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Aggravation of reactive nitrogen flow driven by

human production and consumption in Guangzhou
City China

Yue Dong® ', Linyu Xu® '™, Zhifeng Yang', Hanzhong Zheng' & Lei Chen'

Human activities reshape the global nitrogen (N) cycle and affect environment and human
health through reactive nitrogen (Nr) loss during production and consumption. In urbanized
regions, the N cycle is greatly mediated by complex interactions between human and natural
factors. However, the variations in sources, magnitude, spatiotemporal patterns and drivers
of Nr flows remain unclear. Here we show by model simulations, anthropogenic perturbations
not only intensify Nr input to sustain increasing demands for production and consumption in
Guangzhou city, China, but also greatly change the Nr distribution pattern in the urban
system, showing a substantial Nr enrichment in the atmosphere and a relatively low retention
capacity of Nr in the terrestrial system. Our results highlight the strong anthropogenic effect
of urban systems on the N cycle to suggest sustainable human activity changes to harmonize
the relationship between Nr behaviors and human drivers.
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itrogen (N) is an essential element for all biological tis-

sues, and the N cycle is one of the main biogeochemical

cycles that can have a substantial and wide-ranging
impact on the ecological environment!-3. Human activities have
greatly changed the global N cycle and increased the creation of
reactive nitrogen (Nr) since Haber and Bosch succeeded in arti-
ficially synthesizing ammonia*°. Influenced by strong anthro-
pogenic effects, urban systems (especially megalopolises) have
played a significant role in the tremendous changes in Nr creation
and the N cycle®. A substantial body of research has shown that
the amount of circulating Nr in cities is several times higher than
that in surrounding non-urban ecosystems’8. The relatively high
demand for food, industrial goods, and energy due to urban life
has driven high-throughput food N production in rural areas, led
to massive industrial N fixation, and caused the release of organic
N from fossil fuels. However, only a small proportion of
anthropogenic Nr can be used efficiently by humans, and most Nr
is lost or accumulated in the environment”. The intensification of
Nr release into the environment has had negative effects on both
the ecosystem and human health!0, such as stratospheric ozone
depletion!!, acid rain!2, water eutrophication!!12, biodiversity
loss!3, and human heath impairment!!.

The former N budget has been studied at the global!4, national!®
and regional!®!7 levels. Compared with large scales, in urban
regions, the N cycle is greatly mediated by complex interactions
between human and natural factors, resulting in variations in
sources, magnitude and spatiotemporal patterns!®19, Some urban-
scale studies have mainly focused on specific aspects of the N
balance in natural and socioeconomic systems, such as the cycling
process of nutrients between urban areas and farmland2%, N flow in
urban food consumption2-22 and N metabolism network flow
analysis?3. However, a detailed and holistic approach to mapping
the coupled human-natural urban N flow trajectory is still lacking.
Notably, some important urban N flow fates driven by human
production and consumption activities are not fully understood.
For example, figuring out the fate of urban industrial N has been
challenging. Research has shown that the fate of 26 Tg N y~!
retained worldwide remains unknown, though it is most likely
related to the cycling process of industrial N2, Synthetic industrial
N is difficult to decompose and tends to accumulate in human
settlements®1424, thereby changing the pattern of Nr metabolism
in modern cities, which may have a significant impact on the
environment and human health. Moreover, further quantitative
analysis of the driving effect of human activities on Nr creation in
urban systems are needed. Studies investigating the impact of
human interference on the N cycle at the national level or water-
shed scale could ignore some sudden hot spots and new pollution
sources! 2>, such as the recent rapid growth of industrial N
emissions in urban systems?®, which could amount to a missed
opportunity to develop abatement management strategies targeting
these sources of pollution.

The primary purposes of this study are to develop a new
coupled human-natural nitrogen flow analysis model at the urban
scale and then use this model to investigate how the N flow
originated, modified, and affected the environment in a typical
megalopolis. The model core is based on the human activities of
the N cycle and associated effect on various subsystems. The city
of Guangzhou (22°26'-23°56'N, 112°57’'-114°03'E) was selected
as the study area as it is one of the most dynamic economic cities
in China and the Asia Pacific region and has a dense population
with an intense level of human activity. Guangzhou is also an
advanced manufacturing base and a modern service base with a
global influence. Guangzhou spans 7434 km? and, in 2015, had a
population of 1.35x 107 and an average urbanization rate of
85.53%27. The gross domestic product (GDP) of this city was

1,810.04 billion yuan, which was divided among primary, sec-
ondary, and tertiary industries, accounting for 1.25, 31.64, and
67.11% of this amount, respectively?”. The concentrated popu-
lation, rapidly developed industry and massive fossil fuel com-
bustion have all accelerated Nr creation and caused N pollution in
water sources and the atmospheric environment?8.

Based on the coupled human-natural N flow analysis model,
we analyse the temporal (1995-2015) variations of the N balance
with respect to sources, fluxes, and fates with uncertainty in
Guangzhou. Specifically, we carry out a life cycle analysis of food
N and industrial N, which are dominated by human production
and consumption, and the impacts of the N flow process on the
environment are highlighted. We find that Nr input into the
urban system is manifested in not only artificial intensification
but also the change of the input structure. The massive depen-
dence of the urban system on external agricultural N-contained
products results in more N pollution into surface water from
consumption rather than production. The Haber-Bosch N fixa-
tion tends to generate industrial synthetic products for human
consumption rather than fertilizers for agricultural use, thus
leading to the durative accumulation of industrial Nr in human
settlements. Anthropogenic perturbations greatly change the Nr
distribution pattern in the urban system, showing a substantial Nr
enrichment in the atmosphere and a relatively low retention
capacity of Nr in the terrestrial system. Subsequently, using an
extended Stochastic Impacts by Regression on Population,
Affluence, and Technology (STIRPAT) model, we quantitatively
assessed the impact of human activities on Nr creation in the
urban system and identified strategies that can be implemented to
maintain sustainable development. In the urban system, practical
strategies to regulate Nr creation should be focused on reducing
the negative effects of industrial Nr, encouraging a reasonable and
balanced dietary structure and reducing N loss during energy
consumption.

Results
Temporal variation of the N balance. Based on a coupled
human-natural urban N flow analysis, we found that Nr flows in a
typical megalopolis have been artificially intensified to sustain the
increasing demands for production and consumption with con-
tinuous Nr loss in the environment (Fig. 1). The detailed N fluxes
among 12 subsystems can be found in Supplementary Figs. 1, 3-14.
Over the past two decades, the total annual Nr inputs in
Guangzhou increased from 142.5 Gg to 301.5 Gg and showed
slight fluctuation (Fig. 2a). Anthropogenic Nr creation (excluding
natural BNF) continued to increase from 90.9 Gg in 1995 and
reached 180.0 Gg in 2015, contributing to 95.0% of the total Nr
creation (BNF, HBNF, and N fixation during fossil fuel
combustion) (Fig. 2b). The anthropogenic dominating inputs
included trade imports, N fixation during fossil fuel combustion,
and HBNF, which accounted for 37.1, 29.5, and 28.3%,
respectively. Fossil fuel combustion increased from 26.0 Gg to
89.0 Gg due to the growing demand for industrial production and
household utilization in the urban system. The input intensity of
Nr fixation from fossil fuel combustion in Guangzhou in 2015
was 119.7 kg N ha=1 y~1, which was much greater than the value
of all of China (8.85kgNha~!y~1)I>. HBNF was used to
produce N fertilizers and other synthetic ammonia products (e.g.,
plastics, synthetic rubbers, synthetic fibers, detergents, drugs and
other products). Our estimate of the HBNF input intensity in
2015 was 114.6 kg N ha—! y~1, which was higher than the average
value in China (~48.9kgNha~ly=1)2%, Another important
characteristic of Nr inputs in Guangzhou was the heavy reliance
on external supplies, especially agricultural products.
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Fig. 1 Coupled human-natural urban nitrogen flow analysis in Guangzhou from 1995 to 2015. N flows among production, consumption, treatment and
environment process groups under anthropogenic perturbations. The numbers in brackets and out of brackets represent N fluxes in 2015 and 1995,

respectively. HBNF, Haber- Bosch N fixation. Units are in Gg N y—'.
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Fig. 2 Temporal variation of N balance in Guangzhou (Units are in Gg N y~1). a The Nr input, output, and accumulation. b The Nr creation. ¢ Schematic of
N balance in 2015. ABNF, agricultural biological N fixation; HBNF, Haber- Bosch N fixation; NBNF, natural biological N fixation; Atmospheric transfer: Nr
transfer to the surrounding areas; Surface water transfer: Nr transfer to oceans.

The total N outputs were 99.2 Gg in 1995 and 245.0 Gg in
2015, and approximately 50.4% was Nr that was ultimately
discharged into the environment in 2015 (Fig. 2a, c). This large
flux of Nr emissions could lead to serious atmospheric and
hydrosphere problems. As a result of Nr inputs and outputs in the
coupled human-natural urban system, the Nr accumulations were
44.7 Gg in 1995 and 56.5 Gg in 2015. Human and farmland

subsystems contributed to the greatest successive accumulation
(Fig. 2a). In 2015, human subsystem contributed to 35.9% of the
total accumulation, followed by farmland (20.0%), forest (14.2%),
groundwater (20.2%), urban green (4.6%), aquaculture (3.4%),
and livestock (1.7%) (Fig. 2c). Over the past two decades,
Guangzhou gradually transformed into a typical advanced
manufacturing and modern service-based city driven by
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substantial human consumption. Industrial synthetic products for
human consumption resulted in an accumulation due to their
long service lives. In contrast, in the entire country, farmland
largely contributed to the Nr accumulation due to massive
chemical fertilizer input and large cultivation scale?*.

To ensure the robustness of the N flow results, we conducted a
Monte Carlo simulation to test the propagation of input
uncertainties into the successive and final results. The uncertainty
results of key N flows in Fig. 2c are shown in Table 1, and the
mean, 5% and 95 percentiles are provided. Small uncertainty
was observed in the N flows derived from the official statistics.
For example, 89.0 Gg (66.7 Gg, 113.0 Gg) N fixation from fossil
fuel combustion in 2015 with range of ~25% was estimated by
consumption of all types of fossil energy and corresponding NOx
emission factors. Nr accumulation was calculated as the
difference between inputs and outputs, and all uncertainties in
the inputs and outputs may be additive in Nr accumulation, e.g.,
Nr accumulation in the farmland subsystem was 11.3 Gg (2.1 Gg,
22.5 Gg) with range of ~90%. Besides, we provided uncertainty
analysis of partial N flows due to activities data and parameters
respectively in Supplementary Fig. 15. Uncertainties due to
parameters contributed more than that due to activity data to the
full uncertainties. Moreover, we compared partial N flows with
previous estimates from China and other cities to validate the
rationality of the calculation results, which is provided in
Supplementary Table 22 and Supplementary Discussion 2.

Industrial Nr fate analysis. Increased anthropogenic inputs of Nr
provide more industrial products (including synthetic and
organic products) to meet human demands. During production
and consumption processes, a substantial proportion of Nr is lost
to the environment. The synthetic products are mainly used as N
fertilizer and feed for agricultural purposes and synthetic
ammonia products (e.g., plastics, synthetic rubbers, synthetic
fibers, detergents, drugs and other products) to meet human
consumption demands. Synthetic industrial Nr is generally found
near human settlements. Environmental and health problems
driven by industrial Nr have become increasingly serious®10.
Here, we performed a life cycle analysis of industrial N to obtain a
more holistic understanding of N fate from production to con-
sumption in the urban system (Fig. 3).

The Nr flux in the industrial subsystem sharply increased from
125.2 Ggin 1995 to 184.9 Gg in 2015 primarily due to an increase
in HBNF and N fixation through fossil fuel combustion. In 2015,
46% of Nr inputs into industrial production were used to support
agricultural activities and human consumption, while residual Nr
was discharged into the environment or transferred to the
external system. The fossil energy input into the industrial system
was substantial, resulting in the release of 83.6 Gg of NOx
emissions into the atmosphere in 2015 mainly caused by
emissions from automobiles, aircraft, internal combustion
engines, and industrial furnaces. In Guangzhou, the NO,
concentration (47 ugm~3) exceeded the acceptable maximum
rate outlined by the second grade of the Ambient Air Quality
Standards in China (40 pgm~3) in 2015%8, leading to negative
environment and human health effects. Therefore, controlling
industrial NOx emissions is a vital and urgent issue in
Guangzhou.

HBNF is one of the most important new Nr inputs into
circulation in Guangzhou. HBNF increased from 56.8 Gg in 1995
to 85.2 Gg in 2015. In 1995, small quantities of HBNF entered the
industrial subsystem to provide synthetic ammonia products for
human consumption; the most important output from HBNF was
fertilizer N (i.e., 52.3 Gg, 92% of HBNF), most of which was
designated for farmland use, which is very similar to the HBNF

Table 1 Key N flows with uncertainty ranges in Guangzhou in
2015 (Gg Ny ).
N balance Range

Mean 5th 95th
Inputs
BNF 15.4 12.6 18.3
HBNF 85.2 75.6 953
Fossil fuel 89.0 66.7 13.0
Import 11.9 88.3 135.2
Outputs
N, 70.7 52.8 87.4
Atmospheric transfer 100.8 76.5 123.9
Surface water transfer 22.8 LA 34.6
Net domestic trade 47.0 23.2 70.3
Export 3.7 3.0 4.4
Accumulations
Farmland n3 21 225
Livestock 1.0 0.8 13
Forest 8.0 53 10.6
Aquaculture 1.9 0.1 41
Human 20.3 10.5 29.4
Urban green 2.6 1.7 35
Ground water 1.4 8.9 16.8

fate observed in China in 2010 (i.e., fertilizer N accounted for 87%
of HBNF)24 However, in 2015, synthetic ammonia products
accounted for ~41% of the HBNF input in Guangzhou, while the
remaining ~57% was associated with agricultural use, leading to
the accumulation of synthetic ammonia products in the human
subsystem. The total accumulation of synthetic ammonia
products in the human system reached 18.0 Gg in 2015, which
was approximately six times higher than that in 1995 (3.1 Gg).
The load of garbage treatment (mainly from synthetic ammonia
waste) increased from 3.3 Gg in 1995 to 18.8 Gg in 2015, most of
which was recycled to the human subsystem.

Food Nr fate analysis. Figure 4 shows the life cycle analysis of
food Nr fate from production and consumption in Guangzhou.
Inputs of Nr to food production (i.e., including crops, livestock,
and aquaculture products) increased from 100.1 Gg to 167.8 Gg
from 1995 to 2015 mainly due to the growth of import products.
Correspondingly, Nr inputs from fertilizer and ammoniated feed
slightly declined from 52.3 Gg to 51.5 Gg during this 20-year
period. To obtain food, a developed city such as Guangzhou relies
on external input more than local production, resulting in rela-
tively low Nr emissions and accumulations from agricultural
production in the environment. In 2015, a total of 38.3 Gg of Nr
from food production was transferred to the environment,
resulting in accumulations in the agricultural system (14.2 Gg),
emission to the atmosphere (16.7 Gg), and discharge to the water
(7.4 Gg). In contrast to production, consumption by the dense
population in the urban system greatly increased Nr emissions in
the environment. In 2015, 76.6 Gg food N was input into the
human subsystem, resulting in 56.3 Gg released into the envir-
onment, 65.0% of which was discharged into surface water bodies.
In urban systems, greater attention should be paid to Nr man-
agement in food consumption to reduce Nr losses.
Approximately 25% of the Nr input into the farmland was
transferred as food to human consumption. The nitrogen use
efficiency (i.e., NUE, which is calculated as the Nr contained in
harvest crop products divided by the Nr inputs) of the food
production system in the farmland was equivalent to that in
China®*3! but lower than that observed in North America®? and
Europe?3, where it was typically above 50%. Moreover, the
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human absorption ratio of Nr to input declined from 4.4% in
1995 to 2.6% in 2015. Diets changed during the 20-year period,
and the ratio of grain protein to animal protein consumed by
humans decreased from 2.4 to 2.1.

In China, excreta has been used as fertilizer for centuries*.
However, the farmland in the urban system is poorly coupled to
the livestock and human subsystems, and the overall N recycling
ratios of livestock and human excreta declined from 48 and 70%
in 1995 to 42 and 11% in 2015, respectively. Previous studies have
examined the entirety of China and explored the consequences of
an increasing recycling rate of N from livestock and the human
subsystem back to farmland, which shows a substantial reduction
in Nr creation?*. Therefore, to increase the recycling of Nr, it is
necessary to improve decentralized stockbreeding management
and the construction of waste disposal facilities in the urban
system. Such improvements could ensure the sustainability of
agriculture while promoting human health and the environment.

Nr environmental load characteristics. During the natural bio-
geochemical cycling of N, Nr to atmosphere is primarily trans-
formed into stable N, through denitrification®. Our analysis
demonstrated that in Guangzhou, approximately 23.4% of annual
Nr inputs were denitrified as N,; the remainder was transferred to
the environment and external system or accumulated in the
subsystems. During the 20-year period, the increases in Nr
emissions in the environment have been durative and extreme
ranging from 83.3 Gg in 1995 to 185.9 Gg in 2012 with an annual
growth rate of 7.2%. From 2013 to 2015, the rapid upward trend
eased with an average level of 163.0 Gg mainly due to lower NOx
emissions. In 2013, the Chinese State Council implemented the
Air Pollution Prevention and Control Action Plan®®, which aimed
to reduce emissions from power plants, industrial boilers, motor
vehicles, and fugitive dust, thus encouraging low NOx emissions.
The primary sources of atmospheric emissions were identified as
NOx, followed by NH; and N,O, which can cause gaseous pol-
lution through atmospheric flow and secondary reactions, such as
haze3’. The change in NOx was the most significant as it was
estimated to be 34.2 Gg in 1995 and 92.3 Gg in 2015 (Fig. 5a).
After 2002, in particular, the release of NOx, mainly by fossil fuel
combustion, increased sharply and suddenly, which is consistent
with the increase in energy intensity during this period®. The
main sources of NOx include fossil fuel combustion from
industrial production, which accounted for 73.7% in 1995 and
90.6% in 2015 of the total NOx emission, followed by fossil fuel
combustion of domestic consumption and straw burning. NH;
volatilization is mainly associated with the use of chemical fer-
tilizers and biological excretion®®. In Guangzhou, due to the
reduction in farmland area, chemical fertilizer use contributed to
a gradual decrease in NH; emissions (Fig. 5b). In contrast, the
increasingly dense population resulted in a considerable release of
NH; into the atmosphere. Moreover, N,O from denitrification
contributed an increasing amount of Nr in the atmosphere, which
is a powerful greenhouse gas?0, revealing an increase of 1.4 Gg to
2.0 Gg over the past 20 years (Fig. 5c). Previous studies have
shown that N,O is mainly derived from agricultural soil*!, and
our analysis demonstrated that in an urban system, nitrification
and denitrification associated with sewage treatment processes
can produce more N,O emissions, which accounted for 30.0% of
the total N,O emissions in 2015.

The Nr input into surface water was 17.2 Gg in 1995 and 47.2 Gg
in 2015, with 8.1 Gg and 22.8 Gg transferred to the ocean each year
(Fig. 5d). Nr inputs from various sources greatly changed over the
past twenty years. These changes were mainly driven by human
consumption and discharge, which caused an increase in the fluvial
transport of N and reflected an increase from 4.9 Gg to 36.6 Gg in

domestic wastewater discharge of N to surface water during the
1995-2015 period. In the near future, with the advancement of
urbanization and the improvement in living standards, the
discharge of domestic wastewater will continue to increase. In
contrast, agricultural Nr emissions into surface water in Guangzhou
significantly decreased, and in 2015, Nr transferred to rivers from
farmland, livestock, and aquaculture subsystem only accounted for
7.8, 6.1, and 1.7% of the total Nr inputs into rivers.

Human drivers analysis. An OLS regression estimate of the
extended STIRPAT model was used to examine the contributions
of four selected individual factors (i.e., population, dietary choice,
energy intensity, and industrial level) to anthropogenic Nr crea-
tion. The regression coefficients of all explanatory variables were
significant, and the R square was 0.940, indicating a good relia-
bility for goodness-of-fit (Table 2, Supplementary Fig. 16 and
Supplementary Discussion 1).

The results showed that population, industrial level, dietary
choice, and energy intensity together contributed ~94% to the
anthropogenic Nr creation changes in Guangzhou. Over the past
two decades, the population in Guangzhou increased by 2.4% per
year, resulting in a 2.2% annual increase in anthropogenic Nr
creation with a contribution rate of 33%. The population has the
greatest potential impact on Nr creation change, which is
consistent with the result in Chinal®>. The industrial level
increased by an average of 0.4% per year, was strongly correlated
with Nr creation, and showed a 30% contribution rate. The
increase in human production and consumption leads to greater
levels of Nr creation from HBNF. Sustainable approaches are
needed to reduce the negative effects of the increase in industrial
Nr products. In Guangzhou, diets have shifted towards a focus on
more animal protein, while the N intake from animal food is
increasing at an annual rate of 0.46%. Dietary changes resulted in
a 1.2% annual increase in anthropogenic Nr creation with a
contribution rate of 18%. A reasonable and balanced dietary
structure is encouraged. Energy consumption per unit of GDP
during this period rapidly declined by 3.53% per year, which
negatively contributed to a 13% change in Nr creation. Therefore,
promoting efficiency in energy use has a significant effect on the
reduction of atmospheric Nr emissions.

Discussion
Nr input into the urban system is manifested in not only artificial
intensification but also the change of the input structure. An
important characteristic of Nr input in Guangzhou was heavy
reliance on external supplies, especially agricultural products.
Consequentially, the substantial increase in Nr creation by N-
contained production in other locations was caused by the urban
system. The massive dependence of the urban system on external
N-contained products resulted in an embodied N pollution
transfer from developed consumptive cities to production regions
through trade!0. Moreover, the dependence on external food
input resulted in relatively low Nr emissions from agricultural
production. In contrast to production, consumption by the dense
population in the urban system greatly increased Nr emissions to
the environment, especially to the surface water. In 2015, Nr
transfer to rivers from domestic wastewater accounted for 78% of
the total Nr input into rivers, indicating that in a developed urban
system, Nr transfer to rivers is primarily due to human con-
sumption rather than productive and natural processes. The
situation differed with respect to the Nr sources of the water in
China, where Nr in the water was mainly derived from processes
associated with livestock production and the loss of N fertilizer2.
In China, HBNF contributed 45.9 Tg N to produce chemical
fertilizers in 2010, which is approximately 87% of the total
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Fig. 5 Temporal variation in Nr environmental load characteristics in Guangzhou from 1995 to 2015. a NOx emissions to the atmosphere from fossil fuel
combustion and straws burning; b NH; emissions to the atmosphere from aquaculture, farmland, human, livestock and urban green subsystems; ¢ N,O
emissions to the atmosphere from aquaculture, farmland, forest, sewage disposal, surface water and urban green subsystems; d Nr discharge into surface
water from aquaculture, atmosphere, farmland, forest, industry, livestock, sewage disposal and urban green subsystems.

Table 2 Contributions of socioeconomic factors to changes in anthropogenic Nr creation.

Factors Annual grow rate(%) Regression coefficient Effect coefficient? Contribution rate (%)? t-value VIF
Anthropogenic Nr creation (1) 4904

Population (P) 2.352 0.957" 1.022 33 4106 7614
Diet choice (A) 0.456 2.620" 1.012 18 3.061 3910
Energy intensity (Ty) —3.527 0.243" 0.991 13 2.502 9.633
Industrial level (T5) 0.364 5617 1.021 30 5118 2.430
Other factors -0.274

R-square 0.940

Note: Each significance level is associated with a symbol: p-values (0.001, 0.01, and 0.05) and corresponding symbols (“***", “**", and “*").
2aEffect coefficient (effect on anthropogenic Nr creation changes) = (1+ annual grow rate) * (regression coefficient).
bContribution rate (contribution to anthropogenic Nr creation changes) = |Effect coefficient — 11/ Y |Effect coefficient — 1| x R2.

HBNF!. However, in Guangzhou, this ratio declined from 92 to
57% during 1995-2015, in contrast, HBNF contributing to other
synthetic ammonia products sharply increased from 6 to 41%.
HBNF tended to be used to generate synthetic ammonia products
for human consumption rather than fertilizers for agricultural use
in the urban system, thus resulting in the accumulation of

synthetic ammonia products in human settlements. Synthetic
ammonia products (e.g., fibers, plastics, rubbers, and dyes) are
difficult to decompose, leading to the durative total amount of
industrial Nr accumulation being much greater than the annual
accumulation, which could contribute to explain the unknown Nr
pool worldwide cited by Schlesinger!2. Long-term cumulative
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industrial Nr which delays Nr release to the environment could
induce the legacy effect of industrial Nr#!. This type of legacy
effects may cause great threats to environmental and human
health, for instance, harmful Nr compounds released from paint
and dye decomposition®2.

The fate tracking of Nr introduced into the urban system
showed that approximately 23.4 and 16.8% of the annual Nr
input was denitrified to N, and outputted through trade,
respectively, while the remainder was transferred to the envir-
onment or accumulated in the subsystems (Fig. 2). Approxi-
mately 33.4% was transferred to the atmospheric environment
as NOx, N,O and NHj3, 7.7% was discharged into surface water,
and the remaining 18.7% of Nr accumulated in terrestrial sys-
tems (including farmland, livestock, forest, aquaculture,
human, ground water and urban green subsystems). Differing
from our results, a national study showed that the terrestrial
system was the main N pool in China, accounting for over two-
thirds of the annual N accumulation, followed by water bodies
and the atmosphere!®. Worldwide, in the 1990s, the fate of Nr
input was relatively well know; ~18% was transferred to coastal
systems via rivers, ~13% underwent atmospheric transfer and
was eventually deposited into oceans, and ~22% accumulated in
terrestrial systems®. Compared with global and national studies,
we found that the anthropogenic perturbations greatly changed
the Nr distribution pattern in the urban environment, showing
substantial Nr enrichment in the atmosphere, resulting in ser-
ious atmospheric Nr pollution, especially NOx pollution. In the
atmosphere, tropospheric NOx can lead to an increase in the
rate of asthma and other respiratory illnesses, particularly in
children and other vulnerable populations*3. Furthermore,
analytic results of atmospheric PM2.5 sources have shown that
NOx gaseous pollutants in motor vehicle exhausts accounted
for a large proportion44>. In contrast, the Nr accumulation in
the terrestrial system was much lower than the national level,
indicating a reduced capacity to retain Nr input.

Through understanding the socioeconomic driving effect on
anthropogenic Nr creation, we focus on sustainable human
activity changes to harmonize the relationship between Nr
behaviors and human drivers. First, sustainable approaches are
needed to reduce the negative effects of industrial Nr. Improving
treatment technology could reduce toxic Nr discharge after the
production of industrial Nr products. For example, using nano-
TiO, photocatalysis to treat dyes could degrade toxic dyes com-
pounds into non-toxic inorganics effectively such as NH,"-N,
NO;-N“6, Besides, increasing reuse rate of newly industrial Nr
products could reduce garbage generation, further reduce the
negative effect caused by legacy effect?’, such as garbage siege*S.
Moreover, improving production technology of Nr products
could reduce toxic Nr release when they are produced, used or
abandoned. For example, using non-diazo-coupling method to
synthesize azo dyes (e.g. methyl red) could reduce toxic nitro-
genous compounds discharge during the production®®. Second, a
reasonable and balanced dietary structure is encouraged. Com-
pared with grain protein diets, the consumption of animal protein
is expected to cause more N losses to the environment®?. Diet
interventions that prevent an increase in the consumption of
animal protein could reduce Nr input. Third, reducing N loss
during energy consumption is essential. Promoting efficiency in
energy use is extremely important to relieve the increase in N
fixation during fossil fuel combustion and the emission of NOx°!.
The expanding use of new energy to shift away from fossil fuel
consumption is imperative!®. Given the unique and intense extent
of Nr problems in urban systems, these approaches could effec-
tively support the public and decision makers and ultimately yield
more sustainable policies.

Methods

Dataset. Data were collected from three sources: a number of national, provincial,
and urban statistical databases, including the China Statistical Yearbook on
Environment (1995-2015), the China City Statistical Yearbook (1995-2015);
Guangdong Statistical Yearbook (1995-2015), Guangzhou Statistical Yearbook
(1995-2015), Guangzhou Environmental Quality Report (1995-2015); provincial
and urban survey and planning documents, such as Guangzhou General Plans for
Land Use (2006-2020), and the Guangdong Forest and Grassland Resources
Inventory; and existing research results and methodologies.

Urban nitrogen flow analysis model. In this study, the Nr inputs to the system
are a result of N fixation through biology, the Haber-Bosch process, fossil fuel
combustion, and imports. In addition, the Nr outputs of the system occur when Nr
is reduced to N, or lost to external systems. Within the boundary, we constructed
the N flow analysis model (Supplementary Fig. la and Supplementary Method 1),
which divided the system into four process groups, including production, con-
sumption, treatment, and environment, based on the N fate as modified by human
activity. The production group, including farmland, urban green, livestock, forest,
aquaculture, and industry subsystems, can process the fixed N input into the food
chain, biomass and synthetic products. The consumption group largely focuses on
human subsystems. Treatment refers to a group, including sewage and garbage
disposal subsystems, that can treat waste Nr and eliminate its negative impact. The
environment group includes atmosphere, surface water, and groundwater sub-
systems. Each subsystem can be viewed as a dynamic unit and a reservoir of Nr. All
Nr input from the external system will access one or several subsystems, recycle
among the 12 subsystems, or output to the outside.

Based on the principle of the conservation of mass, the N balance? in the whole
system and each subsystem is expressed using the following equation:

D AC =) IN, - > ouT; (1)

where IN; and OUT; represent the Nr inputs and outputs, respectively; and ACy
represents Nr accumulation.

More precisely, the coupled human-natural urban nitrogen flow analysis model
comprises two interrelated models, namely, the Full Nitrogen Flow Analysis
(FNFA) model and the Nitrogen Network Calculator (NNC). Based on the
substance flow analysis, the FNFA model was developed to characterize the
dynamics of the N fate and flux across 12 subsystems (i.e., farmland, urban green,
livestock, forest, aquaculture, industry, human, sewage disposal, garbage disposal,
surface water, ground water, and atmosphere) throughout the system. The detailed
model framework is shown in Supplementary Fig. 1b and Supplementary
Method 2. The calculation of input, output and accumulation in each subsystem
were described in Supplementary Tables 1-12. Furthermore, the activity data and
parameters information in each input, output and accumulation were interpreted
in Supplementary Tables 13-21.

The NNC was proposed as a method that could help organize and synthesize large
amounts of information with uncertainty using R software when carrying out the N
balance calculation®3. The detailed NNC models are shown in Supplementary Fig. 2
and Supplementary Method 3. By combining the FNFA and NNC models, the N flow
analysis of the coupled human-nature urban system automatically produced massive,
fast, and synchronous calculations of N fluxes and their interactions.

For uncertainty analysis, we conducted the Monte Carlo simulation to test the
propagation of input uncertainties into the successive and final results. The
variables were attributed continuous distributions instead of single point estimate.
According to the data quality, different continuous distributions were applied and
different coefficients of variation (CVs) were set. We classified the CVs of variables
into three grades: high, moderate, and low reliabilities, which were assumed to have
the values of 0.1, 0.2, and 0.3, respectively>. The simulation model ran 10,000 trials
by randomly selecting values from the input distributions to generate ranges of
outcomes. Besides the single-point estimates, uncertainty analysis of the N flows
including means, SDs, CVs, 5th and 95th percentiles were provided. More details of
uncertainty analysis are provided in the Supplementary Method 4. Moreover, we
compared the partial N flows with previous estimates from China and other cities,
which is provided in Supplementary Table 22 and Supplementary Discussion 2.

Assessment of human driver. The Stochastic Impacts by Regression on Popu-
lation, Affluence, and Technology (STIRPAT) model was used to assess the con-
tributions of socioeconomic factors to changes in anthropogenic Nr creation. The
standard STIRPAT model is facilitated with a logarithm function as a nonlinear
transformation function (Eq. (2)). More details of the STIRPAT model are pro-
vided in the Supplementary Method 5.

Inl=a+blnP+clnA+dInT +e (2)

where, P, A, and T represent population, affluence, and technology. b, ¢, and d are
the coefficients of P, A, and T, respectively; a is a constant, and e is the error term.
We tested the influence of six related sociological factors (i.e., population,
dietary choice, per capita, energy intensity, industrial level, and industrial structure)
on anthropogenic Nr creation and used the Pearson’s correlation method to
determine the correlations between all factors. Finally, four socioeconomic factors
(i.e., population, dietary choice, energy intensity, and industrial level) were selected.
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Dietary choice was defined as the ratio of animal source food to the total food
intake. Energy intensity was defined as the energy consumption per unit of GDP
(ton SCE per 10* yuan). The industrial level was defined as the ratio of N,
converted to Nr through anthropogenic ammonification to total Nr creation.
Dietary choice (A) was used as a proxy for societal affluence. Energy intensity (T)
and industrial level (T,) were used as proxies for technology. Here, we revised
Eq. (2) by adding these factors, thus producing Eq. (3), and an ordinary least
squares (OLS) regression was used to evaluate the variables.

InI=a+blnP+clnA+d InT, +d,InT, +e (3)

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All relevant data are publicly available in the supplementary materials and online data
repositories, and are available from the authors. The sources of activity data, parameters
for N flow analysis are provided in Source Data 1. The source data underlying Figs. 2a—c,
5a-d are provided in Source Data 2.

Code availability

Please see supplementary materials for coupled human-natural urban N flow modeling,
activity data distribution and parameter distribution in Monte Carlo simulation. Further
code details can be obtained from the authors upon request.
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