicates human excreta-N recycled; Ohexerea means total output
of human excreta-N.
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3.2.3.4. N flows and agrifood system evaluation at county level

County level N flows were quantified as the sum of each village type multiplied by the
number of villages within each type minus the internal flows between the four village
types within Quzhou (Figure 3.1). The flows between villages were estimated based on
our year-round farm and household survey (see section 3.2.5). The evaluation of N

circularity at the county level was based on the same KPIs as used for the village level
(see 3.2.3.3: N import, N loss, NUE and NRR).

3.2.4. Scenario design towards circular N use in Quzhou

Better management could increase crop and livestock production and reduce N losses
(Li et al., 2017; Yang, 2019; Liu et al., 2020); healthy diets with less livestock protein, less
carbohydrate and more plant protein have the potential to support sustainable circular
agrifood systems, since plant protein production is more efficient in terms of energy
and nutrients (Willett ¢# 2/, 2019; Sheng ez al., 2021). Based on these studies, we designed
five scenarios towards achieving N circularity and evaluated their performance based
on KPIs (see 3.2.3.3). The parameters used in these scenarios are based on literature

review of local surveys and experimental data to ensure feasibility.

Good management practices (GMP). This scenario explored how N flows in the agrifood
system can be made more efficient by good management practices in crop production
(optimal N application, organic substitution of chemical N fertilizer, enhanced-
efficiency fertilizer, which may reduce total N fertilizer input by 14-50% and increase
crop yield by 4-38%, depending on crop species), and in livestock production (better
feed conversion ratio to reduce feed input by 1-68% depending on livestock species).
In addition, this scenario includes “good practices” in household consumption, i.e., a
dietary change to reduce the intake of livestock protein as recommended by the EAT-
Lancet Commission (Willett ez a/., 2019). All reduction and conversion parameters for
this scenario were taken from the literature (Tables S4, S8 and S9).

Combination of GMP plus crop & livestock waste recycling (GMP+1/RT). In this scenario, crop
waste (straw, residues) and livestock waste (manure) are recycled and treated as organic
resource. Residue disposal is avoided, and all crop residues are returned to the field
within villages. All livestock manure (except for unavoidable losses) is recycled, i.e.,
applied to cropland within the same village or in another village within Quzhou if the
source village does not have enough cropland to apply the produced manures. In line
with recent policy, livestock manure is not discharged at the storage stage, and NHj
emission from the manure management chain is mitigated by improved management
practices such as solid-liquid separation and use of biofilters (Table S10).
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Combination of GMP+WRI plus household waste recycling (GMP+IWR2). In addition to
recycling waste from crop and livestock production, this scenario also recycles waste
from households. Human excreta discharge and leaching losses at the storage stage are
avolded by replacing dry latrines with septic tanks or other clean toilets, as promoted
by recent local policy. All excreta are applied to cropland to substitute chemical fertilizer,
and all kitchen residues and food waste are used to feed livestock to substitute

concentrated feed.

Combination of GMP+WR2 plus switching to legumes (GMP+WR+STL). If residents switch
to the EAT-Lancet diet as assumed in the three scenarios described above, the demand
for plant-based food, legumes in particular, will increase. Ideally, this demand is met
with locally grown food, rather than imported food, to support N circularity within
Quzhou. Thus, in this scenario, soybean and other legumes are grown to substitute
cotton or are planted as understory in orchards, to provide plant protein to the villages
and reduce food import from outside Quzhou. Another benefit is that soybean and
other legumes require less N fertilizer than cotton (60 compared to 210 kg N ha! yr1)
to maintain the optimal yield of 2.7 Mg ha! (Zhang ez al., 2009).

Combination of GMP+WR plus reducing livestock breeding (GMP+WR+STL+RL). As
assumed in the four scenarios described above, the demand for livestock products will
decrease if residents switch to the Lancet EAT diet. Ideally, livestock breeding is
reduced to adapt to the healthy diet. To avoid over production and reduce feed imports

and livestock exports, all livestock species are reduced by 87% in this scenario.
3.2.5. Data source.

Villages were grouped based on data in the Quzhou Statistical Yearbook 2017. Data on
crop-specific application rates of chemical and organic N fertilizer, and N input from
crop residue and seeds were collected in a survey among 1308 crop farmers throughout
Quzhou (Table S2). Nitrogen inputs from deposition, BNF, and irrigation were based
on a literature review (Table S3). Cropland N losses were from the parameters in the
NUFER model and our literature review, which were calculated with specific loss ratios
based on soil type, crop type, fertilizer type, N surplus and field management conditions
(Tables S5-S§7). The amount of discarded crop residues was based on data from our
farm survey. Data on the feed composition and feeding rates for different livestock
species were collected from a survey among 94 livestock farmers throughout Quzhou
(Figure S1). Nitrogen losses from livestock production were calculated by multiplying a
specific loss factor with the total amount of livestock manure N produced. The N loss
factors in the manure management chain were taken from Bai et al. (2016). The amount
and types of food consumed, kitchen residues, food waste, inter-village flows of crop

and livestock products and manure were collected in a year-round survey (Table S4). In
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this survey, we selected a total of ten households from the four village types, observed
and recorded what these households bought, ate and wasted per meal for nine days each
in December, April, July, and October 2019-2020. We collected kitchen residues from
the surveyed households every three days during each 9-day observation period. The
collected samples were used to measure their N content. The amount of human excreta
was estimated based on mass balance (Supplementary Material).

3.3. Results
3.3.1. Village-level N flows

Total N input at the village level, including all compartments of the agrifood system,
were 439, 575, 1097 and 1024 kg N ha'! yr! for cereal, cash crop, livestock, and land-
limited villages, respectively (Figure 3.2). The highest N input was observed in livestock
villages (Figure 3.2c), due to their substantial import of feed (652 kg N ha' yrl,
compared to 43, 58 and 399 kg N ha! yr! in the cereal, cash crop, and land-limited
villages, respectively). In all village types, chemical fertilizer input contributed
substantially to total N input, amounting to 306, 368, 335 and 429 kg N ha'! yr! in
cereal, cash crop, livestock, and land-limited villages, respectively. N input through
organic fertilizer, consisting of imported livestock manure and biofertilizer (microbial
and humic fertilizers), was 45 kg N ha! yr! in cash crop villages, while this rate was less
than 2 kg N ha! yr! in cereal, livestock, and land-limited villages. However, the latter
two village types recycled considerable amounts of locally produced livestock manure
and human excreta.

N output in the form of crop and livestock products (including crop residues for
feeding) was 218, 238, 404 and 370 kg N ha'! yr! in cereal, cash crop, livestock and
land-limited villages, respectively (Figure 3.2). Most of the produced crop and livestock
products were exported out of the villages. A large proportion of the households’ food
was imported, i.e., 37, 53, 40 and 99 % respectively, for the four village types.

The amount of N lost to the environment was 193, 243, 632 and 595 kg N ha'! yr'! in
cereal, cash crop, livestock and land-limited villages, respectively (Figure 3.2). The high
N losses in livestock and land-limited villages was mainly due to substantial losses from
livestock manure (464 and 330 kg N ha'! yr!, compared to 47 and 62 kg N ha'! yr'in
cereal and cash crop villages). N loss from human excreta was highest in land-limited
villages. N loss through food waste and kitchen residue accounted for only a small
percentage of the total N consumed by households (5.9-10%). Finally, the amount of
N accumulating in cropland was 71, 135, 92 and 164 kg N ha'! yr! for the four village
types. At the county scale, this translated into an average N accumulation rate of 101 kg
N ha' yrtacross Quzhou.

53



Chapter 3

Environmental Residue Crop product Production
(a ) emissions export losses
d Food
Chemical fertilizer processing
» Crop|product [ ¥
Deposition Cro Millfeed
Irrigation P
BNF production ]
Seed @ i Livestock product
Maize and straw

Organicferti]izer

Livestock

Foo stuffs

Livestock

product export

Food import

|

Household

Living losses
30

I
Kitchen residue
= >

Feed

production

|
. |
Young stock ! ‘
\ |
|

N L

429
0.8

Livestock manure(14.7)—

manure losses

Environmental Residue Crop product

(b)

Deposition

Irrigation
BNF
Seed

Organic fertilize

discard

Crop product

nd straw

(7.8 Humanexcreta

losses
Production Livestock :
losses product export freiot mpan.
A
42 388
________________________ B
> Food — \
processing |Foodstuffs i
. 68> Living losses
| D
Millfeed I
Household K%gl;esidue
’ Livestock product I
|
Livestock : Food waste
production ;
I

1
1
Feed .
1
1

Young stock

54

Livestock manure(18.6) ,_,

8.0 > Humanexcreta —————————~

”””””” Livestock®1.8>
manure losses,

I
:Food waste

" Human excreta

1
1
/

Human excreta
losses



Circular nitrogen use in the agrifood system

Environmental Residue Crop product Production Livestock Manure and
(C) emissions  discard export losses product export compost

©8  ABDEES

Food import

N ’—> Food f— !
Chemical femllzer‘ | processing I
0 Cd X 24 6 Living losses
rop|produc 1 ‘
Deposition Jp M|If d oodstuf ‘ @ >
Irgt_';\laFtlon I Household Kitc?en residue
Seed y d t Livestock produfit ’i
. L0 aizeland straw K C N
Organic fertiliz Livestock | 'Food waste
Feed . production i
Young stock 1 i

1

N ——— R 8.9) Humanexcreta — - (239>

Livestock @ Human excreta
manure losses losses
Environmental Residue Crop product Production Livestock ;
s - Food import
(d ) emissions dlscard export losses product export
1015
777777777777777777 | e S ~
) ! »  Food }
Chemical fertl[lzerT processing Fuf.; 1
Q:9) LFVini losses
Deposition — Millf‘d a i ]
Crop 1
Irrigation ’ ; ;
BNF production ook Household f<:' residue
Seed v fvestoc: X
Maizefand straw [+ @,
Livestock [Food waste
Feed production I
1
Young stock |
e ——— 21.4 yHumanexcreta L b : : )
Livestock @ Human excreta
manure losses losses

Figure 3.2. Nitrogen flows (kg N ha'l yr) at cereal (a), cash crop (b), livestock (c) and land-
limited villages (d) in Quzhou. The numbers in the brown boxes indicate N accumulation (kg N
ha! yr) in cropland; the dashed green line represents the boundary of the villages; the green
and red arrows indicate N flows within and across village type boundaries, respectively; the
thickness of the arrows is proportional to their value; the blue arrows on the crop production
compartment indicate straw returning.

When analyzing the KPIs of the different parts of the agrifood system at village level
(Table 3.2), we observed that, in the crop production compartment, both N input and
N loss (kg N ha'! yr!) were highest in the land-limited villages. The NUE of crop
production ranged from 42% in cash crop and land-limited villages to 51% in cereal
villages, while the NRR ranged from 88% (cash crop villages) to 95% (cereal villages).
In the livestock production compartment, both N input and N loss were highest in the
livestock villages. Compared to crop production, livestock production had a lower NUE
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(18,17, 24 and 19% in the four village types, respectively) and a much lower NRR (20%

on average).

At the village type level, the KPI of total N import (N input minus N from deposition,
biological N fixation and irrigation) clearly differed between the different village types,
ranging from 365 kg N ha! yr! in cereal villages to 1015 kg N ha! yr! in livestock
villages (Table 3.2). Total N loss was also highest in livestock villages, i.e., 646 kg N ha-
1yl which was almost three times the figure for cereal (200 kg N ha'! yr) and cash
crop villages (257 kg N ha! yr1) (Table 3.2). The NRR in the different village types was
inversely related to their N loss, with cereal villages showing the highest NRR and
livestock villages the lowest. Cereal villages also showed the highest NUE of the
agrifood system (41%), compared to 32% and 26% in cash crop and livestock villages,
and as little as 17% in land-limited villages (Table 3.2). The villages rank in circularity
performance as follows: cereal village > cash crop village > livestock village > land-
limited village, as measured by the four KPIs.

Table 3.2. KPIs of N circularity, calculated for different village types of Quzhou, at the level of
crop production, livestock production, and the agrifood system.

Compartme Indicators Cereal Cash crop Livestock Land-limited
nt village village village village
Crop N input (kg N ha' yr) 404 523 460 641
production N loss (kg N ha' yr") 128 168 150 208
NUE (%) 51 42 47 42
NRR (%) 95 88 9l 9l
Livestock N input (kg N ha™' yr) 75 97 769 524
production N loss (kg N ha'! yr') 47 62 464 330
NUE (%) 18 17 24 19
NRR (%) 23 23 20 22
Agrifood N import (kg N ha' yr') 365 494 1015 932
system
N loss (kg N ha!' yr') 200 257 646 613
NUE (%) 41 32 26 17
NRR (%) 60 53 31 34

NUE and NRR indicate N use efficiency and N recycling rate, respectively.
3.3.2. N flows between village types

All four village types in Quzhou were connected through N flows (Figure 3.3). The
largest N flows were in the form of maize (25 kg N ha'! yr! from cereal to livestock
villages) and manure (11 kg N ha'! yr! from livestock to cash crop villages). Cereal
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villages were the largest supplier of N to the other villages (30 kg N ha! yr! of maize
and cereal); in turn, they imported food from cash crop villages (0.3 kg N ha'! yr! of
fruits and vegetables) and livestock villages (1.3 kg N ha! yr! of livestock products).
Livestock villages exported livestock manure to cash crop villages, while importing fruit
and vegetables from them (0.4 kg N ha'! yr!). Land-limited villages were the only village
type that did not export any N to other villages; they imported 4.9 kg N ha! yr! of
grains, fruits, vegetables, and livestock products for household consumption, in
addition to 1.3 kg N ha! yr! of maize for livestock feeding.

Cereal 2.0 and-limited
villages villages

(8]
{h

e
Mai Livestock nd Livestock Fruits and
alze pr duct(cgsins e product vegetables
GD 0.4 GD
Livestock
Livestock product Cash crop
villages 1.0 villages
& ﬁj ;
4 W 04 ey
L Fruits and s

vegetables
Animal manure

Figure 3.3. Nitrogen flows (kg N ha! yr!) between different village types in Quzhou

3.3.3. County-level N flows

At the county level, total N input was 624 kg N ha'! yr!, mostly in the form of chemical
fertilizer (54%) and livestock feed (30%, Figure 3.4). This N was not efficiently used:
the NUE of the county-level agrifood system was only 29%, due to large gaseous N
losses (139 kg N ha'! yr!), N losses through leaching, runoff and erosion (81 kg N ha'!
yr!) and direct discharge of livestock manure and human excreta (119 kg N ha! yr1).
The average N accumulation in cropland was 101 kg N ha'! yr!, with land-limited
villages accumulating the most (164 kg N ha! yr!). The amount of N lost via kitchen
residue and food waste was only 4 kg N ha'! yr-!. The sum of N loss and N accumulation
(452 kg N ha! yr1) exceeded the N input by chemical fertilizer (339 kg N ha! yr1).
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Figure 3.4. County-level N flows (kg N ha'! yr!) in Quzhou. Values in the brown boxes
indicate N accumulation in cropland. The dashed red line represents the boundary of the
county. Arrows on the left and right side are input and output flows, respectively, with green
arrows indicating N output in marketable products.

3.3.4. Analysis of scenarios towards N circularity

To explore the extent to which county-level agrifood systems can achieve N
circularity, we evaluated five scenarios, using N import, N loss, NUE and NRR as
KPIs (Figure 3.5 and S3-S7). The first scenario (GMP), which included good
management practices to reduce nutrient input in crop and livestock production
(Tables S8-S10) and reduce household consumption of livestock protein (Table S4),
decreased N import from 546 to 380 kg N ha! yr! and N losses from 350 to 217 kg
N ha'! yr!. These gains translated into an increase in NUE from 29 to 47% but had
limited impact on NRR. The second scenario (GMP+WR1), which included the
above measures plus improved recycling of crop residues and livestock manure to
cropland within and between villages, further decreased N import to 272 kg N ha! yr!
and N loss to 131 kg N ha'! yr-!. This not only resulted in a further increase of the
system’s NUE (to 61%), but also dramatically raised the NRR from 55 to 75%. When
extending the recycling efforts to kitchen waste and human excreta (third scenario,
GMP+WR2), the four KPIs of N import, N loss, NUE and NRR improved even
further, to 242 kg N ha'! yr!, 107 kg N ha! yr1, 66% and 87%, respectively. The
fourth scenario (GMP+WR+STL), which combined previous measures with growing
more legumes further improved NUE to 70% and further reduced N import to 214
kg N ha! yr1, but had no additional effect on N loss and NRR. Involving legumes in
the cropping system also reduced N accumulation in cropland by >70%, compared to
GMP+WR2 (Figure S5 and S6). Compared to SO (Figure 3.4), the GMP+WR+STL
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scenario reduced N accumulation in cropland by as much as 98%, from 101 to 2.2 kg
N ha'! yr! (compare Figure 3.4 and Figure S6). Finally, the fifth scenario
(GMP+WR+STL+RL), which combined all previous measures with reducing
livestock improved all the four KPIs, i.e. N import (-37 kg N ha! yr!); N loss (-27 kg
N ha! yr'); NUE (+9%); NRR (+5%). Compared to SO, the GMP+WR+STL+RL
scenario roughly doubled the agrifood system’s NUE and NRR while reducing N
import and N loss by 68% and 77% (compare Figure 3.4 and Figure S7).
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Figure 3.5. KPIs of N circularity in Quzhou under different scenarios. SO: baseline; GMP:
good management practices; GMP+WR1: same as previous, plus improved recycling of waste
from crop and livestock production; GMP+WR2: same as previous, plus improved recycling
of household waste; GMP+WR+STL: same as previous, plus switching to legumes;
GMP+WR+STL+RL: same as previous, plus reducing livestock breeding.
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3.4. Discussion

The results of our case study in Quzhou, China, show that the current agrifood system
of Quzhou is generally linear, as measured by the four selected KPIs (N import, N loss,
NUE and NRR). Our scenario analysis shows that integrated measures towards circular
N use at village and county level could roughly double the county-level agrifood
system’s NUE and NRR while reducing N import and N loss by more than 60%, and
N accumulation in soil by 99%.

3.4.1. N circularity in Quzhou’s agrifood system

Our findings show that the high N losses from cropland and livestock manure
management are key limitations for circular N use in Quzhou’s agrifood system despite
variation among village types (Figure 3.2 and 4), which is consistent with previous
research (Luo e al, 2018; Wang ef al., 2020). In cereal and cash crop villages, N loss was
mainly through environmental emissions from crop production, while N loss in
livestock and land-limited villages was mainly through losses from the manure
management chain (Figure 3.2). The substantial differences observed among village
types prove the necessity to analyze N flows not only at county level but also at village
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level. However, although villages are easy to govern and they can readily adopt technical
recommendations, they are too small to achieve N circularity on their own. For example,
Quzhou’s land-limited villages accumulated 164 kg N ha'! yr! in their cropland (Figure
3.2), which increases the risk of leaching and gaseous losses in the long term. These
villages are unlikely to solve this problem without exporting N to areas needing N input,
such as Quzhou’s cereal and cash crop villages. In the latter two, the current share of
organic fertilizer was low (6.8% and 16% of total fertilizer input) compared to the
recommended rate of 50-75% (Xia ez al., 2017; Wei et al., 2021). I1f all livestock manure
and human excreta produced in Quhzou were recycled as organic fertilizer for cropland
within and among Quzhou’s villages, this would realize a rate of roughly 55%, showing
the necessity to bridge the gap between village and county level N cycles.

Nitrogen use efficiencies differed between compartments of the agrifood system,
affecting system performance. The NUE of the crop production compartment ranged
from 42 to 51% across village types (Table 3.2), which is higher than values reported
within China (28-44%) (Ma ¢z al., 2010; Chen ¢f al., 2016; Duan ¢t al., 2021), but lower
than the value in Europe (56%) (Billen et al., 2021). The higher values than other studies
in China are most likely due to a difference in calculation method; in the ratio between
crop product N output and total N input, we not only included the N output in grain,
fruit and vegetables, but also in crop residues for feeding because of the latter’s market
value. At the system level, NUE differed strongly among village types, with land-limited
villages achieving less than half the NUE of cereal villages (Table 3.2). This is mainly
because land-limited villages have to import most of their feed and foodstuffs, and keep
more livestock (which is N inefficient) than cereal villages (Table 3.1). Village-level
differences in N loss and NRR were caused by similar reasons. At the county level, the
NUE of the agrifood system (29%) was higher than the values reported for other areas
in China and Europe (13-23%) (Ma ¢f al., 2010; Billen e# a/, 2021). This is likely due to
the fact that Quzhou is an export-oriented county, with most of its crop and livestock
products marketed elsewhere. We did not consider N losses from feed production and
food processing and consumption outside Quzhou. In other words, the food chain we
considered was relatively short. A shorter food chain means less potential to loss and is
generally characterized by a higher system NUE, but does not account for losses beyond
the food chain (Quemada et al., 2020).

This study conducted scenario analysis by adding each scenatrio one more package of
optimized practices. In this approach, we can explore the potential towards N circularity
while identify the contribution of different practices and their interactions. Among our
scenarios, the most complete package of measures (GMP+WR+STL+RL) increased
the county-level system’s NUE from 29 to 80%. Forty percent of this gain was achieved

with improved recycling of organic waste (Figure 3.5), demonstrating that waste
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recycling is an efficient strategy towards circular N use in Quzhou. This finding supports
current Chinese policies to promote organic waste utilization (MOA, 2015, 2017),
eliminate food waste (Anti-Food Waste Law, NPC, 2021), and encourages scientific
research to recycle organic resources (Zhang ez al., 2019). Among the different sources
of organic waste in our study area, recycling of crop residues and livestock manure to
local cropland had the greatest effect, increasing NUE from 47 to 61% (Figure 3.5).
Unlike our expectation, recycling of human excreta and kitchen waste made a modest
contribution (increasing NUE from 61 to 67%). A likely explanation is that Quzhou is
an agricultural county, with cultivated land accounting for 78% of the total
administrative area (NBSC, 2018), where the effects of households on system N flows
are small compared to the effects of agricultural production. Previous studies also
showed that recycling of human excreta improved N circularity only in regions with
high population densities (Koppelmaki ez a/., 2021).

Scenario analysis further showed that the application of good management practices
allowed the greatest reduction of N import and N loss (Figure 3.5). Among these
practices, optimizing fertilizer application and substituting organic for chemical N
fertilizer in crop production are well-studied (Cui e a/, 2018). These practices
synchronize N supply and crop N demand, which reduces excessive N fertilizer input
and the subsequent N losses. Higher feed conversion ratio for livestock means less feed
intake for the same amount of meat production. Improving feed conversion ratio is
complicated, as it is not only related to feed composition but also to livestock genetics
and environmental aspects, such as the livestock’s thermal environment (Patience ef a/.,
2015; Sell-Kubiak ez al, 2017). Switching from keeping ruminants to monogastric
livestock with high feed efficiency is also a potential strategy to improve the NUE of
livestock production, but may exacerbate food-feed competition (Muscat ez a/., 2020)
and therefore was not included in the work. Diet change to more plant and less livestock
protein made a limited contribution to N circularity in Quzhou. The main reason is that
livestock production was not reduced, to ensure food and nutrition security of food-
scarce regions surrounding Quzhou. In addition, local meat consumption was already
relatively low (Table S4). Finally, since legumes were not a common crop in Quzhou, a
diet with more plant protein/legumes meant that these foods had to be imported
(compare Figure 3.4 and Figure S3).

The need to import plant-based protein can be solved by introducing soybean and other
legumes into Quzhou’s plant production system, as investigated in the GMP+WR+STL
scenario (Figure 3.5). For N circularity, including legumes in the cropping system indeed
reduced N import and increased NUE, although the effect on N loss and NRR was
minor (Figure 3.5). More importantly, substituting legumes for cotton in the cropping
system significantly reduced N accumulation in cropland, because legume crops require
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less N input and take up more N than the cotton crops they replaced (compare Figure
S5 and S6). This finding supports that legumes should play an important role in
strategies towards achieving circular agrifood systems (Vanlauwe ¢7 @/, 2019; Billen ez
al., 2021), as they help to reduce chemical fertilizer import through biological N fixation
and produce plant protein that can substitute emission-intensive meat protein.

The need to adapt livestock breeding to healthy diet can be achieved by reducing
livestock density in Quzhou, as investigated in the GMP+WR+STL+RL scenario
(Figure 3.5). Reducing livestock breeding means less feed imports and less livestock
products exports. As inefficient livestock manure management is a key bottleneck for
achieving N circularity, the GMP+WR+STL+RL scenario further reduced N loss while
increasing the NUE (Figure 3.5). However, reducing livestock also means less available
animal manure for crop production. Therefore, more chemical fertilizer needed to be
imported to maintain the optimal fertilizer input as the GMP+WR+STL scenario, and
it increased from 114 to 165 kg N ha'! yr! (Figure S6 and Figure S7). Additionally,
reducing livestock exports may threat food security of the food-scarce areas around the
export-oriented county of Quzhou. Exporting regions such as Quzhou illustrate the
delicate relationship between N circularity and food trade. Full circularity is infeasible
and how to balance circularity and trade at appropriate scale requires further research.

The last two scenarios show that a reduction in livestock and increase in legumes to
adapt to a healthy diet is a good lever to address circularity. However, there could be
scenarios that perform even better as this study results in a discrete set of options. The
use of optimization algorithms combined with scenario analysis may find the optimal
crop-livestock configuration that adapts to healthy diet with best performance in KPIs
(Seppelt ¢t al., 2013).

3.4.2. Incentivizing and accelerating the transition towards circular N
use in agrifood systems

The results of our scenario analysis demonstrate the technical potential of integrated
measures to transition towards N circularity. However, true change will not take place
if the negative effects of these technologies are not solved (such as the health concerns
of manure recycling), or if technologies ate not diffused to and accepted by all
stakeholders within the agrifood system. To accelerate the transition, we need
widespread knowledge transfer and technology extension services, such as the Science
and Technology Backyard (STB) platform in China (Zhang ef al, 2016). This STB
involves agronomists living in villages among farmers, connects the scientific
community with the farming community to facilitate information exchange and
innovation, and serves as a hub for government and agri-businesses to engage and

improve their services.
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Farmers will be more likely to adopt technologies supporting N circularity if there is
compelling evidence that the new technologies are more profitable than the previous
ones. Based on our literature review, agricultural production can indeed be improved
by good management practices such as using enhanced efficiency fertilizer in crop
production (Table S8) and improving feed conversion ratios in livestock production
(Table S9). However, these practices generally require additional labor and/or capital
input, which is a challenge for capital-starved farmers. Thus, to enable the transition
towards circular agrifood systems, governments should provide financial incentives to
shift profitability in favor of circular agricultural practices. Based on the experience that
organic certification and labeling programs have promoted the development of the
organic food industry (Kuchler ez al, 2017; Verburg e al., 2022), policymakers could
similarly establish certification standards and labelling for circular production practices,
to promote investment in circular technologies and their adoption by farmers.

The transition towards N circularity can be further accelerated by creating synergies
between N circularity and other policy goals, such as carbon sequestration, water
management and biodiversity conservation. For example, adopting good management
practices that reduce external imports can contribute to farm financial sustainability;
recycling of organic resources to cropland can increase long-term carbon sequestration
and enhance water retention and food production by improving soil quality (Maillard
and Angers, 2014); advanced human excreta management can reduce the amount of
water needed for toilet flushing (Wang ez a/., 2019); and diversifying cropping systems
can promote biodiversity conservation, particularly through inclusion of perennial
legumes (Renard and Tilman, 2019; Zabel ¢z al, 2019). These synergies/potential
tradeoffs between N circularity and other policy goals deserve further research.

3.4.3. Limitations of this study

In our study, analysis of N flows in the food processing compartment was limited to
maize and wheat milling due to a lack of other food processing data. This may have
resulted in an underestimation of N losses and overestimation of system NUE. In
addition, we predicted considerable amounts of cropland N accumulation because not
all the applied N can be absorbed by crops or lost to the environment in one year. This
approach may underestimate the N losses on a multi-year basis. Furthermore, our
selection of KPIs to evaluate system N circularity did not include any indicator related
to agticultural yields and economic performance. Such indicators should be included in
future research, to ensure that the proposed measures are realistic in terms of food
security and feasible in terms of economic performance. Finally, in our scenario of
switching to legumes, we assumed that legumes would substitute cotton. Such a change
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will have an impact on fabric production and the clothing sector, which was beyond the

scope of our research.

3.5. Conclusions

This study analyzed N flows in an agrifood system, considering not only crop and
livestock production but also detailed houschold data. We selected four KPIs in line
with the principles of circular agriculture to evaluate N circularity of the agrifood system
and applied these KPIs to a case study bridging the gap between village and county level
N cycle in Quzhou, China. The KPIs in this study enable transparency and
comparability among different spatial regions and over time for measuring year-to-year

progresses.

The Quzhou’s agrifood system is representative of many systems worldwide, with N
flows being far from circular due to the large external inputs and high environmental
losses. Excessive inputs, inefficient agricultural production and livestock manure
management are key bottlenecks for achieving circular N use. The villages rank in
circularity performance as follows: cereal village > cash crop village > livestock village
> land-limited village. Our scenario analysis demonstrates that recycling of organic
waste is one of the most effective and feasible measures to move the agrifood system
towards N circularity. This finding provides evidence to support further development
of strategies and policy incentives to promote waste recycling. Accelerating the
transition towards circular agrifood systems will require novel technology transfer
services and institutional, behavioral, policy and market incentives to promote diffusion
and acceptance of technologies by all stakeholders. Balancing the relationship between
N circularity and agricultural trade to achieve sustainability at different scales will be the
greatest challenge.
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Chapter 4
Abstract

Water security, including both water quantity and water quality, is affected by nitrogen
(N) cycles. Few studies, however, have integrated the water and N cycles to explore the
potential impact of current water use and pollution on future water security. To fill this
gap, we quantified the temporal dynamics of the water balance and N pollution in
Quzhou, China, and evaluated the interactions between the water and N cycles, as well
as their synergies. We found that despite a rise in water consumption, from 388 MCM
in 2010 to 460 MCM in 2020, Quzhou has halted and even reversed its declining
groundwater level through measures such as water transfer, improved use efficiency,
and reduced groundwater extraction. A caveat, however, is that water transfer might
externalize water scarcity to water-exporting regions. Regarding water quality, we found
pollutants in groundwater to be generally below critical values, while NH4-N in surface
water exceeded the safety threshold — although its concentration had decreased by 87%
over the past two decades, according to our literature review. The downward trend of
NH4-N concentrations in surface water could be attributed to reductions in drainage
water with pollutants, thanks to more efficient agricultural water use. According to the
scenario analysis, improved N management practices, such as optimized fertilization,
could reduce N discharge from agrifood systems from 10,455 Mg N yr'! to 6,792 Mg N
yrl, decreasing the NH4-N concentration in surface water from 1.2 mg N I''to 0.97 mg
N I, which is below the critical threshold (1.0 mg N I'). N could be further reduced,
to 0.69 mg N I'!, by implementing other practices that promote circular N use, such as
recycling organic waste and reducing livestock production. This study illustrates the
possibility of achieving synergies between water security and N circularity.
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4.1. Introduction

Water scarcity threatens agricultural production, ecosystem services, and the sustainable
development of human societies. The problem is made worse by climate change and
increasing water consumption due to growing populations (FAO, 2021; Scanlon e7 .,
2023). Already, two-thirds of the global population (4 billion people) suffers from severe
water scarcity for at least one month every year (Mekonnen and Hoekstra, 2016). By
2050, global water consumption is expected to be 20-30% higher than the current level
(WWAP, 2019; FAO, 2021). Climate change, too, brings increasing frequency of
extreme weather events, such as droughts and floods. These exacerbate spatial and
temporal mismatches between water resources and demand, making it more difficult
for many societies to secure reliable water supplies (Pokhrel e a/, 2021; Scanlon ef al.,
2023).

Water is a reoccurring theme in the United Nations’ Agenda for Sustainable
Development. Clean water and sanitation are integral to achieving 62 of the163 targets,
particularly for achieving Goal 3 on health and well-being, Goal 14 on life below water,
and Goal 15 on life on land (Irannezhad ez al, 2022). Water’s central role in human
development and sustainability has given rise to numerous global and regional
initiatives, which are often presented in terms of water security (Qi ez o/, 2020; Hoek
van Dijke ¢z al., 2022; Irannezhad ef al., 2022). Water security is defined as the capacity
of humans to continuously access sufficient quantities of water of sufficient quality to
maintain their livelihoods and development while sustaining freshwater resources
(Irannezhad ez al, 2022). The pursuit of water security thus considers both water
quantity and quality aspects.

Strategies for securing adequate quantities of water encompass both surface water and
groundwater and aim at improving water use efficiency, reducing water demand, and
transferring water to where it is needed. Improving water use efficiency in agriculture,
for example, can help save water and reconcile water competition between agriculture,
industry, and the energy sector (Zhao ez al., 2015; Florke ¢ al., 2018). However, nominal
“savings” achieved through efficiency gains in one sector may overstate actual impacts
on water supply, because water that is not consumed at one site is frequently discharged
into surface water or goes to recharge groundwater, from where it is subsequently
recovered and used elsewhere (Perry ez al, 2009; Aeschbach-Hertig and Gleeson, 2012;
Grafton e al., 2018). Therefore, to determine whether gains in water use efficiency really
do conserve water at a larger scale requires a comprehensive accounting of water flows,

including changes in surface water and groundwater storage.

Strategies to reduce water demand often involve irrigation, as irrigation accounts for

70% of global water withdrawals and 90% of water consumption (Poore and Nemecek,
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2018; FAO, 2021). To reduce irrigation water consumption, various approaches have
been found to be effective. Among these are switching to less water-intensive crops,
meaning those that consume less water; leaving land fallow in drought seasons or years
(Deng et al., 2021; Scanlon ¢ al., 2023); relocating crop production from semiarid to
more humid regions in order to leverage precipitation and reduce water extraction
(Zhao et al., 2021; Wang et al., 2022; Scanlon ¢ al., 2023); and minimizing nonbeneficial
evaporation by implementing measures such as deficit irrigation, mulching, and targeted
nutrient management (Chukalla ez a/, 2015; Grafton ez al., 2018; Scanlon ef al., 2023).

Water transfer is another strategy that can be applied to increase the quantity of local
water available. Water transfer refers to either the physical redistribution of water
through infrastructure projects or virtual water redistribution through traded products
(Zhao et al., 2015). The world’s largest water diversion project is the South—North Water
Transfer Project, which China is implementing to divert water from the humid south to
the semiarid north of the country. Nonetheless, transferring water brings risks, such as
inducing water stress in the donor/exporting areas and increasing watet pollution and
salinization (Zhao ez al., 2015; Zhuang, 2016; Long ¢z al., 2020).

Beyond measures to increase supply quantities, water quality has become a global
concern. Water pollution and deterioration are now widespread, with agrifood systems
being the primary contributor (FAO, 2021; Van Vliet ¢ al, 2021). In China, Yu e al.
(2019) found that anthropogenic nitrogen (N) discharge into freshwater was some 14.5
Tg per year (average 2010-2014). This is about 2.7 times the estimated “safe” discharge
level. The European Union and United States are also experiencing degraded water
quality, mainly due to agricultural runoff, and approximately half of their surface waters
are rated poor due to high concentration of N and in some case phosphorus (P)
(Scanlon ez al., 2023). A range of pollutants make water unfit for consumption and pose
risks to human health (Irannezhad ez a/., 2022). Worldwide, some 1.8 billion people must
rely on drinking water that is contaminated with fecal matter, which puts them at risk
of cholera and other diseases (Scanlon ef a/., 2023). When water quality is included in
water scarcity assessments, the share of global population considering to be suffering
severe water scarcity increases from 30% to 40% (Van Vliet ¢ a/., 2021).

Technologies have long been recognized for addressing water quality and quantity
issues. Desalination systems, for example, remove salts from seawater and saline inland
surface waters. However, the cost of these systems is still prohibitive, and disposing of
the resultant brine remains difficult, limiting large-scale applicability (Van Vliet ez al.,
2021; Irannezhad ez al., 2022). Wastewater reuse is another promising technological
development. Wastewater treatment systems offer the potential to alleviate water

scarcity while simultaneously reducing pollutant discharge into surface waters. Again,
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however, practical applications remain constrained by high energy requirements and the
high cost of equipment and infrastructure (Liao e¢f a/, 2021; Van Vliet e¢# al, 2021).
Moreover, due to the complexity of the water cycle and interactions, implementation of
new technologies must be carefully weighed. Shifting irrigation regimes from flood to
sprinkler and drip systems, for example, can increase irrigation efficiency and reduce
the risk of discharged nutrients compromising water quality. However, in saline regions
these systems may exacerbate salinity, as sufficient recharge is needed to flush the salts
out of saline soils (Grafton ez al., 2018; Scanlon e7 al., 2023). Another innovation, circular
agriculture, is being explored to better manage nutrient and waste flows in agrifood
systems, thus mitigating the environmental impacts such as nutrient discharge into water
(Kirchherr ez al., 2017; Velasco-Mufioz et al., 2021). It is vital to seek synergies and
minimize trade-offs among these technologies and innovations.

Considering the dual imperatives of water security — the need to secure sufficient
quantities of water while also ensuring water quality — as well as the sometimes
unforeseen consequences of technology implementations, the current study sought to
quantify interactions between water security (i.e., water quantity and quality) and N
circularity. Nitrogen enters water supplies mainly through agricultural runoff and
wastewater discharge. High levels of N in water lead to eutrophication, diminishing
water’s capacity to sustain life. We first quantified changes in the surface water and
groundwater balance over time, accounting for precipitation, evapotranspiration, runoff
to surface water, recharge to groundwater, and outflow. We then assessed water quantity
and quality and interactions between the two. Finally, we explored the potential to
achieve water security by integrating water and N cycles. The study was conducted in
the Quzhou county, China. China is a hotspot of water scarcity, due to water quantity
and quality issues driven by excessive N use in agriculture (Rodell ¢f a/., 2018; Van Vliet
et al., 2021; Schulte-Uebbing ez a/., 2022). Quzhou is located in the North China Plain,
where water pollution (Strokal ez a/., 2016) and N losses (Wang ¢z a/., 2018) are especially
acute. However, as a demonstration county for the Chinese “Agricultural Green
Development” strategy (MOA, 2020), Quzhou seeks to be a forerunner in producing
nutritious agricultural products, while minimizing environmental impacts.

4.2. Materials and Methods

4.2.1. Research area

Quzhou county lies in Hebei province, North China Plain. It has a sub-humid, warm,
temperate, continental monsoon climate with four distinct seasons. The mean annual
temperature is 13°C, and annual precipitation is 556 mm, of which approximately 60%
occurs during summer. The county covers an area of 677 km? and includes 10 towns
and 342 village-size administrative units. It had a registered population of 527,000 in
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2017, with over 90% of inhabitants residing in rural areas (NBSC, 2018). Forest and
arable land cover 89 km? and 525 km? of the county, respectively. Agricultural
production here is high input, high output, and high nutrient surplus. The main crops
are wheat, maize, cotton, and vegetables. Some 80% of the arable land is irrigated. Two
rivers run through the county. During periods of irrigation when surface water is scarce,
groundwater is the main water source, not only for agriculture, but also for industry and
domestic use. Groundwater accounted for 70% of the water supplied in the county
before the local government restricted groundwater withdrawal in 2014 (DWRH, 2021).
According to Xu ez al. (2018), this has caused groundwater overexploitation and induced
groundwater overdraft. Additionally, Yang (2019) reported that Quzhou’s water supply
was affected by severe salinization. To promote water security, several pilot projects
have been launched since 2014, including introduction of highly efficient, water-saving
irrigation techniques, seasonal land fallowing, and comprehensive control of
groundwater overdraft (Xu ez al., 2018; Deng ef al., 2021).

4.2.2. Elaboration of water security

Based on the definition by Irannezhad ez a/ (2022), we elaborated water security as
encompassing two aspects: (1) a sufficient quantity of water to meet requirements and
(2) sufficient water quality to avoid environmental deterioration and human health
problems. To evaluate water quantity, we determined changes in water level in the case
study county, assuming that for a secure water supply the amount of water recharge
should be equal to or larger than discharge. To evaluate water quality, we compared
water quality characteristics against set quality standards. Our objective with this
simplified elaboration was to measure water security and determine year-to-year changes
in water security in the case study area. The elaboration differs from the concept of
water circularity, in that sources of water are beyond the scope of consideration. For
example, water transferred to Quzhou from other regions was regarded as locally

sustainable, and its larger scale impacts were not evaluated.
4.2.3. Calculation of the water balance

We analyzed the water balance and interaction between surface water and groundwater
in Quzhou from 2010 to 2020. For the surface water balance, we considered water
inflows, outflows, runoff and return flows to groundwater (see section 4.2.3.1 for detail).
Return flows to groundwater included river water infiltration and surplus water recharge
from agricultural, domestic, and industrial uses. Such recharge water may contain
dissolved N, in which case it could potentially degrade groundwater quality (Figure 4.1).
Calculations of the groundwater balance include inflows, outflows, return flows,
extraction, and discharge (from groundwater to surface water). However, this study

considered only the balance between return flows and groundwater extraction, as
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groundwater inflows from, and outflows to, surrounding aquifers were difficult to
measure. Moreover, we assumed that no water discharge occurred, because the
groundwater level in Quzhou was relatively deep (12 m), resulting in a disconnection

between groundwater and surface water. All flow items are in million cubic meters
(MCM) unless otherwise stated.
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Figure 4.1. Schematic diagram of the water balance and nitrogen (N) discharge. Dark blue and
red arrows indicate, respectively, input and output flows to and from the case study area. Light
blue arrows are internal water flows within the case study area. Variables in parentheses
represent the water flows elaborated in the balance equations in section 4.2.3.1.

4.2.3.1. Surface water balance in Quzhou

The surface water balance reflects surface water supply and demand, including inflows,

outflows and surplus. Surface water surplus (§s,,) was calculated as follows:

Seur = Ss + Go + P — ET (N
Sy =81—5;—S0 )

SI = SI,, + SI, (3)

SO = SI*f, 4)

ET =Y (ET;[t] * A; * 10 * T;) * 107 (5)

where S is the annual surface water supply for agricultural, domestic, and industrial
uses; G,, P, and ET represent annual groundwater extraction, precipitation, and
evapotranspiration, respectively. ST is surface water inflow, made up of a natural flow
component (51,), specifically, river water, and water from transfer projects (51); 5; is
infiltrated river water; and SO is surface water outflow, calculated using the outflow
fraction (fi,), which is a dimensionless factor estimated by taking the average value of all
outflow fractions (0.72) in the Hebei Water Resources Bulletin for the years 2016-2020.
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This means that 28% of the inflow is used in Quzhou. ETwas calculated based on the
Penman-Monteith method (Allen ¢z 4/, 1998). The subscript 7 is plant species in
Quzhou, including various crops and forest cover, while # represents the number of
plant species. ET}[4] is the daily actual evapotranspiration (mm) for the specific species.
A;and T; are, respectively, the planting area (ha) and crop-growing time (days). ET][t] is
the actual evapotranspiration at time t, and is calculated as follows:

ET[t] = ET,[t] * K. [t] = Ks[t] (6)

where ETo[4 is a daily reference evapotranspiration (mm), considering geographic
location and climate, and K/[7] is a crop coefficient that varies over different plant growth
stages (initial, development, mid-season, and late season). Specifically, K|/ remains
constant during the initial growth stage (K[i#7]) and the mid-season stage (K/[wzd)).
During the development stage, it is assumed to lineatly increase from K[ini] to Kwzid).
For the late season stage, it is assumed to decrease lineatly from K/[wid| to K [end). Table
S4.1 in the supplementary material presents specific crop planting dates and lengths of
cropping seasons. The values of K, for different plants and their growth stages were
calculated and adjusted for the climate of Quzhou, following Allen ez a/. (1998) (Table
§4.2). For non-growing periods (bare land), K, was taken to be equal to K[ind]. Ki[7] is a
dimensionless factor describing the effect of water stress on crop transpiration with a
value between zero and one. As determining an accurate value for the actual rootzone
water depletion requires many in situ measurements from different fields, this study
used a simplified process: K for irrigated crops was estimated using the values for
surplus water (5s,) and infiltrated water (§)) in a given year. When S, is positive, i.e.,
water supply was assumed to exceed demand, and water stress was considered not to
occur (K; = 1). Slight stress (K; = 0.9) was expected when S, is negative while S, + S
is positive, as in such a situation, river water infiltration could potentially counteract a
water supply shortage. Moderate stress (K; = 0.8) is assumed when Sy, + S is negative.
More severe water stress would not occur for irrigated crops due to timely irrigation,
but it would occur for rainfed crops and forest and for croplands during non-growing
periods. For these plants and periods, K; was assumed to be 0.5, as in Quzhou, plants
may experience water scarcity in two of the four seasons (in spring and in autumn).
Although water shortages are common in winter, most plants are dormant and water
transpiration is extremely low. Our assumed values of K, were indirectly justified by the
fact that changes in water level (calculated using these values) compared well with
measured data (see section 4.4.1 for detail).
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4.2.3.2. Groundwater balance

The groundwater balance (G;) reflects the change of groundwater level. A positive
balance indicates increased groundwater level, and a negative balance indicates a
decrease. It was calculated as follows:

G, =S8 +5 —Ge (7)

where S, as above, is infiltrated river water; S, is water recharge to groundwater from
agricultural, domestic, and industrial uses. S, was calculated based on S, as S, in part
recharges groundwater and in part discharges into surface water. The amount of
groundwater recharge is low where artificial drainage is in use, as in that case, water
flows directly to rivers through drainage canals. Following D6l et al. (2012), we
calculated the recharge fraction of surplus water (f) based on the fraction of arable land
that was artificially drained (/) as follows:

frg =08=0.6% fy; ®)

Quzhou has an extremely small proportion of artificially drained land (f3,), because the
area is so dry that flooding seldom occurs. Thus, approximately three-quarters of
surplus water went to recharge the groundwater.

G, was converted to the change in groundwater level (GL) as follows:
GLc = (Gp/Aa)/0.1 ©®)

where A, is the administrative area of Quzhou, which is 677 km?2. The value 0.1 is the
conversion fraction from CL, (m) to groundwater storage (m) (DOl ez al, 2012), as
groundwater can only be stored in soil pore spaces, which are limited in Quzhou’s
phreatic zone.

4.2.4. Water quality and potential for improvement

To acquire data on local water quality, we reviewed literature and consulted Quzhou’s
Water Conservancy Bureau. Table 4.1 presents the main pollutants that exceeded the
set quality standards during the study period. The concentration of NOs3-N was found
to be within the defined safety boundaries in both surface water and groundwater during
the entire study period (Yang, 2019), so it is not listed in the table and not analyzed
further in this study. Quzhou’s surface water did exhibit high NH4-N levels, despite
some gradual improvement, and its groundwater exhibited high total hardness. Because
the focus of our research was nutrient pollution, specifically N circularity, we continued

our analysis focusing on the potential for reducing NH4-N in Quzhou’s surface water.
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Table 4.1. Main pollutants in surface water and groundwater in Quzhou county, 2001-2017

Surface water Groundwater
NH-N (mgl') COD(mgl’)  NHeN (mgl!) o hardness Reference
N (Mg g N MEL)  (caco; mg 1)
PRC National
Maximum Standard GB3838-
limit value 10 20 03 450 2002; GB/T 14848-
2017
2001 9.5 * * * Zhao (2013)
2006 * * 1.3 598 Zhao (2013)
2010 7.5 * 0.8 763.5 Zhao (2013)
2014 55 58 * * Jin (2017)
2015 49 64 * * Jin (2017)
2016 Above the limic  Colo% e Below the  pove the limit Yang (2019)
limit limit
Below th Water Conservancy
2017 1.2 * © Ici)r‘:wvit ¢ * Bureau of Quzhou

County

Note: Asterisks (*) indicate unavailable data. COD means chemical oxygen demand, which
indicates the capacity of water to consume oxygen during the decomposition of organic matter.
Pollutants that never exceeded the limit any of the years are not shown.

As agriculture is the dominant consumer of water and also the main contributor of
pollutants (Poore and Nemecek, 2018; FAO, 2021), water quality can be improved by
reducing N losses in agrifood systems, including crop production, livestock production,
food processing, and households in production areas. In a previous study (Wei ez 4/,
2023), we developed five scenarios and analyzed their effects in terms of achieving N
circularity. These same scenarios proved applicable for the current study’s investigation
of water security, assessing the scenarios’ effects on the availability of water and the
impacts of water transfer, as well as regarding water quality, evaluating the potential of
the scenarios to reduce NH4-N concentrations in surface water, compared to the
baseline situation in 2017. For detailed scenario design and parameters, see Wei ez a/.
(2023). The general scenatio descriptions ate as follows:

Baseline scenario (50). N flows and discharges in the agrifood system reflect 2017 data
from Quzhou county and our own 2019-2020 survey data on household consumption.
As diets are slow to change, household consumption data in 2019-2020 were assumed
to be representative of local diets in 2017 as well. Accordingly, scenario SO can be
regarded as the situation in the year 2017.
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Good management  practices (GMP). This scenario explored the effects of better
management practices in improving the efficiency of N flows in the agrifood system
and reducing N discharge. Good crop production practices included optimal N
fertilization, organic substitution of chemical N fertilizer, and enhanced-efficiency
fertilizer. These could reduce total N fertilizer input by 14-50% and increase crop yield
by 4-38%, depending on the crop species. Regarding livestock production, better feed
conversion ratio could reduce feed input by 1-68%, depending on the livestock species.
Additionally, this scenario includes good practices in household consumption, i.e. less
animal and more plant protein as recommended by the EAT-Lancet Commission
(Willett ez al., 2019).

Combination of GMP plus crop and livestock waste recycling (GMP+WRT). In this scenario,
crop and livestock waste (residues and manure) are recycled and treated as a resource.
Residues are not sent to landfill, and all crop residues and livestock manure (except for
unavoidable losses) are applied to cropland. Livestock manure is appropriately stored,

avolding direct discharge to the environment.

Combination of GMP+WRI plus household waste recycling (GMP+WR2). In addition to
recycling waste from crop and livestock production, household wastes are also recycled
in this scenario. Human excreta discharge at the storage stage is avoided by replacing
dry latrines with septic tanks or other clean toilets. All excreta are applied to cropland
to substitute for chemical fertilizer, and all kitchen residues and food waste are used to
feed livestock to substitute for concentrated feeds. Therefore, less external inputs are
needed for crop and livestock production, and less nutrient losses occur in the
household.

Combination of GMP+WR2 plus switching to legumes (GMP+WR+STL). In this scenario,
soybean and other legumes are grown as a substitute for cotton or are planted as
understory in orchards, to provide plant protein and reduce the need for food to be
imported from outside Quzhou. Compared to cotton, soybean and other legumes
require less N fertilizer (60 kg N ha! yr-!, compared to 210 kg N ha'! yr-!) and less water
(3,441 m3 ha! yr!, compared to 6,438 m3 ha' yrl, calculated based on the ET and
planting area data in Figure 4.2) (Zhang e7 al., 2009; Li et al., 2023).

Combination of GMP+WR plus reducing livestock (GMP+WR+STLARL). In this scenario,
livestock production and consumption are reduced to adapt to the healthy diet
proposed in the above scenarios. Resultant N losses are therefore also reduced.

The contribution of N discharge from the agrifood system (N, Gg) to the NH4-N load
(Niag, mg N 1) in surface water was calculated as follows:

NHpaq = (Ngis * 0.25 % 0.1 % 0.5/SI) * 103 (10)
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where the value 0.25 is the conversion fraction from the amount of N discharged to the
amount of N entering surface water through runoff (Wei ¢z a/, 2021). The value 0.1 is
the conversion fraction from the discharged total N to NH4-N, calculated based on a
previously established database (Wei ¢ a/, 2021). The value 0.5 is the conversion
fraction from discharged N to the N in surface water, considering that 50% of N is
removed through retention and sedimentation before entering surface water (Schulte-
Uebbing ez al., 2022).

4.2.5. Data sources

Table 4.2 summarizes the main input data and their sources. Main data sources were
China’s National Data Center for Meteorological Sciences, county statistical yearbooks,
the Water Conservancy Bureau, and our own farm survey and literature reviews.
Additionally, data on river flows were acquired from a web reference (LULUTONG,
2013), according to which the natural flow across Quzhou was 277 MCM in 2013.
Annual river flows were assumed to be proportional to precipitation in each year. We
thus estimated river flows in the other years based on this assumption and the reference
value in 2013.

Table 4.2. Data sources

Data Sources Description
Precipitation, temperature, relative humidity, ~ National Data Center for Daily from 2010 to 2020
and other meteorological data Meteorological Sciences
Crop and forest planting structure, planting Quzhou Statistical Yearly from 2010 to 2020
area of different plant species, administrative Yearbook
area
Groundwater and surface water supply, Water Conservancy Water supply and transfer from
water quality, transported water Bureau of Quzhou 2010 to 2020, water quality in
County 2017
Crop planting dates, lengths of cropping Farm survey Survey conducted in 2019-2020
seasons, crop management information
Natural flows, crop coefficient, length of Literature review Specific literature references are
growth stages (initial, development, mid- found throughout the main text

season, and late season) for different plants,
water quality
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4.3. Results

4.3.1. Water quantity in Quzhou

Total water consumption, or T, was 388 MCM in 2010, with wheat accounting for the
largest proportion of consumption (34%), followed by cotton (25%), maize (18%),
forest (8%), and vegetables (7%). Consumption increased to 460 MCM in 2020 (Figure
4.2a). This increase was attributable mainly to three vegetation types: wheat, maize, and
forest. T for these rose gradually from 130, 69, and 31 MCM, respectively, to 178, 94,
and 50 MCM, with slight fluctuations. The higher ET for wheat and maize was related
to climatic conditions rather than planting area, as planting area for these crops was
relatively stable during the 11 years under study (Figure 4.2b and Figure S4.1). Changes
in Quzhou’s climate, particularly, higher wind speeds and greater relative humidity,
increased the adjusted crop coefficient, contributing to the rise of E'T (Figure $4.1; Eq.
0). Regarding forest, the increased ET could be partly explained by planting area, which
increased by 34% from 2010 to 2020. Planting areas of cotton and vegetables decreased
by 20% and 30%, respectively, which could account for their decreased ET" (from 95 to
86 MCM for cotton and from 27 to 18 MCM for vegetables).
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Figure 4.2. Evapotranspiration (a) and planting area (b) of various plants in Quzhou, 2010-2020

No clear pattern of change was found for precipitation in Quzhou from 2010 to 2020.
The total water supply, consisting of both surface water and groundwater extraction,
did gradually diminish. However, annual surface water supply increased slightly, from
49 to 57 MCM, while groundwater extraction decreased from 84 to 48 MCM annually.
Surplus water tended to decrease (Figure 4.3), although it did increase in the first three
years, due to high precipitation and low ET. The downward trend in surplus water could
be indicative of less water pollution and less dissolved N losses, as these tend to parallel
water discharge, according to our literature review (Figure S4.2). The surplus water
values were negative in 2015, 2017, and 2019, pointing to water stress for crops in those
years (see Figure 4.3).
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Figure 4.3. Surface water balance in Quzhou, 2010-2020

Infiltration from surface water to groundwater increased gradually from 12 MCM in
2010 to 99 MCM in 2020 (Figure 4.4). Surplus water recharge exhibited a decreasing
trend, reflecting the decline in surplus water over the period (Figure 4.3). Also reflecting
findings on surplus water, groundwater recharge was negative in the years 2015, 2017,
and 2019. No discernible pattern of change was found in groundwater levels. The
groundwater level fell by 0.74 m during the analyzed 11 years. However, most of this
decrease took place in the first 6 years, during which the groundwater level fell by 2.09
m. In contrast, the groundwater level rose by 1.35 m over the last 5 study years.
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Figure 4.4. Groundwater balance and water level change in Quzhou, 2010-2020. Negative values
for water level change indicate a decreasing water level.
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4.3.2. Water quality and potential for improvement

The primary water quality problem in Quzhou is the high concentration of NH4-N in
surface water. To explore the potential of a circular agrifood system — including crop
and livestock production, food processing, and household consumption — to reduce the
NH4-N load in surface water, we evaluated the five scenarios introduced above,
compared to the baseline in 2017 (Figure 4.5). In the baseline scenario (S0), total N
discharge from the agrifood system was 10.4 Gg N yr-l, resulting in a NH4-N load of
0.59 mg N I in surface water (see Eq. 9). This value is half the actual NH¢-N
concentration (1.2 mg N I'') in Quzhou in 2017. This suggests that the agrifood system
accounted for half of the NH4-N load, with the other half attributable to other sources
(such as industrial water use), though these were outside the scope of the current study
(Figure 4.5b, portion below the blue line).

The first scenario, GMP, specified good management practices for crop and livestock
production and healthy dietary habits. This reduced N discharge by 3.6 Gg N yr,
corresponding to a decrease of NHy-N concentration by 0.21 mg N I, This translated
to an NH¢-N concentration in surface water of 0.97 mg N I, which is just below the
set standard (1.0 mg N I'). The second scenario, GMP+WR1, added to the GMP
scenario improved recycling of crop and livestock residues and wastes and their
application to croplands. This reduced N discharge further, from 4.0 Gg N yr'! to 2.8
Gg N yr'!, corresponding to a further decrease of NH4-N concentration in surface water
by 0.16 mg N 1! to 0.81 mg N I'. In the third scenatio, household wastes were also
recycled or reused (GMP+WR2). This reduced the N discharge again, to 2.6 Gg N yr'!,
corresponding to an NH4-N concentration of 0.73 mg N I'. In the fourth scenario
(GMP+WR+STL), combining previous measures with growing more legumes, N
discharge decreased slightly to 2.5 Gg N yrl. In the last scenatio
(GMP+WR+STL+RL), which combines all of the above measures with reduced
livestock production, N discharge decreased to 1.9 Gg N yr, representing an NH4-N
concentration of 0.69 mg N I'! in surface water. This amounted to an 82% reduction in
N discharge, compared to SO, with an NH4-N load of just 0.11 mg N I attributable to
the agrifood system.

83



Chapter 4

a b

® 12 f ) 14
£ 1]
! g 1.2
@ - .
210 2
3 €
= 8 I =
z i~
£ L 08
286 sz
=< s oo
s s g 06
@ 4 E =
12
£ S 04
= =]
2 2 >
E l E' 0.2 -

0 z 0
SO o\ “,*\\'\1‘ “,NV«’- \,wgib s"\'\'*“b 0 GM® ‘,Ng\ \,M‘“' \1*5“' “\_\A,(\{\.
GV GV m‘v*:,\\w\“‘u’ oW oW G}\\,M\ “‘Nws
5 [

Figure 4.5. Nitrogen discharge (a) and corresponding NH4-N concentration in surface water (b)
under the different scenarios. SO: baseline; GMP: good management practices; GMP+WR1:
previous plus improved recycling of residues and waste from crop and livestock production;
GMP+WR2: previous plus improved recycling of household waste; GMP+WR+STL: previous
plus switching from cotton to legumes; GMP+WR+STL+RL: previous plus reducing livestock.
The red line in (b) is the critical limit of NH4-N concentration in surface water; the blue line
indicates NH4-N attributable to sources other than the agrifood system (such as industry).

4.4. Discussion

4.4.1. Water resources in Quzhou

To validate our findings, we compared our calculated groundwater level changes with
measured or officially reported data. The calculations indicate that Quzhou's
groundwater level fell by 1.25 m between 2010 and 2015, which is within the 0.5-1.7 m
range reported elsewhere for the same period (Xu ez o/, 2018; Wu and Wu, 2020).
Moreover, the local government has maintained monitoring data on groundwater level
since 2018 (DWRHP, 2019-2021). That data reports that the groundwater level
increased by 0.92 m in 2018, decreased by 0.49 m in 2019, and then increased again by
1.68 m in 2020, which is comparable to the values calculated in this study; that is an
increase of 0.34 m in 2018, a decrease of 0.70 m in 2019, and an increase of 1.18 m in
2020.

The downward trend of groundwater level was halted and even reversed in Quzhou
starting in 2010 (Figure 4.4), thanks mainly to less groundwater extraction and relatively
stable return flows from surface water to groundwater. In 2014 and 2015, Quzhou
began to restrict groundwater extraction and implement projects to substitute surface
water for groundwater (Xu ¢z al, 2018). As a result, groundwater extraction has been
halved since 2015, accompanied by increased return flows from surface water to
groundwater (Figure 4.4). The latter can be attributed to water transfer projects, such as
the South—North Water Transfer Project. These projects in Quzhou began operation
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in 2014. Since then, the quantity of imported water has gradually increased to
approximately 65 MCM in 2020 (Bai, 2015; DWRH, 2021).

Despite water transfer projects’ contributions to recovery of groundwater storage in
water-receiving regions, they remain energy- and cost-intensive and may transfer water
stress to water-exporting regions (Zhao ez al., 2015; Scanlon ez al., 2023). Therefore, their
contributions to water security need to be evaluated connecting causes and effects on a
larger scale. In addition, water transfer may lead to a false perception of unrestricted
water availability, which may encourage water-receiving regions to expand water-
intensive production and consumption (Grafton e# al, 2018). Demand-side strategies

thus warrant concurrent attention.

Groundwater overexploitation can be mitigated by reducing water consumption. This
was the aim of the Seasonal Land Fallowing Policy adopted in Quzhou in 2014 (Deng
et al., 2021). That policy was designed to reduce the planting area of water-intensive
winter wheat, which consumes the largest proportion of water among the different plant
species in the county (Figure 4.2a). However, the results of this study indicate that the
policy has not been put into effect, as the planting area of winter wheat did not in fact
decrease. Indeed, water consumption of winter wheat has increased in the county since
2014, due to changing climatic conditions (Figure 4.2). Policy implementation could
perhaps be stimulated with measures that take socioeconomic factors into account, such
as by offering sufficient incentives for farmers to reduce winter wheat and by promoting
development of local industry to shift surplus labor to off-farm jobs (Deng ef al., 2021).
Interestingly, afforestation has increased water consumption, resulting in reduced water
availability in Quzhou (Figure 4.2). Previous research also found a net loss of water
availability globally due to afforestation, although increased precipitation through
evaporation recycling may offset this effect (Hoek van Dijke e al., 2022; Teo et al., 2022).
Particularly in water-scarce areas, smart afforestation strategies are required that

consider water resource endowments and ensure water availability.

Water resources were being used more efficiently in Quzhou, as indicated by the
increased evapotranspiration, decreased water supply, and low surplus water (Figure
4.3). This may relate to the application of a high-efficiency, water-saving irrigation
methods, as pilot projects have introduced sprinkler and drip systems in Quzhou (Xu ez
al., 2018). More efficient water use would decrease recharge from surface water to
groundwater (Figure 4.4). Therefore, though more efficient water use in this case would
not necessarily translate into water savings, it would reduce N discharge and thus help
to alleviate water quality concerns. Studies published after 2010 show a positive linear
relationship between the quantity of drainage water (run off to surface water or recharge
to groundwater) and N discharge (Figure S4.2). Based on this relationship, we could
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infer lower N pollution in Quzhou’s surface waters from 2010 to 2020, attributable to
the decrease in surplus water during this period. The gradual decrease in the load of
NH4-N in surface water supports this inference (see Table 4.1).

4.4.2. Options towards water security and N circularity

Considering the measures implemented in Quzhou, including water transfer, improved
water use efficiency, and reduced groundwater extraction, water availability is no longer
a problem in the county, as also suggested by other authors (Xu ¢7 a, 2018; Zhao ez al.,
2021). Thus, reducing water pollution remains key to achieve sustainable water security
in Quzhou. That means reducing the NH4-N load in Quzhou’s surface water (see Table
4.1). To that end, our scenario analysis provided insights into the mechanisms by which

N circularity could mitigate water pollution.

According to the scenario analysis, the complete package of measures
(GMP+WR+STL+RL) reduced the NH4-N load in surface water from 1.17 to 0.69 mg
N I, This is far below the critical threshold of 1 mg N I'! (see Figure 4.5b). Some 43%
of this reduction was attributable to the application of good management practices
(GMP). These practices encompassed a crop production component (optimizing
fertilizer application and substituting organic for chemical N fertilizers to synchronize
N supply and crop demand), a livestock production component (improving the feed
conversion ratio to reduce feed intake and manure output), and a human consumption
component (reducing intake of animal-sourced protein in the diet) (Wei ez a/, 2023). In
addition, the improved recycling of crop residues and livestock manure (GMP+WRT1)
contributed some 32% of this reduction, mainly achieved by eliminating direct discharge
from manure to surface water (Bai ¢f 2/, 2016). Furthermore, the recycling of household
wastes (GMP+WR2) contributed 17% of this reduction, emphasizing the need to
consider households when seeking to combat water pollution. Including legumes and
reducing livestock production made modest contributions towards reducing the NHy-
N load in surface water (compare scenario GMP+WR+STL+RL and GMP+WR2 in
Figure 4.5), as crop and livestock production would not induce excessive N discharge
into water bodies if appropriately managed, as in the GMP+WR2 scenario.

In addition to addressing water quality concerns, the scenarios offer insights on water
conservation and circularity. Switching from cotton to soybean (GMP+WR+STL)
could reduce water requirements by 18 MCM, as cotton requires substantially more
water than soybeans (calculated based on ET and planting area, see Figure 4.2).
Additionally, the recycling of household waste to cropland (GMP+WR2) enables the
reuse of household wastewater (8.4 MCM, data not shown). The water saved from these
scenarios is equivalent to 41% of the water transferred to Quzhou (65 MCM). To
eliminate the remaining 59% of the water transferred and enhance water circularity, the
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planting area of winter wheat could be reduced by 8,617 ha, or roughly 30% (calculated
based on the data in Figure 4.2), as advocated under the Seasonal Land Fallowing Policy
(Deng et al., 2021). However, this may compromise local food security, as wheat and
wheat-based products are a main food source in Quzhou and in northern China in

general.

Our findings demonstrate the synergies between water security and N circularity.
Additionally, promoting water secutity may be beneficial in pursuit of other objectives.
For example, reducing groundwater extraction can also reduce energy consumption and
the related greenhouse gas (GHG) emissions, as pumping is a significant unregulated
source of GHG emissions in groundwater-fed agriculture (Wang ef al, 2012).
Furthermore, potential tradeoffs between different objectives merit attention.
Afforestation, for example, is widely regarded as an effective means of storing
atmospheric carbon, mitigating climate change, and conserving biodiversity (Hoek van
Dijke ez al., 2022; Stein-Bachinger ez al., 2022). However, as noted, it also increases water
consumption and may reduce water availability in water-scarce regions. This suggests
the need for future research to systematically consider co-benefits and tradeoffs

between water security and other policy goals.
4.4.3. Uncertainties and limitations

This study confronted a number of uncertainties and limitations, many related to data
and assumptions. To estimate annual river flow, we assumed that river flow in different
years was proportional to annual precipitation. Indeed, changes in groundwater levels
calculated based on this assumption were found to be generally comparable to observed
values, so this assumption is believed to be acceptable despite some uncertainty. In
addition, the detailed mechanisms of discharged N being retained in soil and water were
not considered in this study due to data limitations. Consistent with Schulte-Uebbing et
al. (2022), we assumed that 50% of the discharged N was removed through retention
and sedimentation before entering surface water. Furthermore, our elaboration of water
security considered only environmental and biophysical aspects, though as other studies
assert, water security also has economic and social welfare components, such as
equitable access and distribution (Irannezhad et al., 2022). Moreover, water transferred
from other regions was regarded as locally sustainable, whereas it carries the risk of
externalizing water scarcity to water-exporting regions. Finally, this research focused on
nutrient-related issues, specifically N pollution, in water bodies. However, other water
resource issues, such as high total hardness, may also be important in the study area.

Further research is needed to consider other possible issues and interactions.
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4.5. Conclusions

This study evaluated water security, elaborated in terms of water quantity and quality,
for both surface water and groundwater. We quantified changes in the water balance
over time by accounting for water flows in the case study area of Quzhou, China, from
2010 to 2020. We then conducted scenario analysis to understand synergies between N
circularity and water security.

Our results confirm that Quzhou has halted the drop of its groundwater level and in
fact reversed the trend by introducing a set of water management strategies including
restricting groundwater extraction, seasonal land fallowing, and water transfer. A caveat
remains, however, that water transfer as a measure to increase local water availability
might externalize the problem of water scarcity to water-exporting regions. The county’s
success in securing adequate quantities of water and improving water quality exemplifies
the potential to increase water availability and qualities in water-scarce regions.
Implementing such strategies on a large scale, however, requires weighing the
environmental externalities of water transfer and groundwater overdraft. Water security
in Quzhou was mainly threatened by high loads of NH4-N in surface water. The
scenario analysis revealed the possibility of reducing the NH4-N load to a safe level,
while simultaneously achieving both water security and N circularity. Less recharge
flows, due to less and more efficient agricultural water use, would result in lower
discharge of N pollutants. This is not a trade-off situation but a clear win-win. This
study therefore suggests that while care must be taken in measures to promote water
security, synergies can be found and tradeoffs minimized between different

development goals.
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Table S4.1. Planting dates and lengths of cropping seasons for different plants

Plant species Sowing time Harvest time Growth period (day)
Wheat Oct | Jun 10 252
Maize Jun I5 Sep 30 107
Cotton Apr 24 Nov I5 205
Soybean Jun 14 Sep 28 106
Peanut Apr 10 Aug 30 142
Vegetables® May 2 Jul 28 87
Fruits * * All the year
Forests * * All the year

Note: the sowing and harvest days of vegetables were estimated by taking the average value of
different vegetable species in Quzhou.

Table S4.2. Crop coefficient (K¢) for different plants and their growth stages

Initial Development Middle Late

Plant species
Period K Keagj  Period K. Keadj Period K. Keagj  Period K. Keadj
Wheat 30 030 030 161 0.30-1.15  0.30-1.20 30 1.15 1.20 31 025 028
Maize 28 030 030 29 0.30-1.20  0.30-1.13 30 1.20 1.13 20 050 045
Cotton 31 035 035 43 0.35-1.17  0.35-1.12 102 .17 1.12 52 060 061
Soybean 15 040 040 26 0.40-1.15  0.40-1.10 45 1.15 1.10 20 050 045
Peanut 35 040  0.40 35 0.40-1.15  0.40-1.14 37 I.15 1.14 35 060 055
Vegetables 20 0.60  0.60 30 0.60-1.10  0.60-1.10 27 1.10 1.10 10 087 084
Apple 125 030 030 6l 0.30-0.95  0.30-0.94 113 095 094 66 050 050
Grape 158 030 030 54 0.30-0.85  0.30-0.85 82 085 085 71 045 04I
Forests 125 030 030 6l 0.30-0.95  0.30-0.94 113 095 094 66 050 050

Note: Kc,adj was adjusted crop coefficient based on the mean daily wind speeds, relative
humidity and crop heights during the growth stages, so the value would be different for
different years with varying climate conditions. In this table, the climate conditions in 2010
were used to show a case. Information for forests was unavailable, and we assumed it was the
same as the value of apple.
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Chapter 5
Abstract

Agrifood systems emit substantial amounts of greenhouse gases (GHG) into the
atmosphere, but simultaneously sequester carbon (C) originating from atmospheric CO»
in soils. Their net effects on the GHG balance are rarely documented. This study aimed
to quantify C cycles and GHG emissions in an agrifood system at both village and
county levels and explore the potential to transition towards net-zero emissions. We
integrated a modified material and nutrient flow model (NUFER) and a soil C cycle
model (RothC) to calculate C cycles in the case area of Quzhou, China. Results showed
that net photosynthesis predominantly contributed to C input to the agrifood system,
while soil respiration and microbial respiration during manure storage accounted for
most of the C output at all village types. Net CO» emissions from the agrifood system
in Quzhou were positive because the amount of C sequestration in soils (819 kg C ha!
yr!) could not offset CO; emissions (847 kg C ha'! yr!) from fossil fuels used in the
agrifood system, despite village-level variations. Scenario analysis demonstrated that the
system could be transformed to net-zero CO; emissions by adopting good management
practices and recycling organic wastes. However, achieving net-zero GHG emissions
may necessitate the substitution of fossil energy by clean energy. Policies and incentives
to promote net-zero emissions and circular agriculture can be mutually reinforcing. The
methods and options explored in this study provide insights on managing C cycles and
GHG emissions in the agrifood system, facilitating the transition towards net-zero

emissions and climate neutrality.
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Optimizing carbon and nitrogen cycles towards net-zero emissions
5.1. Introduction

Agrifood systems are key to food security and achieving the goal of limiting warming at

the end of this century to below 1.5 °C compared to the pre-industrial level (Crippa ef
al., 2021; FAO, 2022; Matthews and Wynes, 2022). They are responsible for the
provision of adequate nutritious food in the face of a growing population and
consumption level worldwide (Chaudhary ez 4/, 2018; FAO, 2022). Meanwhile, they
emit a third of global anthropogenic greenhouse gases, and induce about 22% of global
mortality due to air pollution (Poore and Nemecek, 2018; Crippa ¢# al., 2021; Crippa ef
al, 2022). The future of the agrifood system needs to nourish humanity in an

environment- and climate-friendly way.

Quantification of carbon (C) cycles in agrifood systems is necessary to understand their
net CO; emissions (Wolf ez al., 2015). These cycles include both C flows and storage in
the compartments of crop production, livestock production, food processing,
household consumption and waste management (Wolf ¢f al., 2015; Wei et al., 2023). The
C storage in agrifood systems is mainly in soils which constitute an important C pool
on earth (Sykes ¢z al., 2019). Promoting soil C sequestration is often listed as a potential
solution to combat climate change (Sykes ez a/., 2019; Walker ez al., 2022). However, the
direct measurement of soil C storage and changes is costly and time-consuming for large
areas (Paul ef 4/, 2023). In addition, the change of soil C storage is a slow process
requiring long-term observations, and the annual change rate depends on the initial soil
C content which affects sequestration potential due to C saturation (Lugato ez al., 2014;
Moinet ez al., 2023). Modelling is regarded as a feasible option to predict soil C storage
and changes, but proper validation before use is vital to ensure prediction accuracy.
Unfortunately, more than 70% of the models simulating soil C storage are not validated
(Garsia et al., 2023).

Carbon sequestration in soils and agtifood systems should be considered in light of CO;
emissions caused by the energy and power consumption required for system
functioning (Lorenz and Lal, 2018; Adetona and Layzell, 2019). The energy and power
consumption is primarily induced by groundwater pumping for irrigation (Wang e al.,
2012; McDermid ef af., 2023), machinery operation for seeding and harvesting, the use
of plastic mulch for cash crops (Guo ez al., 2022), and livestock production (Xing ez a/.,
2022). The consequent CO: emissions could counteract or even outweigh C
sequestration in soils (Wolf ef a/., 2015; Poore and Nemecek, 2018), i.e. the agrifood
system itself might be a COz source rather than a sink. When considering net climatic
effects, the situation is even worse due to non-CO; greenhouse gas (GHG) emissions,
namely CHy4 and N2O which have higher global warming potential (GWP) than CO;
(Feral, 2015). Even though more than 80 countries, representing approximately 70% of
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global GHG emissions, have pledged net-zero emissions mostly by the current mid-
century (Matthews and Wynes, 2022; Zhao et al., 2022), the potential and options to
achieve net-zero CO; (C neutrality) or even net-zero GHG (climate neutrality)

emissions in the agrifood system are still unclear.

The net-zero CO; and net-zero GHG emissions in the agrifood system may be
promoted by strategies that increase C sequestration and reduce GHG emissions (Wang
et al., 2021; Wolf ez al., 2021). For crop production, better management practices reduce
fertilizer inputs, mitigate nutrient and N>O losses, increase crop biomass and thus C
inputs to cropland (Janzen ez al, 2022; Minasny ef al., 2022); for livestock production,
feed management and rumen manipulation increase feed conversion ratio and reduce
CH,4 emissions by more than 20% (Arndt ez al, 2022; Fang et al., 2023); the recycling of
animal and human manure to cropland contributes to C sequestration in soils, aiding in
reducing C and N emissions to the environment (Rose e al, 2015; Li et al, 2021);
adjusting plant structure could reduce N and C emissions while ensure food security
(Wang ez al., 2022); reducing livestock breeding also yields climate benefits (Resare
Sahlin and Trewern, 2022). All these strategies influence both CO,, CH4 and N2O
emissions (Poore and Nemecek, 2018), and their true effect on GHG emissions can’t

be accurately evaluated without considering both C and N cycles in the agrifood system.

The practical implementation of management strategies is affected by spatial scale (Yan
et al., 2020; Wei et al., 2023). The expansion of management measures requires policy
actions, while policy and governance are generally constrained by administrative
boundaries (Brownlie ¢z a/., 2022; FAO, 2022). China is the largest emitter of GHGs,
accounting for 26% of the global COz emissions during 2010-2019 (UNEP, 2020). In
China, agricultural extension services are organized at county level, and farm
recommendations and agricultural policies are often implemented by a county
agricultural bureau. County-specific support and policy is necessary for implementing
optimization strategies (Wang ¢ a/., 2022). In addition, county/district was reported to
be the optimal scale to restore circularity and reduce emissions (Van der Wiel ez /., 2020;
Wei ez al., 2023), because it is not only sufficiently small to capture local circumstances,
facilitating product transport and exchange, but also large enough to include all
compartments of agrifood systems.

To explore the options to achieve net-zero emissions in the agrifood system at an
optimal scale, considering both C sequestration and emissions of all GHGs, we selected
Quzhou county (China) as a case study. China pledged to peak CO; emissions by 2030
and achieve C neutrality by 2060 (Feng and Fang, 2022). Quzhou is a demonstration
county for China's “Agticultural Green Development” strategy (MOA, 2020), secking
to produce nutritious agricultural products while minimizing environmental impacts.
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We first quantified C flows in different compartments of the agrifood system. We then
calculated CO; emissions induced by energy and power consumption required for the
agrifood system functioning. Thereafter, we evaluated the net GHG emissions of
Quzhou’s agrifood system. Finally, we explored the scenarios to achieve a C- or climate-

neutral system.

5.2. Materials and methods

5.2.1. Study area

Quzhou county is in the center of North China Plain. It has a sub-humid, temperate,
continental monsoon climate. The county covers an area of 677 km? and includes 10
towns and 342 village-size administrative units. The registered population is 527,000 in
2017, with over 90% of the inhabitants residing in rural areas (NBSC, 2018). Agricultural
production here is in great transition. Grain yield has increased from 1.5 to 7.1 Mg ha!
while meat production has increased fifty times from 1145 to 57,440 Mg yr! in the past
four decades. The main crops are winter wheat, summer maize, cotton, and vegetables
and fruits. Eight percent of the arable land is irrigated. The main livestock includes layer,
broiler, sheep and goat, and cattle.

To account for the heterogeneity of agrifood systems within in Quzhou, the 342 villages
was grouped into four types according to the method we used before (Wet ¢ a/., 2023):
1) cereal villages, 2) cash crop villages, 3) livestock villages, and 4) land-limited villages.
Villages in the same type are considered to be similar in production and consumption
patterns, and C flows from one village type to the same would not take place. Carbon
fluxes of each village type are average values of all villages within the type. These fluxes
at village levels were then scaled up to county levels based on C flows per arable land,
the average arable land area of each village type, the number of villages in each type,
and inter-village C flows of crop and livestock products and manure. The interflows
were collected in a year-round survey and a detailed explanation of the survey is
provided in Wei et al. (2023). We only considered the arable land, and the land for
housing and infrastructure was excluded because they rarely involve in C cycles.

5.2.2. Carbon cycles in the agrifood system

The time scale of this research is one year, and C cycles in the agrifood system based
on the 2017 county statistical data (the latest available data when conducting this work)
and our 2019-2020 survey data was regarded as the baseline scenario (S0).
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5.2.2.1. Soil C sequestration

Soil C sequestration was calculated based on the changes in annual content of soil
organic carbon (SOC) modelled using the Rothamsted Carbon (RothC) model, which
has been widely used to predict soil C stocks depending on input in Europe and
elsewhere (Coleman and Jenkinson, 2014; Garsia ez a/., 2023). We validated the model
against data from an 8-year field experiment in Quzhou, and it performed well in
predicting soil C stocks and changes for all fertilizer treatments (Figure S5.1). For this
study, we used the average value of the predicted soil C sequestration during 2020-2060,
considering that the rate of soil C sequestration is temporal dynamic due to C saturation,
and China plans to reach C neutrality by 2060. Figure 5.1 presents the annual rate of
soil C sequestration at different village types in Quzhou.
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Figure 5.1. The predicted annal rate of soil carbon sequestration in different village types in
Quzhou based on current soil C content, land use and agricultural management practices
(circles). The horizontal dashed lines indicate the average values for individual village types
from 2020-2060.

5.2.2.2. Carbon flows in the agrifood system

Carbon flows in different compartments of the agrifood systems were quantified using
a model adapted from the Nutrient Flows in food chain, Environment and Resource
use (NUFER) model. The NUFER model has been used to assess nitrogen (N) and
phosphorus (P) flows in agrifood systems, including the compartments of crop
production, livestock production, food processing, and household consumption (Ma e#
al., 2010; Bai ez al., 2018; Wei et al., 2023). According to its framework, we modified and
expanded the model to quantify biomass and C flows in the agrifood system. Carbon
flows were calculated for the crop production, livestock production, food processing,
household consumption, and waste management compartments. For the food
processing compartment, we only considered milling of wheat and maize because of
limited data and claimed minor effects of this compartment in this area (Wei ef a/, 2023).
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Carbon flows were quantified based on material flows in the agrifood system and the C
content of specific materials. Data on detailed material flows are presented in the
following section. Data on C content of specific materials is presented in Table S5.1.

For the crop production compartment, C inputs include net photosynthesis, seeds, and
organic fertilizers; outputs include crop products, crop resides, soil respiration, and soil
C discharge. We used specific input and output data for individual crops. Data on crop-
specific application rates of organic fertilizers, the amount of seeds, crop products and
residues were collected in a survey of 1308 crop farmers throughout Quzhou (Wei ¢ 4/,
2023); the quantity of soil C discharge was estimated by organic N discharge and the
ratio of organic C and N (C/N) in dischatged water. The amount of crop-specific
organic N discharge was acquired from our previous calculation (Wei ¢f af., 2021; Wei
et al., 2023), and the C/N ratio in discharged water is assumed to be 10 (Ros ez al., 2010);
net photosynthesis was estimated based on mass balance of all the input and output
flows as well as C sequestration for individual crops. It is assumed to equal the sum of
C outputs plus C sequestration, minus the C inputs through flows other than net
photosynthesis.

For livestock production, C inputs include feeds and imported young stock; outputs
include animal products, enteric CH4 emissions, animal manure, and animal respiration.
Data on the young stock, feed composition, and feeding rates for different livestock
species, animal products were collected from a survey of 94 livestock farmers
throughout Quzhou (Wei ef a/, 2023); the amount of animal manure was calculated
based on animal-specific ratio between manure and feed intake as suggested by Wolf et
al. (2015); the enteric CH4 emissions were estimated by emission factors as suggested
by Xing et al. (2022), and detailed data are presented in Table S5.2; data on animal
respiration were estimated based on mass balance of all the inputs and output flows for

individual animal species.

For households, C inputs are foodstuffs, and outputs include food waste, kitchen
residues, human excreta, and respiration. The amount and types of food consumed,
food waste, kitchen residues were collected in a year-round survey (Wei ¢ al., 2023); the
amount of human excreta was calculated using the factors provided in (Wen ez a/, 2021),
ie. 145 kg C yr! per person; data on human respiration was estimated based on mass

balance of all the inputs and output flows.

Waste management includes plant residues, animal manure and human excreta,
connecting livestock production and household consumption with crop production.
The produced plant residues are recycled to cropland, sold as feed, or discarded to
landfill. The amount of each portion was collected from the survey of 1308 crop farmers
(Wei et al., 2023); the produced animal manure was recycled to cropland or sold as
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fertilizer after the process of storage and/or treatment. The amount of recycled and
sold manure was collected from the survey of 94 livestock farmers (Wei ez al, 2023).
During the storage, some 50% of the manure is discharged to the environment (Bai e7
al., 2016); CH4 and CO; are also emitted during storage. Data on CH4 emissions were
from Xing et al. (2022), and detailed data are presented in Table S5.3. Data on CO»
emissions were calculated based on mass balance of all produced manure and the
mentioned flows; for human excreta, the proportions of different flows were assumed
to be the same as animal manure due to limited data.

5.2.3. Energy and power emissions

The functioning of agrifood systems entails irrigation, machinery operation,
agrochemicals. The COz emissions induced by these processes were calculated as crop-
and animal-specific. For every crop, irrigation-induced CO> emissions were calculated
by multiplying an emission factor with the amount of electricity consumed. The same
method was used to quantify CO; emissions induced by machine (diesel-powered) and
plastic mulch produced within Quzhou. Detailed data and parameters are listed in Table
S5.4 and S5.5. Emissions from the production of electricity and plastic mulch were
incorporated in this study because there are thermal power stations and plastic plants
within Quzhou, while emissions induced by the production of pesticides and chemical
fertilizers were not considered because they are produced outside the boundary of
Quzhou. For every animal species, the emissions were calculated by multiplying
emission factors with the amount of consumed electricity, coal and diesel. These fossil
fuels are utilized for ventilation, heating (in winter), and animal feeding in livestock
production. Detailed data and parameters are listed in Table S5.5 and S5.6.

5.2.4. Net emissions of CO; and GHGs

Net emissions in this study refer to the gap between C sequestration in the agrifood
system and CO»-C emissions required for system functioning. They are calculated as
follows.

Nc=ECE&P_SCS (l)

whetre NC means net CO; emissions (kg CO2-C ha'l); ECggp indicates emitted CO,-C
induced by energy and power consumption as stated in section 5.2.3; SCs is sequestered
CO,-C in soils, calculated with the RothC model. A negative value for NC represents a
net COz sink of the agrifood system, while a positive value indicates a net CO; source.
The CO,-C emissions from animal and human respiration stem from feeds and foods
while C in these biomasses is assimilated from CO in the atmosphere. Therefore, these
emissions were not taken into account here. The CO; emissions from manure
management and crop residue disposal were not considered either for the same reason.
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NGHG = (ECggp — SCs) * 44/12 + ECpy, ¢ * 16/12 * 28 + (Eyp,—y * 0.01 + Eygz_y *
0.0075 + Ey,o_y) * 44/28 * 265 Q)

where NGHG is net GHG emission (kg COz eq ha'!); ECcpy, ¢ is emitted CHy-C from
the agrifood system as stated in section 5.2.2.2. Eyy,—n, Eno;-n, and Ey,o-y ate
emitted N as NH3, NOj3- and N>O from the agrifood system; their values are from our
previous calculations (Wei ez al, 2023); the values of 44/12, 16/12 and 44/28 are mass
conversion factors of C to CO2, CHy4, and N to N>2O; the values of 28 and 265 represent
the global warming potential of CHs and N»O in units of COz equivalents over a 100-
year period based on the fifth IPCC assessment report (Feral, 2015); The values of 0.01
and 0.0075 are the indirect N>O-N emissions from emitted NH3 -N and leached NO3~-
N base on IPCC methodology (Paustian et al, 2006). Negative values for NGHG

represent a net CHG sink, while a positive value indicates a net source.
5.2.5. Scenarios towards net-zero emissions

The agrifood system in Quzhou induces substantial environmental emissions, and such
emissions can be mitigated by better management practices, organic waste recycling
from livestock production and households to crop production, adjusting the structure
of crop planting and animal feeding (Wei ez al, 2023). According to these mitigation
practices, five advanced scenarios were designed, as done in our previous study (Wei ef
al., 2023). In that study, we quantified N emissions affected by these scenarios; here we
explored options toward net-zero emissions in the agrifood system, consider both C
and N cycles.

Good management practices (GMP). This scenario includes better management practices for
both crop production, livestock production and household consumption. Good crop
production practices in this study are optimal fertilization, the combined use of organic
and inorganic fertilizers, and enhanced-efficiency fertilizers. These could reduce
fertilizer input and N emissions, increase crop biomass and thus C inputs to cropland,
depending on the crop species. Detailed parameters were from Wei et al. (2023). Good
livestock production practices, such as rumen manipulation, could reduce enteric CHy4
emissions by 21% (Arndt ez al.,, 2022). Good household consumption means less animal
and more plant protein as recommended by the EAT-Lancet Commission (Willett e a.,
2019).

Combination of GMP and recycling of crop and livestock waste (GMP+WRT). Crop and livestock
waste (residues and manure) are recycled and treated as a resource. Residues are not
sent to landfill, and all crop residues and livestock manure (except for unavoidable
losses) are well managed and applied to cropland, resulting in a further reduction of
chemical fertilizer use. Livestock manure is appropriately stored. Direct discharge of
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manure to the environment is avoided and CH4 emissions during manure management
are reduced by 50%, 36% and 26%, respectively, for pig, cattle and sheep/goat (Xing ez
al., 2022).

Combination of GMP+WRT and recycling of housebold waste (GMP+IWR2). In addition to
recycling waste from crop and livestock production, household wastes are also recycled
in this scenario. Human excreta discharge is avoided by replacing dry latrines with septic
tanks or other clean toilets. All excreta are applied to cropland to replace chemical
fertilizers, and all kitchen residues and food waste are used to feed livestock as substitute
for concentrated feeds. CHy4 emissions during human excreta management are reduced

by 50%, just as pig manure in the last scenatio.

Combination of GMP+WR2 and switching to legumes (GMP+WR~+STL). Soybean and other
legumes are grown as a substitute for cotton or are planted as understory in orchards in
this scenario, to provide plant protein and reduce the need for food to be imported
from outside Quzhou. Compared to cotton, soybean and other legumes require less

agrichemical inputs therefore produce less C emissions (Zhang ez al., 2009; Guo ¢t al.,
2022).

Combination of GMP+WR and reducing livestock (GMP+WR+STLARL). Livestock
production is reduced by 87% to adapt to the healthy diet proposed in the above
scenarios. This proportionately reduces CH4 emissions from enteric fermentation and
manure management, CO; emissions from energy and power consumption due to

livestock production.

5.3. Results

5.3.1. Carbon cycles in agrifood systems
5.3.3.1. Village-level C cycles in agrifood systems

At village level, net photosynthesis was the dominant C input into the crop
compartment, which reached 10.6, 12.0, 11.6 and 14.1 Mg C ha'! yr'! at cereal, cash crop,
livestock and land-limited villages, respectively (Figure 5.2). Land-limited villages
exhibited the highest net photosynthesis because their croplands received more nutrient
and organic matter inputs compared to those in other types of villages. Soil respiration
and C discharge accounted for approximately half of the C outputs from the crop
production compartment. A moderate amount of C went to landfill sites through crop
residue discards which were 402, 1248, 710 and 1168 kg C ha'! yrl, respectively, at
cereal, cash crop, livestock and land-limited villages; most of crop residues were recycled
to croplands. The values of C sequestration in soils were 768, 854, 805 and 1012 kg C
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ha'l yr! C at cereal, cash crop, livestock and land-limited villages, respectively. The
sequestration rates ranked identical to net photosynthesis in the different villages.

The values of C inputs through feed were 8421 and 4991 kg C ha'! yr! for the livestock
and land-limited village, respectively, while the rates were <1000 kg C ha! yr! for cereal
and cash crop villages (Figure 5.2). The majority of the C input was emitted to the
atmosphere through animal respiration. In addition, a considerable amount of C was
lost to the environment due to impropriate manure management and the values were
286, 370, 2228 and 1554 kg C ha'! yr, respectively, for cereal, cash crop, livestock and
land-limited villages. A small amount of C was emitted as CH4-C through enteric
fermentation of animals and anaerobic fermentation of manure. The total amount was
65, 83,204 and 198 kg C ha'! yr! for cereal, cash crop, livestock and land-limited villages,
respectively.

The inputs through food were <500 kg C ha-! yr!, except for land-limited villages which
imported 1774 kg C ha! yr! in food (Figure 5.2), because they did not have enough
land to be self-sufficient. Human respiration consumed some 80% of the total C input
to the household, and human manure accounted for another non-trivial portion,
although most of it was lost to the environment (71, 79, 85, and 204 kg C ha'! yr! for
the four village types, respectively). A small amount of C was also emitted as CH4-C
through anaerobic fermentation of human manure. Amounts of C in food waste and

kitchen residue were not large; their values were <150 C ha yr! for all four village

types.

105



Chapter 5

Crop residue Crop residue Crop product Production Animal product .
(a) sold discard export losses export Food import
@D D @
prozzzging Foodstuffs
Net photosynthesis @

C duct
rop produc
Jp Mil

I

\
Ifeed
AI prod

uct

Maize ! nd straw

v

Livestock

Household

1

1

1
Rles iration

Kitcien residue
1
1

Food waste

W

production

Animal

165

manure

Soil respiration Animal manure

Manur

P

1
Malmure methane

an

Human manure

>

>

and C discharge losses methane Enteric methane losses
Crop residue Crop residue Crop product Production Animal product .
(b) sold discard export losses export Food import
@ O
""""""""""""""""" N \\
[ > Food ‘ \
rocessin od
Net photosynthesis P < Fffs v Fliesiration
Crop|product | “ ‘ ' @
Seed Millfeed NI )
” (f‘ ) (: ) Household |Kitchen residue
Organic fertiliz (956 Anilfnal product (40)
Maize and straw

—»

Feed

Livestock

production

Animal

manure

Soil respiration
and C discharge Animal manure

losses

v

106

v
methane

Resbpiration Enteric methane

1
1
1
:Food waste
1

Mgnure methane

(e

Human manure
losses



Optimizing carbon and nitrogen cycles towards net-zero emissions

Crop residue Crop residue Crop product Production  Animal Manure and
(o) sold | discard export losses product export compost Food import
@ dEmae @i
\\
>  Food \

] 1
processing [Foodstuffs !

@ @ iRespiration
Crop|product [ T 1 ‘@
' Millfeed N !
& Household Kltcien residue

i Anirpal product \ r
1

Net photosynthesis

Seed 7@

Organicferti[ize

production

C

Maize and straw Ly

Livestock | Food waste

production [ !

l\}lanure methane

/7
(@)
Soil respiration Animal manure Manub (J0d> &7 Human manure
and C discharge losses methane’  Respiration Enteric methane losses
Crop residue Crop residue Crop product Production Animal product .
(d) sold | discard export losses export Food import
0 SO

» Food ‘
processing [Foodstuffs

1
1
Net photosynthesis : Respiration
[ |
cron Crop|product Milfehd f l | '
production 1 . @ Household Enc n residue
(2557 l Animal product | "
Maizefand straw 1'_<DH
Livestock : Food waste

" production 1

I >

Human Animal 707 Iylanure methane
* B manure manure /
e —— _ S . -
Soil respiration Animal manure Manu @ Human manure
and C discharge losses methane ” Resp ration Entéric methane losses

Figure 5.2. Carbon flows (kg C ha™! yr 7!) for cereal (a), cash crop (b), livestock (c) and land-
limited villages (d) in Quzhou. The numbers in the brown boxes indicate carbon sequestration
(kg C ha™! yr1) in soil; the dashed blue lines represent the boundaries of the villages; the green
and red arrows indicate carbon flows within and across village boundaries, respectively; the
thickness of the arrows is proportional to their value; the blue arrows on the crop production
compartment indicate straw returning.

5.3.1.2. C flows between village types

Carbon flows connected the four village types (Figure 5.3). Livestock villages imported
a large amount of maize from cereal (575 kg C ha=! yr =') and cash crop villages (269 kg
C ha™' yr 71) as feed for livestock production. In turn, they exported animal manure to
cash crop villages because they did not have enough cropland to apply the manure while
cash crops normally need substantial amounts of manure and other organic fertilizers.
Land-limited villages imported a small amount of maize (17 kg C ha™! yr ~1) from cash
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crop villages. In addition, they imported grains (52 kg C ha~! yr ~1), animal products (19
kg Cha™' yr 71) as well as fruits and vegetables (19 kg C ha™! yr 7!) from cereal, livestock
and cash crop villages, respectively, because they did not have enough arable land for
production. Cereal villages exported grains to other villages while imported fruits and
vegetables (8.8 kg C ha™! yr ~1) from cash crop villages and animal products (12.8 kg C
ha=! yr 1) from livestock villages.

Cereal 52.0 and-limited
villages Grains villages

e
Maiz Animal
product Grains
@2 @& @2 Ao
Fruits land Mdize
vegetapbles
(128.6 2 Animal manure
Livestock Cash crop
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Figure 5.3. Carbon flows (kg C ha! yr!) between the village types in Quzhou.

5.3.1.3. County-level C cycles in agrifood systems

County-level C cycles were calculated based on village-level cycles upscaled by arable
land and flows between the village types (Figure 5.4). Like the village-level data, net
photosynthesis contributed the most to C input in the agrifood system at county level,
with a value of 11.5 Mg C ha~! yr 71, followed by feed (1843 kg C ha~! yr ~1) and
foodstuffs (239 kg C ha™! yr ~1). The inputs from seed, young stock and biofertilizer
were minor. The average value of C sequestration in cropland was 819 kg C ha=! yr ~1,
with land-limited villages accumulating most per arable land. However, the total
amount of C sequestration in land-limited villages is the lowest (data not shown) due
to their limited arable land at the county level. The CO,-C emissions from the
respiration of livestock and humans accounted the majority of the C output from
Quzhou’s agrifood system. Water discharge and crop residue discard induced C losses
by 860 and 761 kg C ha™! yr ~1, respectively. A considerable amount of C was
exported outside Quzhou as marketable foodstuffs (2070 C ha™! yr =), crop resides
(271 C ha' yr 71) and composting (45 C ha=! yr 1), at the cost of CH4 emissions by
118 Cha~lyr -1
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Figure 5.4. Carbon cycles (kg C ha'! yr!) in Quzhou. Numbers in the brown boxes represent
carbon sequestration in cropland within the type of village. The dashed red line indicates the
boundary of Quzhou. Blue arrows within the boundary are flows between the village types within
Quzhou. Arrows on the left and right sides are input and output flows, respectively, with green
arrows representing C outputs in marketable products.

5.3.2. CO; emiissions induced by fossil fuel use in the agrifood system of
Quzhou

The CO> emissions induced by fossil fuel use in the agrifood system were 654, 834,
1112 and 1155 kg CO,-C ha'! yr! at cereal, cash crop, livestock and land-limited villages,
respectively (Table 5.1). The total value for Quzhou would be 819 kg CO»-C ha'! yr!
when upscaling village-level data using arable land at different village types. The
production and consumption of electricity for irrigation and animal production
contributed the most (approximately 70%) to COz emissions at all villages in Quzhou.
Diesel consumption for machinery operation and animal production induced emissions
of 138, 148, 149 and 174 kg CO,-C ha'! yr! at the four village types, respectively. The
use of coal for animal production caused emissions of 12 kg CO»-C ha'! yr! at cereal
village and 94 kg CO,-C ha'! yr! at livestock village, and this disparity reflected the
differences in stock density of animals. In addition, the production of plastic mulch for
crop production resulted in approximately 10% of the total CO; emissions.

Table 5.1. CO; emissions (kg CO2-C ha™! yr™!) caused by the functioning of agrifood systems

Electricity Diesel Coal Plastic mulch Sum

Cereal village 461 138 12 43 654
Cash crop village 548 148 21 117 834
Livestock village 800 149 94 68 112
Land-limited village 799 174 62 120 I'155
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5.3.3. Scenarios towards net-zero CO; and net-zero GHG emissions

At current conditions (S0), the net CO» emission from the agrifood system was positive
for Quzhou, because the value of CO: emissions caused by energy and power
consumption for system functioning exceeded that of C sequestration in soils (Figure
5.52). The net GHG emissions would be 7.5 Mg COz eq ha'! yr!, when considering the
global warming effects of CHy4 as well as direct and indirect N2O emissions (Figure
5.5b). Although the total amount of CH4-C emission from the agrifood system was
significantly lower than that of C sequestration in soils (Figure 5.4), its global warming
effect outweighed that of C sequestration due to the higher global warming potential
per amount of C for CHy compared to COs.

Good management practices (GMP) could increase crop biomass production and thus
C sequestration in soils, transform the agrifood system from a C source into a C sink
(Figure 5.5a). The net CO; emission would be -0.10 Mg CO»2-C ha~! yr~1, although the
net GHG emissions remained high (5.6 Mg CO: eq ha'! yr') due to global warming
effects caused by CH4 as well as direct and indirect NoO emissions. The second
advanced scenario (GMP + WRI1), including the above measures plus the recycling of
crop residues and animal manure to substitute chemical fertilizer use on cropland,
further reduced the net CO; emission to -0.23 Mg CO,-C ha'! yr! and net GHG
emissions to 4.5 Mg COz eq ha! yrl. The net COz and GHG emissions didn’t change
significantly when extending the recycling effort to household wastes (compare GMP
+ WR1 and CMP + WR2) due to their limited quantitative contribution to the county
flows and emissions. The fourth advanced scenario (GMP + WR + STL), including the
above measures plus growing more legumes, slightly reduced CO» emissions, but it had
a limited contribution to the changes in net CO2 and GHG emissions. The last advanced
scenario (GMP + WR + STL + RL) included all the previous measures plus reduced
stock rate of animals by 87%. It substantially reduced the net CO, emissions to -0.39
Mg CO»-C ha'! yr! by reducing energy and power consumption caused by livestock
production. Meanwhile, it further reduced the net CHG emissions by 90% from 4.2 to
0.49 Mg CO; eq ha'l yr! (compared to the previous scenario), because the global
warming effects of CHy as well as direct and indirect N2O emissions were significantly

reduced in this scenario as a result of less livestock and manure production.
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Figure 5.5. Net COz (a) and greenhouse gas (b) emissions in different scenarios in Quzhou. SO:
baseline (current situation); GMP: good management practices; GMP + WR1: same as previous
and recycling of crop and livestock waste; GMP + WR2: same as previous and recycling of
household waste; GMP + WR + STL: same as previous and switching to legumes; GMP + WR
+ STL + RL: same as previous and reducing livestock breeding.

5.4. Discussion

This study evaluated both C flows and storage in an agrifood system by combing an
adapted NUFER model and a validated RothC model. Net emissions from the agrifood
system were quantified using C sequestration against CO- emissions required for system
functioning. Our results demonstrate a net-positive CO; emission in the agrifood
system of Quzhou. The system can transition to net-zero or even net-negative CO»
emissions by adopting advanced practices, but the modelled scenarios do not lead to
net-zero GHG emissions. As far as we are aware, this is the first study quantifying C
cycles in an entire agrifood system as well as its net COz and GHG emissions.

5.4.1. C cycles in the agrifood system of Quzhou

Carbon flows and storage comprise C cycles in the agrifood system as shown in Figure
5.1-5.3. This study assumed that C storage/sequestration occurred only in soils. Carbon
in foodstuffs or other biomass was not considered to be “storage” because it would be
re-emitted into the atmosphere after being used, unless it is not consumed but preserved
(Lorenz and Lal, 2018; Xing e¢# al, 2022). The CO; emissions from the respiration of
livestock and humans are not counted when evaluating the net emissions of agrifood
system, because they stem from C in biomasses assimilated from CO; in the
atmosphere.

The amount of C sequestration in soils ranged from 768 to 1012 kg C ha! yr-1 for
different village types, with an average value of 819 kg C ha! yr-1 (Figure 5.1 and Figure
5.3), which is higher than the reported values of 140-700 kg C ha! yr-! in China (Fang
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et al., 2018; Tao et al, 2019; Hibner ez al., 2021). The potential reason could relate to
initial C content in soils. Soils with lower initial C content tend to retain more C than
SOC-rich soils (Hubner e a/., 2021; Oldfield ¢# al, 2022). The initial C content is on
average approximately 0.8% in the soil of Quzhou (data not shown), while it exceeds
2% in previous reports across China (Fang ez a/., 2018; Hiibner ez 4/, 2021).

5.4.2. Net GHG emissions of the agrifood system

The net CO; emissions by cereal and cash crop villages were negative, but they were
positive from livestock and land-limited villages (Compare Figure 5.1 and Table 5.1).
Such disparities prove the necessity to consider village-level heterogeneity of agrifood
systems when analyzing county-level cycles in Quzhou. The variations in net emissions
across villages were primarily attributed to different livestock densities. Livestock
production contributes significantly to CO2 emissions through electricity and diesel
consumption (Table S5.5 and S5.6), even though the recycling of animal manure could
enhance C sequestration in arable soils (Figure 5.1).

When analyzing CO, emissions, we only considered processes occurring within
Quzhou, including the production and utilization of electricity and plastic mulch, as well
as the utilization of diesel and coal (NBSC, 2018). Emissions induced by the production
of diesel, coal, pesticides and chemical fertilizers were excluded as they occur outside
Quzhou. This externalizes emissions to agrichemical-producing regions. Meanwhile,
Quzhou exports massive amounts of food, and this internalizes emissions caused by
production for consumption in other regions. The net effects of food exchange and
trade on emissions in Quzhou are beyond the scope of this study, but agricultural trade
generally contributes to reducing CO» emissions from agrifood systems (OECD and
FAO, 2022; WTO, 2022). Further research is needed to quantify and minimize the

production-, consumption- and trade-induced CO> emissions.

The current agrifood system in Quzhou is a net CO, source (Figure 5.5). It may be
problematic to rely on soil C sequestration in combating climate change. Soil C
sequestration could increase by 28%, as indicated by our scenario analysis based on the
average value of C sequestration from 2020-2060, with the recycling of crop residues
and animal manure making the biggest contribution (Figure 5.5). However, soil C
sequestration will decrease over time (Figure 5.5) and will thus be lower after 2060. To
address long-term climate change, additional negative emission technologies, such as
direct air C capture and storage, are required. In the optimal scenario (GMP + WR +
STL + RL), net CO; emissions were negative, but net GHG emissions remained
positive, although reduced by 93%, with the most important contribution from reducing
livestock. Nevertheless, achieving global climate targets necessitates achieving net-zero
GHG emissions (Rogelj ¢ al, 2018). In addition to the practices included in our
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scenarios, clean energy may contribute to further reducing GHG emissions from the
agrifood system (Lorenz and Lal, 2018; Shindell and Smith, 2019; Xing ez a/, 2022).
Greenhouse gas emissions from the energy and power consumption were 2.4 Mg CO;
eq hal yr!in the optimal scenario (Figure 5.5b). If these emissions could be reduced by
20% through the substitution of fossil energy with clean sources such as bioenergy,
solar and wind power, the agrifood system in Quzhou would achieve net-zero GHG

emissions, ensuring climate neutrality.
5.4.3. Implications of this study

This study demonstrates the technical potential of integrated practices to transition
towards net-zero emissions in the agrifood system in Quzhou, China. In general,
achieving net-zero GHG emissions in the agrifood system itself is challenging, and we
cannot expect agtifood systems to offset GHG emissions in industry and other sectots.
Agricultural production in Quzhou is representative for China, which is in transition
from extensive low-efficient to intensive high-efficient and high-emission production
(Chen et al., 2016; Bai et al., 2018; Wei et al., 2023). Such transformations are common
in middle-income, rapidly-developing countries such as India, Indonesia, Brazil and
Pakistan (FAO, 2022; OECD and FAO, 2022; Kang ef al., 2023). These countries
contribute to more than one-third of the global increase in food demand as well as
relevant resource inputs and environmental emissions due to ongoing urbanization and
changing diets with more animal products (UNEP, 2020; FAO, 2022; Kang ez a/., 2023).
In addition, low-income regions (such as sub-Saharan Africa) are projected to
experience similar transformations in the future (FAO, 2022; OECD and FAO, 2022),
which may aggravate future climate change if not appropriately managed. The
development paths of “emit first and treat later” followed by most high-income
countries are not replicable for low- and middle-income countties in combating global
warming. The options explored in this study provide insights for the global community
on managing C cycles in the agrifood system and transitioning towards net-zero

emissions.

The net-zero transition is far from easy and must be institutionally, economically and
socially viable. Widespread knowledge transfer and technology extension services are
necessary to diffuse low-emission technologies to all stakeholders within agrifood
systems, such as the Science and Technology Backyard platform in China, which
facilitates information exchange and innovation by incorporating agronomists, farmers,
government and agri-businesses together (Zhang ¢ al., 2016; Kang ez al., 2023). Financial
support is needed to credit agricultural C sequestration and incentivize low-emission
management practices (Oldfield ez @/, 2022), and the credit requires accurate
quantification of the amount of C sequestered using a widely accepted approach (Garsia
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et al., 2023). Creating synergies between net-zero emissions and other policy goals could
also promote the transition. For example, the advanced practices included in the
scenarios of this study are also essential for N circularity in the agrifood system and N
related environmental impact (Wei e a/, 2023). Therefore, policies and incentives to

promote circular agriculture and net-zero emissions are mutually reinforcing.
5.4.4. Limitations of this study

In this study, crop production data were obtained from the latest available data (around
2020), while soil C content was evaluated from 2020 to 2060 using the Roth C model.
When modelling the annual SOC change, crop production and relevant C input into
soil were assumed to be sable, but they may actually increase when the soil becomes
more fertile due to an increase in SOC. This aspect was not considered because of
limited data. Population size was also assumed to be stable in our scenario analysis,
which might be unrealistic between now and 2060, but the effect should also be minor
because the household compartment contributed to the overall C flows and emissions
in a limited manner (Figure 5.3) In addition, C flows in the food processing
compartment were limited to maize and wheat milling due a lack of data. This
underestimates the amount of C losses from the agrifood system, but the effect may be
minor in our case area according to previous research (Wet ez a/., 2023). Furthermore,
the proportions of different flows for human excreta were assumed to be the same as
animal manure due to limited data, introducing some uncertainty. However, the impact
is also minimal since the management of human excreta made a trivial contribution to
net emissions, as indicated by the scenario analysis (compare the scenario GMP + WRI1
and GMP + WR2). Finally, CO2 and GHG emissions caused by biomass transport were
not included in our analysis. When accounting for these emissions, achieving net-zero

emissions in the agrifood system would be even more challenging.
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5.5. Conclusions

This study quantified C cycles in an agrifood system by integrating a material and
nutrient flow model with a soil C cycle model. Net emissions from the agrifood system
were subsequently quantified using C sequestration against CO; emissions required for
system functioning in Quzhou, China. Scenario analysis demonstrated the potential and
options to achieve net-zero COz and GHG emissions in the agrifood system.

The agrifood system in Quzhou is representative of China and many other developing
countries. The amount of C sequestration in the system was 819 kg C ha! yr!, while
CO; emissions from energy and power consumption required for system functioning
were 847 kg C ha'l yrl, indicating a net-positive CO, emission despite village-level
variations. Although the system can generally transition to net-zero or even net-negative
COz emissions by adopting good management practices and recycling organic wastes,
it can hardly transition to net-zero GHG emissions. Therefore, the agrifood system
itself is a GHG source and could not offset emissions from industry and other sectors.
In addition to promoting C sequestration in soils and reducing emissions, clean energy
may be necessary to achieve net-zero GHG emissions and climate neutrality. The
transition to net-zero GHG emissions warrants institutional, economic and social

changes and incentives.
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Figure S5.5. The C flows (kg C ha! yr') in Quzhou under the scenario of GMP+WR+STL:
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Table S5.1. Carbon content of different materials in the agrifood system

ltems C content ltems C content ltems C content
(%) (%) (%)
rice 41.9 pig 33.0 Premix 383
wheat 40.0 cow 27.6 Concentrates 383
maize 39.6 poultry 17.4 Complete feed 383
millet 40.9 Sheep/goat 27.6 maize 39.6
sorghum 39.6 rabbit 27.6 Bran 383
Plant Animal Feed
food Other 414 food egg 16.6 Soybean meal 40.9
cereal
beans 46.0 milk 55 Plant residues 44.0
peanut 54.6 fishery 27.6
vegetable 6.2 Ham 20.6
fruit 6.2 By product 26.3
of livestock

Note: the data are from Le Noe et al. (2017); Liang et al. (2019); Wen et al. (2021); Wolf et al.
(2021).

Table S5.2. Parameters to evaluate the amount of animal manure and enteric methane emissions

Enteric methane emissions
(kg CH4-C head™' yr")

The ratio between

Animal species manure and feed

Pig 0.29 0.75
Cattle 0.41 55.58
Sheep/goat 0.37 6.38
Broiler 0.34 0.00
Laying 0.30 0.00
Table S5.3. Parameters on CHy emissions during manure storage
Animal species Pig Cattle Sheep/goat Poultry Laying
Value 491 11.25 1.67 001 0.0

(kg CH4-C head' year™)
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Table S5.4. Annual agricultural inputs for crop production

Cropping system Electricitj' Diese_! Plastic m:llch Coal_I
(kWh ha'') (kg ha'') (kg ha'') (kg ha'')
Wheat-maize 2078 24| 0 0
Cotton 933 144 38 0
Vegetables 2100 74 88 0
Fruits 2100 74 88 0

Note: the data are from Guo et al. (2022)

Table S5.5. The emission factors of different agricultural inputs

Inputs Electricity Diesel Plastic mulch Coal
Unit kg CO,-eq kWh'! kg COr-eq kg kg COz-eq kg’ kg COz-eq kg
Value 1.08 319 19.04 2.65

Note: the data are from Guo et al. (2022); Xing et al. (2022)

Table S5.6. Annual inputs for livestock production

Animal species EIectricit‘.y_I DieseI.I Plastic mu-llch Coal .
(kWh head™) (kg head ') (kg head™) (kg head ")
Pig 1.1 1.25 0 0.000
Cattle 255.68 27.43 0 3.085
Sheep/goat 5.21 0.6l 0 0.000
Broiler 0.33 0.32 0 0.001
Laying 1.58 0.13 0 0.001

Note: the data are from Guo et al. (2022); Xing et al. (2022)
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Chapter 6
6.1. Overview

The main aim of this thesis was to explore circularity options for N, C, and water in
agrifood systems at the county scale to provide insight into the overall impact on
circularity. We selected Quzhou county (China) as a case study. China is the largest
emitter of reactive N (Chen e a/., 2016) and greenhouse gases (UNEP, 2020), and it is
also a hotspot of water scarcity (Rodell ez a/., 2018; van Vliet ¢t al, 2021). Quzhou is a
demonstration county for China's “Agricultural Green Development” strategy seeking
to be a demonstration area for producing nutritious agricultural products while
minimizing environmental impacts (MOA, 2020). This thesis quantified the current
flows of N (Chapters 2 and 3), water (Chapter 4) and C (Chapter 5) within Quzhou.
The current flows contributed to identifying key issues that limited N, water and C
circularity in the agrifood system. Based on these key issues, this thesis explored options
to transition towards a sustainable agrifood system by incorporating N circularity
(Chapter 3), water security (Chapters 3 and 4) and climate neutrality (Chapters 3 and 5).

6.2. Main findings

The novel aspects of this thesis are

e An comprehensive analysis of nutrient flows in an entire agri-food system,
considering not only crop and livestock production but also households and

waste management
e An evaluation of promoting circularity at an optimal research scale

e An assessment of synergies and trade-offs in water security and N circularity in
an agrifood system

¢ An exploration of advanced scenatios to achieve climate neutrality in an agrifood
system, considering both N and C cycles

These aspects are further explained and discussed in the subsequent sections.
6.2.1. Nitrogen circularity in an entire agrifood system

Restoring N circularity requires quantifying nutrient flows at an optimal scale to
describe the current state (Van der Wiel ez a/, 2020). To quantify N flows in the agrifood
system, we firstly assessed the loss ratios of N leaching and runoff in response to various
types of fertilizers. Compared with chemical fertilizers, organic fertilizers overall
reduced the among of N leaching and runoff by 15% and 29%. The loss ratios of N
leaching and runoff were 14% and 4.5%, respectively, from chemical fertilizer, and 9.2%
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and 2.6%, respectively, from organic fertilizer (Chapter 2). Combining these loss ratios,
farm surveys, statistical data, a nutrient flow model (NUFER) and parameters from
literature review, we quantified N flows in the entire agrifood system, including
households, in Quzhou. Household consumption data were collected in a year-round
survey across the county. Nitrogen flows were generally linear in Quzhou’s agrifood
systems, as measured by the four selected KPIs, i.e. N import, N loss, N use efficiency
(NUE) and N recycling rate (NRR). The KPIs are in line with the principles of circular
agriculture. They enable transparency and comparability among different spatial regions
and over time for measuring year-to-year progresses. The total N import was 546 kg
ha=! yr~1, of which 54% was lost to the environment. The NUE of the agrifood system
and NRR of excreta were both <30%. Excessive inputs, inefficient agricultural
production and livestock manure management were key issues that limited circular N
use (Chapter 3). Other research confirmed that agricultural production was inefficient,
and N losses were too high to ensure safe air and groundwater quality in the same area
(Meng et al., 2022; Meng ¢t al., 2024).

To account for heterogeneities in N flows at the county level, this thesis grouped the
342 villages in Quzhou into four types: cereal villages, cash crop villages, livestock
villages and land-limited villages. Each type of village was characterized by diverse
production and consumption patterns as well as population densities. This approach
reflects the differences in farming systems and management, and it proved to work well
for villages participating in the Science and Technology Backyard platform in Quzhou
(Zhang ez al., 2016). At the village type level, total N import ranged from 365 kg N ha™!
yr~! in cereal villages to 1015 kg N ha™! yr~! in livestock villages. Total N loss was also
highest in livestock villages, i.e. 646 kg N ha=! yr~1, which was approximately three times
the figure for cereal and cash crop villages. The NRR in the different village types was
inversely related to their N loss, with cereal villages showing the highest NRR and
livestock villages the lowest. Cereal villages also showed the highest NUE of the
agrifood system (41%), compared to 32%, 26% and 17% in cash crop, livestock and
land-limited villages, respectively (Chapter 3). The villages ranked in circularity
performance as follows: cereal village > cash crop village > livestock village > land-
limited village, as measured by the four KPIs.

This thesis investigated options to increase N circularity, including the application of
good management practices in crop and animal production; household dietary change
to more plant protein; recycling of organic waste; growing legumes instead of cotton;
and reducing livestock breeding. All measures combined could roughly double the
county-level N use efficiency and N recycling rate while reducing N loss by >60%.
Among these measures, the recycling of organic waste was one of the most effective
and feasible measures to move towards circularity. Forty percent of the increased NUE
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was achieved with improved recycling of organic waste. Among the different sources
of organic waste, the recycling of crop residues and livestock manure to local cropland
had the greatest effect, increasing NUE from 47 to 61%. Unexpectedly, the recycling
of human excreta and kitchen waste made a modest contribution (Chapter 3). A likely
explanation is that Quzhou is an agricultural county, with cultivated land accounting for
78% of the total administrative area, where the effects of households on system N flows

are small compared to the effects of agricultural production.

The application of good management practices resulted in significant reduction of both
N import and N loss. Among these practices, optimizing fertilizer application and
substituting organic for chemical N fertilizer in crop production synchronized N supply
and crop N demand, thus reducing excessive N fertilizer input and the subsequent N
losses (Cui ¢z al., 2018; He e# al., 2023). Dietary change to more plant and less livestock
protein made a limited contribution to N circularity in Quzhou (Chapter 3). The main
reason was that local meat consumption was already relatively low. In addition, the
excessive livestock production in Quzhou was not reduced to ensure food and nutrition
security of megacities surrounding Quzhou, such as Beijing which could not produce
adequate food for self-sufficiency. When decreasing livestock production to adapt to
the healthy diet, N circularity could be further improved because of fewer feed imports,
fewer livestock product exports, and lower N emissions (Chapter 3). However, the
reductions result in less available animal manure for crop production, necessitating
increased import of chemical fertilizers to sustain optimal fertilizer levels. Furthermore,
reducing livestock exports could jeopardize food security in neighbouring food-
deficient areas reliant on Quzhou's export-oriented produce. Quzhou exemplified the
delicate relationship between N circularity and food trade.

6.2.2. Synergies in water security and N circularity in the agrifood
system

This thesis evaluated water security elaborated in terms of water quantity and quality,
for both surface water and groundwater, along with their potential synergies and trade-
offs with N circularity in the case area of Quzhou, China. (Chapters 2, 3 and 4). Despite
a rising water consumption, from 388 to 460 MCM between 2010 and 2020, Quzhou
has halted and even reversed its declining groundwater level through measures such as
water transfer, restricting groundwater extraction and seasonal land fallowing (Chapter
4). However, water transfer as a measure to increase local water availability might
externalize water scarcity to water-exporting regions. Its contributions to water security
need to be evaluated connecting causes and effects on a larger scale. Regarding water
quality, the concentrations of most pollutants in groundwater were below critical values,
while NH4-N concentration in surface water exceeded the safety threshold — although
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its concentration had decreased by 87% over the past two decades. The downward trend
of NH4-N concentrations in surface water could be attributed to reductions in drainage
water with pollutants, thanks to more efficient agricultural water use (Chapter 4). This
is inconsistent with other research in this area, which claimed that the NO3;-N
concentration in groundwater was also beyond the critical value according to their
modelling (You ¢# al., 2023; Meng et al., 2024). This discrepancy could be explained by
the fact that they model the concentration of NOs-N in the recharge flows, whereas
this study uses data from the direct measurement of water bodies. We believe that the
NO;-N concentration in water bodies is more direct and accurate reflection of water
quality compared to that in recharge flows.

Improved N management practices, such as optimized fertilization, could reduce N
discharge from agrifood systems from 10,455 Mg N yr! to 6,792 Mg N yr! in Quzhou,
decreasing the NH4-N concentration in surface water from 1.2 mg N I'! to 0.97 mg N
I'1, which is below the critical threshold (1.0 mg N ). It could be further reduced to
0.69 mg N I, by implementing other practices that promote circular N use, such as
recycling organic waste and reducing livestock production (Chapters 3 and 4). Synergies
between achieving water security and N circularity were found in the agrifood system.
Fewer recharge flows, due to less and more efficient agricultural water use, would result
in lower discharge of N pollutants, bringing improved water quality.

6.2.3. Climate neutrality and circularity in the agrifood system

This thesis quantified C cycles and net GHG emissions in the agrifood system of
Quzhou, by integrating a modified material and nutrient flow model (NUFER) and a
soil C cycle model (RothC). Net photosynthesis predominantly contributed to C input
to the agrifood system, while soil respiration and microbial respiration during manure
storage accounted for most of the C output at all village types. Net CO» emissions from
the agrifood system in Quzhou were positive because the amount of C sequestration in
soils (819 kg C ha! yr1) could not offset C emissions (847 kg C ha'! yr!) from energy
and power consumption required for system functioning (Chapter 5). The system could
be transformed to net-zero CO» emissions by adopting good management practices,
recycling organic wastes and reducing livestock production. Good management
practices increased C sequestration in soils and reduced GHG emissions, including
direct and indirect N2O emissions. Adopting these practices would reduce the net CO»
emissions to -0.10 Mg CO-C ha™! yr~!, although the net GHG emissions remained
high (5.6 Mg CO: eq ha'! yr!) due to the global warming effects caused by CHy
emissions and energy consumption. All measures combined reduced the net CO;
emissions to -0.39 Mg CO»-C ha'! yr, but the net CHG emissions were still positive
(0.49 Mg COz eq ha' yr). Overall, although the system can transition to net-zero or
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even net-negative CO» emissions by adopting advanced management practices, the
modelled scenarios do not lead to net-zero GHG emissions.

The agrifood system itself is a GHG source and could not offset emissions from
industry and other sectors. In addition to promoting C sequestration in soils and
reducing emissions, clean energy might be necessary to achieve net-zero GHG
emissions and climate neutrality (Chapters 3 and 5). As far as we are aware, this is the
first study quantifying C cycles in an entire agrifood system as well as its net CO; and
GHG emissions.

6.3. Limitations of this study and future research

6.3.1. Research scale and externalities

This work was conducted at the county scale to facilitate the implementation of
circularity, because this scale encompasses the full agrifood system, and its various
compartments of the agrifood system are spatially close enough to form a network in
which agricultural products and nutrients can be easily exchanged. In addition, public
agricultural extension services are generally organized at the county level. Therefore,
this thesis only considered processes within the county. Emissions stemming from the
production of energy and agrichemicals were excluded if they occurred outside the
county. This externalizes emissions to agrichemical-producing regions. When
incorporating the externalization, the emissions from the agrifood system would be
higher, and the advanced scenarios to reduce external inputs would contribute mote to
mitigating emissions. Water transferred to the county from other regions was regarded
as locally sustainable, whereas it carries the risk of externalizing water scarcity to water-
exporting regions. Emissions caused by exported foodstuffs were included, which
internalized emissions caused by consumption in other regions. The net effects of food-
related material and nutrient trade on emissions were beyond the scope of this thesis.

Upscaling the identified optimal scale is vital to mitigate externalities and support
policymaking. Achieving full circularity is impractical because local food production can
only meet less than one-third of the global population's needs (Kinnunen ez a/., 2020).
Research conducted at the optimal scale will inevitably externalize emissions to
agrichemical-producing regions while internalizing emissions resulting from consumption
in other regions. Scaling up the research scope allows for encompassing these externalities
and internalities, thereby balancing circularity at the optimal scale and agricultural trade
on a broader scale. Research conducted at a larger scale can consequently provide insights
for policymaking to advance sustainable circular agrifood systems, bridging the gap

between large-scale policy formulation and fine-scale implementation.
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While circularity is vital, local food production often falls short of meeting regional
demands in various areas, necessitating food flows that balance surplus and deficit
regions. Schulte-Uebbing ¢7 a/. (2022) showed that without causing N pollution, America
and Australia could produce over double their estimated minimum regional demand,
Europe generally meets its needs, while Africa and Asia cannot meet regional demands.
This implicates that food trade is essential to ensure every region staying within the N
boundary. International food trade contributes to nutrient access and enables some
poorer countries/less productive areas to nourish more people (Wood ¢ al., 2018).
However, this trade also shifts environmental and social impacts between production
and consumption regions. An in-depth question is where crops and livestock should be
produced, based on environmental boundaries or based on self-sufficiency. Further
research is needed to quantify and minimize the production-, consumption- and trade-
induced emissions. Striking a balance between circularity and agricultural trade at an

appropriate scale is crucial for transitioning towards a sustainable future.
6.3.2. C sequestration in soils

This thesis quantified net C emissions from the agrifood system by assessing C
sequestration in soils against C emissions required for system functioning. Soil C storage
and changes were modelled using a validated RothC model because the change of soil
C storage is a slow process requiring long-term observations. The annual rate of change
in SOC is affected by the soil’s C sequestration potential due to C saturation (Lugato e#
al., 2014; Moinet ¢t al., 2023). Carbon saturation in the RothC model is predicted based
on soil physiochemical properties, including clay content (Coleman and Jenkinson,
2014; Garsia ez al., 2023). However, Craig ef al. (2021) have highlighted that biological
mechanisms may also regulate C saturation patterns. Ecological constraints on
microbial biomass, such as competition or predation, have been observed to potentially
reduce the rate of mineral-associated SOC formation as soil carbon inputs increase
(Craig et al., 2021; Islam ez al, 2022). When incorporating such biological constraints,
the soil would reach C saturation at a lower SOC content. Consequently, the amount of
annual soil C sequestration would decrease compared with the value in this study. This
will make it even harder to achieve climate neutrality in the agrifood system. An
improved understanding of how both biotic and abiotic factors contribute to C
saturation will enhance our ability to predict and manage the time-dynamic C
sequestration in soils.

In addition, the model we utilized could only predict C sequestration in topsoil (0-23
cm), a limitation prevalent in most soil C cycle models, as subsoil measurements are
difficult, time-consuming and labour-intensive. However, subsoil stores the majority of
soil C (Chen ef al., 2023). The dynamics of SOC stock changes and their underlying
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mechanisms may differ between the topsoil and the subsoil (Chen ¢z 4/, 2022; Henneron
et al., 2022). Plant C input predominantly drives topsoil C destabilization, whereas
mineral protection by iron-aluminum oxides and cations plays a more critical role in
preserving SOC in the subsoil (Chen ¢ af., 2021). Therefore, processes influencing soil
C sequestration markedly differ with soil depth. For example, no-tillage management
increases surface SOC storage compared to conventional tillage but reduces it in deeper
layers (Cai ef al., 2022); more C inputs via plant roots elevate SOC in the topsoil, yet
they accelerate subsoil C decomposition because subsoil C persistence results from its
low energy quality coupled with inadequate energy supply from roots, and sufficient
root energy supply alleviates the substantial energy limitations on decomposition
(Henneron e# al., 2022). Further research is imperative to delineate how management
practices impact C sequestration in the subsoil, offering valuable insights for refining
models to accurately predict C dynamics across the entire soil profile.

6.3.3. Interactions between N, water and C cycles, as well as
interactions with phosphorus cycles.

This thesis intended to identify synergies and trade-offs between N, water and C cycles.
However, certain nuanced relationships among these elements were not incorporated
because of limited data. For example, waste recycling to cropland increased soil C
sequestration (Chapter 5), while it may also improve soil water holding capacity (WHC).
This improvement may increase water retention and reduce water infiltration and N
discharge from soils (Bagnall ez /., 2022). Notably, this specific process was not factored
into the water balance analysis in Chapter 4 owing to conflicting views on its effects.
Some studies asserted that management-induced changes to SOC substantially affected
soil WHC (Bagnall ¢ a/, 2022), but others argued for a negligible effect (Minasny and
McBratney, 2018a, b). It is therefore not possible to evaluate the potential effect of this
interaction in this study. The discrepancy in these findings might stem from variations
in how soil bulk density data were obtained. Soil bulk density depends on SOC content
and soil management, and it affects soil WHC. Further research is imperative to
elucidate the intricate connections between management-induced SOC changes, bulk
density, and WHC. Such investigations will empower future models to illuminate
scenarios in which changes in soil management, resulting in increased SOC, are likely
to impact the water available to plants. In addition, they enable better estimation of
hydrologic and nutrient flows, i.e., how management-induced SOC changes will
affect water and nutrient discharges as well as water quality.

The following mechanisms were not considered in this thesis either due to limited data.
In our scenarios, optimized fertilization includes reducing the amount of N fertilizer,

which promotes the transfer of assimilated C from aboveground to belowground plant
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biomass (Pausch and Kuzyakov, 2018). More belowground biomass means higher
SOC formation  efficiency (Villarino ez 4k, 2021), which will again
affect water infiltration and discharge. Clarifying these mechanisms warrants more
research.

The phosphorus (P) cycle was not incorporated in this thesis because it did not induce
key environmental problems in the case area. Even in developed areas previously
suffering from eutrophication caused by excessive nutrients in water bodies, the P
inputs to water bodies have decreased because of the introduction of wastewater-
treatment plants and P-free detergents (Tong e al., 2017; Ibafiez and Pefiuelas, 2019).
In contrast to P cycles, the imbalanced N/P ratios in water and atmosphere deserve
more attention in the future. On one hand, the improvement in water quality due to P
decline tresults in high N/P ratios, which triggers undesirable changes in the water
ecosystems, such as the collapse of phytoplankton populations and the subsequent
spread of macrophytes (Ibafiez and Pefiuelas, 2019). On the other hand, the imbalanced
atmospheric N and P deposition will change nutrient availability to plants, which may
further influence the structure and function of terrestrial ecosystems (Zhu e al., 2016;
Penuelas e# al., 2020).

Although the P cycle was not analysed in this thesis, our scenario design indirectly
reflected the importance of managing N/P ratios in agtifood systems. For instance, in
the scenario outlining good management practices in crop production for N cycles
(Chapter 3), we integrated the partial (rather than full) substitution of chemical fertilizers
with organic ones based on the N application rate. This decision was made partly due to
the higher N/P ratio in organic fertilizers compared to the demand for crops. A full
substitution based on the N rate would lead to an excessive amount of P for crop

production.
6.3.4. The scenario design on diet

This thesis regarded the EAT-Lancet diet (Willett ez a4, 2019) as a healthy and
sustainable dietary choice, which is a flexitarian diet, rather than vegetarian or vegan.
Vegetarian or vegan diets are often praised for their environmental friendliness because
plant-based foods have lower environmental and social costs than livestock-based ones
(Errickson ef al., 2021; Xu et al., 2021; Herzon et al., 2023). However, plant-based foods
lack many essential micronutrients such as calcium, vitamin B6 and B12 as well as
omega-3 long-chain polyunsaturated fatty acids (Anonymous, 2019; Damerau ¢f al,
2019; Mazac et al., 2022). People on a vegan diet typically require food supplements to
obtain these nutrients. The production and transportation of these supplements may

result in substantial environmental emissions. Consequently, when accounting life cycle
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costs, the claim that vegetarian and vegan diets are more environmentally friendly might

not hold true.

Livestock serves multiple functions. Firstly, in many parts of the developing world, it
functions as a form of savings or 'bank accounts' (Moyo and Swanepoel, 2010). Farmers
sell livestock during the dry season when crop production is impossible, generating
income to putchase daily necessities. Second, livestock acts as 'biological fermenters'
that accelerate the degradation of crop residues into manure, making it more readily
available for use in crop cultivation, particularly in areas where chemical fertilizers are
insufficient (Moyo and Swanepoel, 2010; Bai ez a/, 2018). Moreover, livestock plays a
crucial role in converting biomass unsuitable for direct human consumption into food
(Muscat et al., 2020; Herzon et al., 2023).

Therefore, a vegetarian or vegan diet may not be the panacea for the current
environmental and social problems, although livestock-based foods in current quantities
and qualities compromise the state of the environment, health and society (Errickson e#
al., 2021; Resare Sahlin and Trewern, 2022; Herzon ef al., 2023). The key issue will be to
accurately quantify the “less but better” meat consumption within the diet. A European
study suggested modifying the EAT-Lancet diet to promote circularity in livestock
production (van Selm ef al, 2022). This is due to the discrepancy between the
recommended consumption of livestock-based foods in the EAT-Lancet diet and the
available quantities of by-products within the agrifood system and grassland resources.
Recent studies are exploring ways to mitigate the environmental impact of food
production by incorporating future foods into human diet, including earthworms,
insects and algae (Mazac 7 al., 2022; Bai ¢f al.,, 2023). However, the practical adoption
of these future foods is limited by social and cultural acceptance barriers (Chaudhary
and Krishna, 2019; Mazac ef al, 2022). Further efforts are necessary to educate
individuals on the similarities between these future foods and familiar ones, creating
incentives for procurement by institutional and corporate food businesses. In addition,
future research should delve into the factors driving changes in consumer behaviour
and guide dietary shifts.

6.4. Implications for society and science

6.4.1. The optimal research scale for circularity

This project illustrated circularity options for N, C, and water in agrifood systems at a
relevant scale. We propose that the optimal scale in China is at the county level,
acknowledging potential variations in other countries. For example, in Germany, a
district might be a suitable scale (van der Wiel ez @/, 2021). In the US, a potential scale
may be the proposed “manureshed” which refers to the lands surrounding livestock
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production where manure nutrients can be recycled to meet environmental, production,
and economic goals (Spiegal ¢ a/, 2020). The manureshed could be managed among
livestock farms and crop farms within a county or even among adjacent counties. In
this study, the county scale worked well. It encompasses the entire agrifood system, and
all livestock manure and human excreta produced in Quhzou can be recycled as organic
fertilizer for cropland within and among Quzhou's villages, which will result in an
organic substitution rate of approximately 55% of total fertilizer inputs into cropland.
Additionally, the scale incorporates public agricultural extension services and farm
recommendations. Moreover, this scale serves as the fundamental unit for
implementing agricultural policies in China. These criteria could assist other countries
in identifying the ideal research scale for promoting circularity.

Downscaling the identified optimal scale is crucial to recognize the underlying
heterogeneity in nutrient flows. To accurately quantify nutrient flows at the county level,
it's imperative to comprehend the undetlying diversity of villages with different types of
production and consumption patterns as well as population densities. Attempting to
quantify nutrient flows within and among each village is unfeasible. In this thesis, the
342 villages in Quzhou were grouped into four types: cereal villages, cash crop villages,
livestock villages and land-limited villages (Chapters 3 and 5). This division aims to
provide a snapshot of villages with shared characteristics, aiding in understanding the
diverse production and consumption patterns influencing nutrient flows within the
agrifood system. This approach worked well in identifying key limitations and exploring
options for N circularity and C neutrality. While not universally prescriptive, this
classification sheds light on characterizing various production and consumption
patterns for further research.

6.4.2. The role of agrifood systems in combating climate change

According to this research, even in an optimized scenario (Chapter 5), the agrifood
system remains a source of GHG emissions. This implicates that the agrifood system
should not be expected to compensate for emissions originating from industry and
other sectors. Alongside promoting C sequestration in soils and emission reduction,
adopting clean energy sources can further contribute to curbing GHG emissions within
the agrifood system. Bioenergy with Carbon Capture and Storage (BECCS) stands out
as a critical clean energy solution (Xu ez al., 2022). However, widespread implementation
of BECCS relies on an abundant biomass supply, which could exert considerable
pressure on terrestrial biospheres, freshwater, and land use (Cobo et af, 2022). In
contrast, Direct Air Carbon Capture and Storage emerges as an environmentally
favourable technology due to its lower environmental impacts and its ability to prevent
adverse effects on terrestrial biospheres (Cobo ef al., 2022), although the cutrent high
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cost impedes the widespread use of this technology. In general, achieving climate
neutrality demands both transformation in the food system, the reduction of fossil fuel
use and the integration of negative emissions technologies. This transition necessitates

institutional, economic, and social changes, as well as incentives.
6.4.3. Creating synergies among policy goals in promoting circularity

The advanced measures explored in our scenarios could simultaneously promote N
circularity, water security and climate neutrality (Chapters 3, 4 and 5). For example,
recycling waste for agricultural use aids in restoring circularity, concurrently enhancing
soil C sequestration and mitigating water pollution by reducing N discharge into water
bodies. Furthermore, effectively managing waste, particularly human faeces, plays a
crucial role in sustainable development through improved sanitation. It's important to
note that untreated faecal matter contributed to over 870,000 sanitation-related deaths
in 2016 (McNicol ez al., 2020). These interdependencies highlight how policies and
incentives aimed at fostering circularity, climate neutrality, clean water and sanitation
can mutually reinforce each other. Facilitating synergies among policies requires
collaborative efforts across multiple sectors and actors in the policymaking process.

6.4.4. Fostering dietary changes

The world grapples with a triple burden of malnutrition: overnutrition (leading to
overweight), undernutrition (resulting in underweight), and micronutrient deficiencies
(often termed 'hidden hunger') (Anonymous, 2023; Wang ez al, 2023). These nutrition
crises are symptomatic of the systemic issues within our global food system, posing
significant public health challenges. Specifically, the diet in the case area includes too
many refined grains (carbohydrates) and few beans (Chapter 3), potentially contributing
to conditions like diabetes (Sheng ¢ 2/, 2021). A western diet high in red meat correlates
with cardiovascular diseases and strokes due to the elevated ratio of saturated to
polyunsaturated fats and the presence of heat-induced carcinogens in red meat, in
contrast to plant-based protein soutces (Willett ¢z al,, 2019). Fostering dietary changes
is crucial in addressing environmental and healthy burdens.

The EAT-Lancet diet serves as a model for a sustainable and healthy diet. However, it
is not universally prescriptive, and individual countries may need to tailor their
recommended diets based on local cultural and social conditions. Research confirms
that the necessary adjustments in the intake amounts of food items are highly country-
specific in achieving sustainable diets (Chaudhary and Krishna, 2019). Encouraging

changes in consumer behaviour and dietary patterns requires concerted efforts.
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6.5. Concluding remarks

This thesis aimed to explore circularity options for N, C, and water in agrifood systems
at an optimal scale, with Quzhou county (China) selected as the case study. Nitrogen
leaching and runoff from cropland are important pathways for N losses, and they also
influence water security in agrifood systems. Calibrating the loss ratios of leaching and
runoff for various types of fertilizers is essential before quantifying nutrient flows.

This thesis identifies synergies in N circularity, water security and C neutrality. Fewer
recharge flows, due to less and more efficient agricultural water use, would result in
lower discharge of N pollutants. The agrifood system itself is a GHG source and could
not offset emissions from industry and other sectors. It is possible to transition towards
a N-circular, water-secure and C-neutral agrifood system, but achieving climate
neutrality requires both a transformation in the food system and the integration of
negative emissions technologies, alongside clean energy sources. Such transition

warrants technological, institutional, economic and social changes and incentives.

While circularity is crucial, achieving full circularity is impractical because local food
production falls short of meeting regional demands in various areas. Striking a balance
between circularity and agricultural trade at an optimal scale is pivotal for transitioning
towards a sustainable future. Multi-scale research plays a key role in advancing
sustainable circular agrifood systems by bridging the gap between large-scale policy
formulation and fine-scale implementation. Encouraging dietary changes is essential in
tackling environmental and health challenges. Future research should delve deeper into
the factors that drive changes in consumer behaviour and guide dietary shifts.
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Linear and inefficient agrifood systems result in substantial losses of nitrogen (N),
carbon (C) and water to the environment, causing severe environmental and social
challenges. Addressing these challenges requires closing the loops of N, C, and water
within the agrifood system, encompassing the compartments of crop production,
livestock production, food processing, household consumption and waste management.
However, the interplay between N, C, and water introduces complexities. How to close
N, C and water cycles simultaneously is unclear, particulatly at a system level involving
households. Furthermore, promoting circularity necessitates selecting the most relevant
spatial scale. The area should be sufficiently small to capture the local circumstances,
enable transport and thereby facilitate nutrient exchange, but also large enough to
include all components of the agrifood system. Field and farm scales are too small as
they exclude practices to promote nutrient cycling among various farming systems.
National scale is generally too large, obscuring underlying heterogeneity and hindering
the optimization of nutrient cycles on smaller scales. A district or county meets these
requirements and may be a suitable scale.

This thesis aimed to explore circularity options for N, C, and water in agrifood
systems at the county scale. We selected Quzhou county (China) as a case study.
China is the largest emitter of greenhouse gases and pledged to achieve carbon neutrality
by 2060. Quzhou is a demonstration county for China's “Agricultural Green
Development” strategy seeking to be a demonstration area for producing nutritious
agricultural products while minimizing environmental impacts. The specific research
objectives were: 1) to quantify the loss ratios of N leaching and runoff in croplands and
assess N flows in an entire agrifood system; 2) to evaluate the impact of available
options to promote N circularity and their synergistic effects; 3) to assess water security
in an agrifood system, elaborated in terms of water quantity and quality, along with their
potential synergies and trade-offs with N circularity; 4) to explore potential for achieving
net-zero GHG emissions (climate neutrality) in an agrifood system. These objectives
were addressed in Chapter 2-5, in addition to a general introduction (Chapter 1) and a
general discussion (Chapter 6).

Chapter 2 quantified the loss ratios of N leaching and runoff from cropland. The types
of fertilizer affected N leaching and runoff. Compared with chemical fertilizers, organic
fertilizers overall reduce the among of N leaching and runoff by 15% and 29%. The
loss ratios of N leaching and runoff were 14% and 4.5%, respectively, from chemical
fertilizer, and 9.2% and 2.6%, respectively, from organic fertilizer. Application
approaches of organic inputs significantly affected N leaching and runoff. Partial
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substitution of chemical fertilizers by organic fertilizers with the same amount of total
N generally reduces leaching and runoff without compromising crop yield. The optimal
substitution rates differed between leaching (40-60%) and runoff (60-100%) when
substitution was based on equal amounts of total N. This work emphasizes the
importance to calibrate the loss ratios of leaching and runoff for different types of
fertilizers.

Combining the above loss ratios, farm surveys, statistical data, a nutrient flow model

(NUFER) and parameters from literature review, Chapter 3 quantified N flows in a
complete agrifood system, including households, at both the village and county level.
Nitrogen flows were generally linear in Quzhou’s agrifood systems, as measured by the
four selected key performance indicators (KPIs), i.e. N import, N loss, N use efficiency
(NUE) and N recycling rate (NRR). The total N import was 546 kg ha™! yr~1, of which
54% was lost to the environment. The NUE of the agrifood system and NRR of excreta
were both <30%. Excessive inputs, inefficient agricultural production and livestock
manure management were key issues that limited circular N use. To account for
heterogeneities in N flows at the county level, this chapter grouped the 342 villages in
Quzhou into four types: cereal villages, cash crop villages, livestock villages and land-
limited villages. The villages ranked in circularity performance as follows: cereal village
> cash crop village > livestock village > land-limited village, as measured by the four
KPIs.

Based on the N cycles, Chapter 3 further investigated options to increase N circularity,
including application of good management practices in crop and animal production;
household dietary change to more plant protein; recycling of organic waste; growing
legumes instead of cotton; and reducing livestock breeding. All measures combined
increased the system's NUE by 172% and NRR by 87%, while reducing N import by
68% and N loss by 77%. Among these measures, the recycling of organic waste
contributed most to N circularity. Among the different sources of organic waste,
recycling of crop residues and livestock manure to local cropland had the greatest effect,
increasing NUE from 47 to 61%. Unlike our expectation, recycling of human excreta
made a modest contribution (increasing NUE from 61 to 67%). A likely explanation is
that Quzhou is an agricultural county, with cultivated land accounting for 78% of the
total administrative area, where the effects of households on system N flows are small
compared to the effects of agricultural production.

The application of good management practices resulted in the significant reduction of
both N import and N loss. Among these practices, optimizing fertilizer application and
substituting organic for chemical N fertilizer in crop production synchronized N supply
and crop N demand, thus reducing excessive N fertilizer input and the subsequent N
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losses. Dietary change to more plant and less livestock protein made a limited
contribution to N circularity in Quzhou. The main reason was that local meat
consumption was already relatively low. In addition, the excessive livestock production
in Quzhou was not reduced to ensure food and nutrition security of megacities
surrounding Quzhou, such as Beijing where could not produce adequate food for self-
sufficiency. When decreasing livestock production to adapt to the healthy diet, N
circularity could be further improved because of less feed imports, less livestock
products exports, and lower N emissions. However, this reduction results in less
available animal manure for crop production, necessitating increased import of chemical
fertilizers to sustain optimal fertilizer levels.

Chapter 4 evaluated the temporal dynamics of water quantity and quality, for both
surface water and groundwater, as well as interactions between water security and N
circularity in the case area of Quzhou, China. Despite a rise in water consumption, from
388 MCM in 2010 to 460 MCM in 2020, Quzhou has halted and even reversed its
declining groundwater level through measures such as water transfer, restricting
groundwater extraction and seasonal land fallowing. However, water transfer as a
measure to increase local water availability might externalize water scarcity to watet-
exporting regions. Its contributions to water security need to be evaluated connecting
causes and effects on a larger scale. Regarding water quality, pollutants in groundwater
was generally below critical values, while NH4-N in surface water exceeded the safety
threshold — although its concentration had decreased by 87% over the past two decades.
The downward trend of NH4-N concentrations in surface water could be attributed to
reductions in drainage water with pollutants, thanks to more efficient agricultural water

usc.

Improved N management practices, such as optimized fertilization, could reduce N
discharge from agrifood systems from 10,455 Mg N yr! to 6,792 Mg N yr'!, decreasing
the NH4-N concentration in surface water from 1.2 mg N I to 0.97 mg N 1!, which is
below the critical threshold (1.0 mg N I"). It could be further reduced to 0.69 mg N I'1,
by implementing other practices that promote circular N use, such as recycling organic
waste and reducing livestock production. Synergies between achieving water security
and N circularity were found in the agrifood system. Less recharge flows, due to less
and more efficient agricultural water use, would result in lower discharge of N
pollutants, bringing improved water quality.

Chapter 5 explore potential for achieving net-zero GHG emissions (climate neutrality)
in an agrifood system. It quantified C cycles and GHG emissions in the agtifood system
of Quzhou, by integrating a modified material and nutrient flow model (NUFER) and
a soil C cycle model (RothC). Net photosynthesis predominantly contributed to C input
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to the agrifood system, while soil respiration and microbial respiration during manure
storage accounted for most of the C output at all village types. Net CO2 emissions from
the agrifood system in Quzhou were positive because the amount of C sequestration in
soils (819 kg C ha! yr!) could not offset CO, emissions (847 kg C ha'! yr!) from energy
and power, despite village-level variations with net-negative emissions at cereal and cash
crop villages but net-positive emissions at livestock and land-limited villages.

The system could be transformed to net-zero CO: emissions by adopting good
management practices, recycling organic wastes and reducing livestock production.
Good management practices increased C sequestration in soils and reduced GHG
emissions, including direct and indirect N>O emissions. Adopting these practices would
reduce the net CO; emissions to -0.10 Mg CO»-C ha™! yr~1, although the net GHG
emissions remained high (5.6 Mg CO2 eq ha! yr!) due to the global warming effects
caused by CHj4 emissions and energy consumption. All measures combined reduced the
net CO; emissions to -0.39 Mg CO»-C ha'! yr!, but the net GHG emissions were still
positive (0.49 Mg CO; eq ha'! yr). Thus, the agrifood system itself is a GHG source
and could not offset emissions from industry and other sectors. In addition to
promoting C sequestration in soils and reducing emissions, clean energy might be

necessary to achieve net-zero GHG emissions.

The results demonstrate the possibility of transitioning towards a N-circular, water-
secure, and C-neutral agrifood system. The recycling of organic waste is one of the most
effective and feasible measures to move towards circularity. Less recharge flows, due to
less and more efficient agricultural water use, would result in lower discharge of N
pollutants. This is not a trade-off situation between N and water cycles but a clear win-
win. In addition, synergies in N circularity and C neutrality are also identified. Although
the system can transition to net-zero or even net-negative CO» emissions by adopting
advanced management practices, the modelled scenarios do not lead to net-zero GHG
emissions. Thus, the agrifood system itself is a GHG source and could not offset
emissions from industry and other sectors. Balancing circularity and agticultural trade
to achieve sustainability at different scales will be the greatest scientific challenge.
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