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Abstract

Freshwater is scarce resource and maintaining water quality is of great importance in dryland Australia. How
water quality is affected by the dry climate and socio-economic influences in Australia remains widely
unknown. Here, we find that agriculture activity dominates reactive nitrogen (N;) emissions to water bodies.
Such emissions not only contribute to deteriorating water quality in Southeastern Australia, but also harm
marine ecosystems, including the Great Barrier Reef, a world natural heritage site. Dry and warm climate
reduces the share of N, emitted directly to water bodies, however, it increases the N, concentration in surface
water due to reduced water volume, leading to a threefold higher water N; concentration compared to major
rivers globally, e.g. in the USA or China. Business-as-usual socioeconomic development would increase the

total N emitted to surface water by at least 43% in 2050, while effective mitigation measures could reduce N
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runoff by about 27%. Advanced agricultural management strategies should be considered to reduce future

environmental pressures due to N runoff in Australia.

Synopsis

This article reveals the concentration effect of dry climate on national aquatic nitrogen pollution, offering a

reference of aquatic nitrogen control framework for global warm and dry regions.
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Introduction

To feed an increasingly wealthy population, human activities have more than tripled the nitrogen (N) input to
terrestrial ecosystem compared to the pre-industrial eral?. The anthropogenic perturbation of the N cycle
results in a considerable amount of reactive nitrogen (N;) losses into aquatic systems, including terrestrial
surface water’, groundwater, and marine water. Atmospheric N; emissions could also affect surface water
quality through dry and wet N deposition*. The safe operating space with regard to the planetary boundary of
the natural N cycle has been exceeded by over two-fold®. Excessive N input to water bodies contributes to a
range of environmental and social pressures, e.g. water eutrophication, marine ecosystem degradation, and
health damage through unsafe drinking water®®, To understand the underlying mechanisms of N losses to
water bodies is crucial for global sustainable development goals (SDGs), especially on Ensure Availability
and Sustainable Management of Water and Sanitation for All (SDG6)°, and sustainable food production and

overall environmental protection'°.

Aquatic N pollution is a topic of great concern in dryland Australia due to the shortage of water resources.
About 40% of river basins show significant total nitrogen (TN, including nitrate-nitrogen (NO3-N), nitrite-
nitrogen (NO»-N), ammoniacal-nitrogen (NH4-N), and organic nitrogen) exceedances of national limit
values®!, indicating prevalent water N pollution across Australia. Frequent algal blooms in Australian
freshwaters caused by excessive N and phosphorus (P) cost about 140-185 million US dollars (USD) every
year'?, and can further cascade to coastal and marine ecosystems'3, damaging the United Nations Educational,
Scientific and Cultural Organization (UNESCO) natural heritage site of the Great Barrier Reef (GBR).
Besides, climate also plays an important role in N loading and pollution. Large annual precipitation increases

both N fluxes and water volumes®>

, while high temperature promotes both N loading and instream N
removal in rivers'” . Compared to other global regions, a dry and warm climate is unique to Australia, and
how these factors affect water N pollution is not well understood. Meanwhile, as a world-leading producer
and exporter of agricultural products, Australia has quintupled its crop production since 1960 with N fertilizer
consumption increasing 36 times®®, and 71 million sheep and 26 million cattle are reared?” #, Increasing our

understanding about how agricultural activities, combined with the dry and warm climate, affect water quality

is crucial for sustainable future development of Australia.



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

In this study, a comprehensive national N budget is compiled in order to quantify the effect of warm and dry
climate on water quality. Previous studies mainly focused on empirical measurements of aquatic N; releases

from agriculture???*

, neglecting emissions from other sectors such as forests, waste disposal and treatment,
and atmospheric N deposition. In addition, the influence of a dry and warm climate has so far been rarely
considered in previous N budget studies, leading to uncertainties when it comes to the level of water N
pollution. In this paper, we conduct analyses on: (i) how the dry climate and intensive agriculture affect
aquatic N, emissions, as well as riverine N pollution in Australia; (ii) how terrestrial N runoff impacts the

GBR marine ecosystem; and (iii) how riverine N runoff is projected to change under future climate change,

which may enhance the dry and warm climate further, and socio-economic development.

Materials and Methods

Model and dataset. The study area for the assessment of N; emissions covers the entire terrestrial territory of
Australia, including inland surface water and groundwater bodies. We used the Coupled Human And Natural
Systems (CHANS) model to evaluate annual N fluxes in Australia during the period 1961-2017. The whole
country was divided into 14 subsystems, including cropland, grassland, feedlot, human, industry, aquaculture,
forest, pets, urban green-land, solid waste, wastewater, atmosphere, surface water, and groundwater. Inputs,
outputs, and the accumulation of N in each subsystem were calculated based on a mass balance approach. In
the vertical direction, N deposition to land was considered as input to the system. Here we focused on two
aquatic subsystems — surface water and groundwater - to identify N, emissions from all other subsystems to

water. A detailed description of the CHANS model can be found in Gu et al?®.

Data adopted in this study were divided into two parts: (i) information and activity data in Australia, including
population, N fertilizer application, crop/livestock production, land use, energy consumption, etc., all derived
from global statistics websites (FAO?, IFA'®) and the Australian Bureau of Statistics?’; (ii) diverse
parameters (e.g. N content in crops) and emission factors (EFs) for various sources, obtained from the

literature and previous studies. Details can be found in Table S2-S5 in Supporting Information.



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Emission distribution and validation. The spatial emission distribution of national TN runoff in Australia in
2017 was estimated as follows: We introduced the parameter “emission intensity?® (kg N ha! yr')” to
describe the rate of emissions across all regions of the country. Emissions originating from each subsystem
were quantified for corresponding regions on the Australian land use map?. Accordingly, a N; emission
quantity was divided by the area of respective regions to calculate the emission intensity by sector. Emissions
from grazing animals were allocated to pastures in 58 Natural Resource Management (NRM) regions in
Australia. Emissions from all other sources were divided geographically in equal measure. The observations
of annual average TN concentration in surface water were adopted from monitoring sites, set up by local
Environment Protection Authority (EPA) cooperating with local governments and other monitoring reports®>-
36, The observation details, including sampling methods, periods and locations, can be found at EPA websites
above, as well as in National Water Quality Management Strategy*’. Hotspots of TN runoff were identified
based on 58 NRM regions™® in 8 states and territories, while water quality observations were identified based
on 77 water regions, a secondary area divisions of 12 Australian drainage basins® (maps embedded in Figure

2b).

Terrestrial N loss to GBR has been analyzed. In this paper, the specific GBR catchment area was defined as
the terrestrial river basins directly drain into the GBR lagoon®. Government estimates of TN runoff in the

GBR catchment in Figure 2¢ were conducted by state of Queensland®.

10,000 Monte Carlo simulations were executed to estimate the 99% confidence intervals of aquatic N
emissions in Australia during the study period. For every emission item, Coefficients of Variation (CVs, %)
were applied to data involved in the calculation (including activity data, parameters, and EFs), based on data

origins and properties. Details can be found in Table S6-S7 in Supporting Information.

River comparisons. To explore the impact of climate on riverine N pollution in Australia, we compared the
longest and most important river, Murray River in Australia, with other two national longest rivers,
Mississippi River in the USA and Yangtze River in China. Runoff modulus was defined as the water runoff

generated per unit area of a river basin in a year*!. Emission per discharge referred to TN emissions divided
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by water volume discharge in a year. The riverine TN flux (kg N ha! yr'!) was defined as the annual flux of N
transported by the river to the ocean, divided by river basin area. The net anthropogenic nitrogen inputs
(NANI, kg N ha! yr'!) of watersheds included the use of synthetic N fertilizer, N fixation associated with
agricultural crops, atmospheric deposition of oxidized N, and the net movement of N into or out of the region
in human food and animal feeds*?. The N flux and NANI for the Murray River basin were evaluated in this
study. N fluxes for the Mississippi River basin were simulated using 2012 SPARROW Models conducted by
U.S. Geological Survey (USGS)*, and the NANI was adopted from Mclsaac et al**. N fluxes for the Yangtze
River basin originated from Wang et al.*>, while the NANI was derived from Wang et al*®. The average of

154 global watersheds were summarized by Howarth et al*?

. The dots in Figure 4b present pollution patterns
of small regions composing the river basins. For the Murray, Mississippi, and Yangtze rivers, the regions
were defined as secondary river basins, states, and provinces, respectively. TN concentrations were derived

from literature and previous studies* 4748,

Driving analysis and future trends. Driving analysis, defined as the correlation analysis revealing main
driving factors of regional N runoff intensities, has been conducted with multiple linear regression methods
using StataSE 15 software, to determine the contributory factors of TN emission intensity. Both independent
and dependent variables were converted to averages for each NRM region. Five factors included disposable
income per capita (DI), agriculture production value (AGRI), mean annual temperature (MAT), mean annual
rainfall (MAR), and population density (PD), of which AGRI, MAT, and PD were found to have significant
correlations with emission intensity. The analysis of variance was conducted with three significant factors and

results are shown in Table 1.

Based on the regression analysis, future TN runoff intensities have been simulated at time steps of every five
years for the period from 2020 to 2050. Five scenarios based on SSPs were modelled. The GDP, population,
and temperature could be predicted for each SSP narrative*®. The adoption rates for measures in the controlled
emission scenario (CES) were assumed to increase steadily, from 0% in 2017 to 100% in 2050, at 14.3% for

each five year time step.
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The values of three contributory factors were calculated based on the results, and we assumed that agricultural
production values would be proportional to GDP. The predictive average TN runoff intensity for each NRM
region was distributed among the area based on the land use map, supposing that emissions from all sectors

would increase evenly in the same multiple.

Cost and benefit. Emission abatement cost for each agricultural strategy in the CES were estimated
separately. The unit cost of implementing riparian buffer strips in grazed watersheds was 6.4 USD kgN-!,
from official calculations®. The unit cost for implementing widespread use of controlled-release urea (CRU)
on croplands was 35.9 USD kgN-!, based on the predicted average price of N-permits trading in the GBR
catchement®®. For feedlot improvements, since the price of bran is lower than dry-rolled corn, implementation
cost was assumed to be negligible. Societal benefits of N runoff reduction included environmental and health

benefits®, amounting to a total price of 18.9 USD kgN-'.
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Results and Discussion

Hotspots of N: emissions to water. Australia emitted a total of 292 Gg N yr™! to surface water and 972 Gg N
yr'! to groundwater in 2017. Compared with other countries, Australia has lower aquatic N, emissions and a
higher air/water emissions ratio (Table S1 in Supporting Information), mainly caused by the warm and dry
climate and hence reduced rainfall. On the one hand, high temperature increases N; emissions to air; on the
other hand, low annual average rainfall (504 mm®?) and a low rate of river discharge largely limit loading and
transport of N; to aquatic systems® (Figure 1). Agriculture is the dominant emission sector for aquatic N,
with livestock production contributing two thirds of the N runoff, and over 80% of N leaching. In 12
Australian drainage basins (Figure 2a), Murray-Darling ranked first with 87 Gg N yr™!' emissions to surface
water, followed by Northeast Coast and Southwest Coast. The top three basins cover almost all of the areas of
Wheat belt, Wheat/Sheep belt, and intensive grazing zones in Australia (Figure 2b)?% 21:54 55 With 26 billion
USD production value annually, livestock and cropland industries in Australia account for only 1.9% of
national Gross Domestic Product (GDP)*® %, but take up 95% of total aquatic N; emission. The national water
reform work program has been devoted to managing water allocation and trying to mitigate nutrients pollution

from agriculture industry®®.

N deposition

Low
precipitation

Small discharge

A
Cropland 155
Livestock

y 783+139"

972+200

Figure 1. Aquatic N, emission patterns in Australia in 2017. Units are Tg N yr'\. The emission inventories include both

natural and anthropogenic emissions. Agricultural sources dominated both surface water and groundwater N releases. The
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185 Figure 2. TN runoff patterns in Australia and Great Barrier Reef (GBR) catchment. a, TN runoff among 12

186 Australian drainage basins in 2017; b, distribution maps of drainage basins and GBR catchment; ¢, TN runoff trend in
187 GBR catchment during 1961-2017. Legends of ¢ are shown in a. GBR catchment area was defined as the river basins

188 directly drain into the GBR lagoon. The government estimates of TN runoff in GBR catchment were conducted by state of
189 Queensland®’. MD: Murray-Darling; NEC: Northeast Coast; SWC: Southwest Coast; SEC: Southeast Coast; WP: Western
190 Plateau; LE: Lake Eyre; GC: Gulf of Carpentaria; I0: Indian Ocean; TS: Timor Sea; SAG: South Australian Gulf; TAS:
191 Tasmania; BB: Bulloo-Banncannia.
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193 Figure 3a depicts the spatial distribution of TN runoff in 58 NRM regions across Australia in 2017. Pastures
194 in Victoria were the most prominent hotspots, with an average TN emission intensity of more than 5 kg N ha

195 !, Aquaculture, feedlot, and waste treatment sectors also had highly variable emission intensities (>50 kg N



196  ha), but were overall insignificant with small areas. Figure 3b shows the monitoring results of TN

197 concentrations in surface water for 77 watersheds. The spatial emission patterns evaluated in this study agreed
198  well with monitoring results (Figure 3¢ and 3d). Emission hotspots in Victoria were spatially consistent with
199  high N pollution (TN>3.0 mg N L!) in south Murray-Darling and Southeast Coast basins in Australia. Both
200 grazing sheep and cattle subject to high stocking rates in Victoria (0.45 head cattle and 1.73 head sheep per
201 ha?"2%), leading to substantial N, emissions to surface water. Pastures in Australia consume approximately

202 35% of total water supply, identifying extensive grazing and irrigation for the livestock industry as important

203 causes of N loading of riverine systems®®.
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207 Management (NRM) regions across Australia in 2017; b, the monitoring results of TN concentration in surface water in

208 77 water regions; ¢, correlations between TN runoff and TN concentration based on NRM regions; d, correlations
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between TN runoff and TN concentration based on watersheds. TN runoff hotspots were mainly located on pasture lands

of Victoria. The spatial emission patterns agreed well with monitoring results.

Dry climate aggravates N pollution. The Murray River is the longest and one of the most representative
rivers in Australia, and the Murray-Darling Basin generates about 40% of Australia's total value of
agricultural production?. Compared with similar global regions such as the Mississippi River in the USA and
the Yangtze River in China, the Murray River has lower runoff modulus (2.3x10° m* s”! ha™!, Figure 4c),
defined as the water runoff generated per unit area of a river basin in a unit time*. Statistical analysis
suggests that a 1% change in mean annual rainfall would lead to a 2-3% change in mean annual riverine
runoff®®. However, in recent years, the amplification effect of rainfall on runoff change in the Murray River
catchment were higher than most past periods and the long-term average, indicating that water runoff is

decreasing while rainfall levels remain broadly constant®, increasing the risk of droughts.
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142

watersheds was gathered and analyzed by Howarth et al*“. Dots in Figure 4b present pollution patterns of small regions

composing the river basins. For Murray, Mississippi, and Yangtze River, the region was defined as secondary river basin,

states, and provinces, respectively.

Annual water balance is a critical factor for loading and transport of TN within aquatic systems®. Low
rainfall and water discharge lead to relatively small river TN fluxes. Annually, 102 Gg N is loaded into the
Murray River, which represents only about 5% of comparable N loads in the Mississippi and Yangtze
rivers*® 5, In the Murray river basin, only 24% of the net anthropogenic nitrogen input (NANI) is exported

into the river, much lower than figures for the Mississippi (35%) and the Yangtze (32%) rivers, as well as the

12
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global average (Figure 4a). As a consequence of the low riverine TN emissions, a relatively large amount of
N is retained, mostly emitted to the atmosphere through chemical and biological processes, e.g. ammonia

vitalization®!, contributing to atmospheric N; pollution.

Despite an overall low level of N; emissions, the Murray River has the largest N; emission per discharge (4.2
g N m™, Figure 4d) compared with other rivers and a three times larger TN concentration is observed,
compared to the Mississippi and Yangtze rivers (Figure 4b). Despite the prevailing dry climate contributing to
a reduction in N emissions, it aggravates N pollution of surface water through reducing the water volume. The
warm and dry climate and high TN concentration in rivers provide prime conditions for blue green algae to
thrive, leading to widespread water eutrophication*’. Global warming could add further pressures on
Australian inland water environments, indicating an urgent need for further research and policy measures to

focus on the improvement of surface water quality under a changing climate®,

Riverine N; threats to the GBR. The GBR is one of the world’s largest coral reef on Earth'3, and a unique
UNESCO world heritage site, contributing 6.4 billion USD in value added to the Australian economy in
2015-16%3. In this paper, the specific GBR catchment area was defined as the terrestrial river basins directly
drain into the GBR lagoon® (Figure 2b). TN runoff in GBR catchment increased from 20 Gg N yr! in 1961 to
63 Gg N yr! in 2001, then fluctuated and decreased to 44 Gg N yr'! in 2017 (Figure 2c). N; pollution has been
identified as the key threat to the GBR ecosystem*® 4. The growth of TN emissions in the previous four
decades were a result of increasing fertilizer application and grazing livestock numbers®. The severe drought
in 2003 largely reduced livestock numbers®, especially sheep, thus reducing pasture TN emissions.
Accordingly, the policy to protect the GBR — the Reef Water Quality Protection Plan — was launched in
2003%. Since then, TN releases to the GBR lagoon have been continually decreasing, a consequence of the
improved management practices of all land-based activities, especially from agriculture, and nature

conservation measures®’.

With 82% of the area occupied by agriculture'®, the GBR catchment contributes to a large extent to overall

food production in Queensland. Pasture dominated the TN release, contributing 72-80% (Figure 2c). With 6.3
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million cattle?® and 31 million hectares of grazed land®, livestock rearing reduced vegetation land cover on
pastures and contributed to surface and sub-surface soil erosion, which constitute a main source of particulate
nitrogen loading in rivers®’. The Fitzroy river basin showed the largest TN emission intensity on pastures of
all rivers in the GBR catchment, contributing to half of the grazing TN runoff. The Reef 2050 Water Quality
Improvement Plan has conducted case studies for grazing emission hotspots®, and the improvements require
a combination of direct (e.g. gully stabilization) and indirect (e.g. cover and run-off management)

techniques®.

TN runoff from cropland in GBR catchment has increased from 2.3 Gg N yr'! in 1961 to 11.4 Gg N yr'! in
2004, and since decreased to 8.3 Gg N yr'! in 2017 (Figure 2c). Sugarcane cropping is the dominant land use
in cropping system among GBR catchment, with total area of 0.4 million hectares®. Reduction of fertilizer
application rates to sugarcane could substantially decrease N runoff?3, and improved irrigation management

could also effectively constrain aquatic N, emissions while broadly maintaining yields®.

Future projections of N runoff with climate change and economic development. Agricultural production
value (AGRI), population density (PD) and mean annual temperature (MAT) are key determining factors for
riverine N emissions (Table 1). This is consistent with the assumption that about 90% of TN runoff originates
from agriculture, and the rest is mainly contributed from sources related to human activities. Therefore, more
agriculture and people result in more N runoff to surface water. Meanwhile, MAT has a significant negative
impact on N runoff (p<10-). High temperature increases atmospheric N, emissions, such as NH;, as well as
water evaporation, which reduces TN runoff to surface water. On the basis of the analysis of these drivers, we
conducted scenario simulations to predict TN runoff under climate change and different development
pathways (Figure 5). Shared Socioeconomic Pathways (SSPs) represent the different challenges for mitigating
and adapting to climate change. The five SSPs assessed include a variation of challenges to adaptation and
mitigation, with the assumption of both being low (SSP1), both being high (SSP3), and variations of low/high
(SSP5), respectively high/low (SSP4). Finally, a balanced scenario was included, reflecting both challenges

considered ‘intermediate’ (SSP2)* 70,

14
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Table 1. Variance analysis of factors contributing to TN runoff intensity (kg N ha™') among 58 Natural Resource
Management (NRM) regions in Australia. AGRI: agriculture production value (billion USD); MAT: mean annual
temperature (°C); PD: population density (person ha™!). SS: sum of squares; df: degree of freedom; MS: mean square; F: F

statistic; Significance F: the probability that the null hypothesis cannot be rejected; R%: R-squared.

Source SS df MS F Significance F R?

Model 14.63 3 4.88 22.72 1.26E-09 0.57
Residual 10.95 51 0.22

Total 25.58

Coefficients Standard t Stat P-value Lower 95%  Upper 95%

error
AGRI 0.85 0.14 593 2.81E-07 0.56 1.14
MAT -0.071 0.016 -4.52 3.81E-05 -0.10 -0.039
PD 0.060 0.023 2.59 0.012 0.014 0.11
Intercept 1.82 0.32 5.71 6.16E-07 1.18 2.46

Historically, TN runoff increased from 224 Gg N yr'! in 1961 to 336 Gg N yr'! in 2001, then declined to 291
Gg N yr'! in 2017. Agriculture dominated these emissions, and fluctuations were mainly a consequence of
livestock number changes. In our scenario analysis, by 2050, the highest TN runoff in Australia (778 Gg N yr°
1 occurred under SSP5 with high fossil-fuel utilization, achieving the largest agriculture production value,
population density, and temperature (Figure 5a). In this scenario, all of eastern Australia showed extremely
high potential for N pollution in surface waters, with an emission intensity three times higher than that of
2017 (Figure 5f and Figure 3a). SSP1, SSP4, and SSP2 would lead to a TN runoff of 616, 590, and 542 Gg N
yr'lin 2050, respectively (Figure 5b, e, and c). Areas along the eastern seaboard of Australia were main
hotspots, especially where agricultural lands are located, compared to 2017 where the hotspots were mainly

concentration in south Victoria.
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Figure 5. Scenario predictions of TN runoff patterns in Australia with Shared Socioeconomic Pathways (SSPs). a,
TN runoff trends from 1961 to 2017, and predictions from 2020 to 2050. b-f, predicted distribution of TN runoff in 2050
for SSP1, SSP2, SSP3, SSP4, and SSPS. g, predicted distribution of TN runoff in 2050 for controlled emission scenario

(CES).

In the SSP3 scenario, projected TN runoff declined to the lowest level of 416 Gg N yr'! emitted to surface
water in 2050, however still about 43% higher than emissions in 2017. Pastures in Victoria showed the
highest emission intensities (Figure 5d). This scenario marked the lowest agriculture production value and
population density, and the second highest temperature among all five SSPs (Table S8 in Supporting

Information). Compared to the most sustainability-driven scenario (SSP1), SSP3 featured regional rivalry,
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focusing on national domestic issues, and de-prioritizing technological and economic developments. In this

scenario, additional efforts to foster technological development has the potential to reduce N; losses to waters.

To evaluate technological effects, we further created a controlled emission scenario (CES) based on SSP3
(Figure 5g), which considered the improvements of agricultural managements, including implementation of
prioritizing controlled-release urea (CRU) fertilizer’?, riparian buffer strips in grazed watersheds’®, and corn
replaced with 30% bran in feedlots’2. N runoff emissions from cropland, pasture, and feedlots under CES are
projected to decrease by 60%, 54%, and 30% in 2050, respectively. A total of 211 Gg N yr™! national runoff in
2050 is suggested, 27% lower than emissions in 2017, indicating the feasibility of TN runoff control in
Australia with existing measures. The thorough implementation of those measures on water pollution control
would provide an efficient way to improve the quality of drinking water in Australia, promoting the
achievement of SDG6. The total cost of implementing the aforementioned abatement measures were
estimated at approximately 3.0 billion USD. The net benefit indicates that this controlled scenario should be a

feasible plan to balance environmental, economic and societal policy objectives for Australia in the future.

Population density and income growth would exacerbate N; emissions to both atmosphere and hydrosphere in
the future. Besides, as the mean annual temperature in Australia continually increases®?, climate change with
dryer and warmer periods has the potential to increase N, emissions to air over direct releases to water, while
high temperature would worsen the water pollution. Any future increase in N runoff from land would both
affect inland ecosystems, public health, and fresh water supply®?, as well as contribute to threats to marine
ecosystems and the commercial use of marine resources'®. Targeted strategies with a focus on emissions from
agricultural sources’ 7, like described in the CES, could be effective and an essential building block to
constrain environmental N, emissions. More efforts from government bodies such as the National
Environment Protection Council to assess and maintain air quality, and cooperation with State and territory
governments to provide information and tools to manage water resources would be essential for the effective

implementation of such strategies.

Supporting Information. Table S1-Table S8.
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