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Australian water quality trends over two
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Barrier Reef region and recovery in the
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Understanding river water quality trajectories and drivers is crucial for effective environmental
management. Here we present a comprehensive nation-wide water quality trend assessment across
Australia with 287 catchments from 2000 to 2019. About half of the catchments show significant
trends in the flow-normalised concentration for each parameter analysed. Most of these significant
trends are due to changes in concentration-flow relationships rather than long-term trends in flow. Two
of Australia’s major river basins show opposing regional patterns in their significant trends. The North
East Coast, which largely flows into the Great Barrier Reef lagoon, has increasing phosphorus and
sediments. This potentially reflects lagged effects of increasing land clearing and fertilisation since
1960s, while land improvement in the region has not yet demonstrated improvement on water quality.
The Murray-Darling Basin has decreasing salinity, phosphorus, and sediment, likely driven by effects
of a region-scale salinity management interventions and a prolonged drought on catchment

processes.

Inland water quality varies both spatially and temporally due to the inter-
action of hydro-climatic conditions (e.g., streamflow, rainfall, groundwater
inputs, air and water temperaturel’3 ), catchment properties (e.g., topo-
graphy, soils, and land cover properties’) and disturbances (e.g., land
management and wildfire*). The analysis of long-term variations of water
quality in rivers and streams enables us to quantitatively assess how riverine
water quality responds to these natural and anthropogenic stressors over
time. Furthermore, establishing links between water quality variations and
local, regional, and global changes is crucial to improve understanding of
how natural stressors and management decisions affect water quality. This
understanding is vital for effective planning to ensure future water security
and ecosystem health”®. To date, there are emerging efforts to study long-

term trends in water quality at large spatial scales, such as across the United
States, Europe, China, New Zealand, and Japan'". In Australia, there are
some regional-scale studies on water quality trends focusing on the south-
eastern part of the country'”"". However, a comprehensive, nation-wide
assessment of water quality trends is still lacking.

Australia encompasses a wide range of climates, with most of the
world’s climate zones present'”. There is a large variability in the hydrology
of Australian rivers, along with the contrasting features of river networks
and landscape conditions of Australian catchments'®"”. This offers a large
sample of contrasting water quality and catchment conditions'*’ and high
scientific value for understanding water quality trends across the nation and
their potential drivers. A number of Australia’s major river basins (as
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mapped in Fig. S1, Supplementary Information) are of key significance for
water security, the economy and environment. For example, the Murray-
Darling Basin is home to more than 2.3 million people, and supports about a
third of the Australian food production. Another region, the North East
Coast, has most of its area (except for a very small region along its south-
eastern border) flowing into the Great Barrier Reef lagoon, a World
Heritage-listed area which sustains the largest coral reef ecosystem on Earth.

Since European colonisation, Australia’s rivers and catchments have
undergone substantial changes caused by anthropogenic activities, such as
clearing of native vegetation for agriculture and urbanisation, which have
led to increases in agricultural runoff, soil erosion, and salinity in soils and
rivers’. In addition, Australia’s catchments are also heavily influenced by
climate change and substantial natural variability in their hydro-climatic
conditions, demonstrated by evident responses to droughts, floods, and
other climate extremes'****, All of these drivers are expected to impact
riverine water quality, and the effort required in managing deteriorating
water quality is never trivial. For example, the Great Barrier Reef ecosystem
is challenged by climate change and pollutants discharged from inland
catchments., with an estimated cost of A$5-10 billion per annum between
2016 and 2025 to achieve the targeted reduction in pollutant load™. In the
Murray-Darling Basin, increasing soil and river salinity have caused sub-
stantial environmental and economic issues, which led to implementation of
various salinity management programmes for over 30 years™. The com-
plexity and significance of various water quality issues in Australia highlight
several scientific and management questions, including: Is water quality
improving or deteriorating in major river basins in Australia? Are these
changes linked to changes in land use and land cover over time? Have
management interventions led to improving water quality, or are the effects
of new management practices yet to be realised?

These questions can be informed by investigating the long-term trends
of water quality across Australia. Conventional approaches for assessing
trends in pollutant concentrations are often based on models that assume a
monotonic trend over the full record of analysis. Examples include the
Mann-Kendall and Sen’s slope approaches, which are useful in summarising
water quality patterns and trajectories at large spatial scales’™'. However,
water quality dynamics are often complex and non-linear; therefore, the
underlying assumptions of these statistical approaches are often not met”.
Further, the relationship between concentration and its predominant driver,
streamflow, is often variable between flow events and across seasons and
years, due to changes in streamflow magnitude and the partition between
surface and subsurface flow”* . Accounting for such time-varying trends
and impacts of streamflow are beyond the capability of conventional,
monotonic trend tests'****.

To this end, the Weighted Regressions on Time, Discharge, and Season
(WRTDS) model has emerged as a powerful tool to incorporate non-
monotonic temporal trend in pollutant concentrations while allowing time-
varying relationships between concentration and flow™*. WRTDS has been
applied in many large-scale trend studies, including regional and
continental-scale studies for rivers across the United States. These studies
revealed regional and nation-wide patterns in water quality trends and their
drivers, supporting and guiding further management decisions™*”. A
particularly attractive feature of WRTDS is the ability to identify the
underlying water quality signals by removing the influence of inter-annual
streamflow variability on pollutant concentration (or load). This is via
calculating the trend of the flow-normalised concentration (or load) rather
than the so-called ‘true-condition’ of concentration (or load)”. This flow-
normalisation approach means that the estimated trends reflect the
‘underlying long-term signal’ in water quality, which is not sensitive to the
inter-annual variation of hydrological conditions over the analysis period™.

A major challenge in interpreting water quality trends has been the
detection of management-relevant signals under non-stationary climatic
and hydrologic conditions. The recent advancement of WRTDS also pro-
vides an effective way to tackle this challenge using the so-called, generalised
flow-normalisation approach, which allows us to partition the total flow-
normalised trend in concentration (or load) into two components that are

driven by long-term changes in streamflow and long-term changes in the
relationship between concentration and flow. The latter can be attributed to
management interventions, changes in catchment conditions (e.g., land use)
and/or other human activities”. Although this partitioning of trends cannot
identify more specific drivers of the trends other than suggesting the relative
importance of the two broader categories (changes in streamflow or changes
in the concentration-flow relationship), this is a first step towards narrowing
down the potential causes of water quality changes and pinpointing
potential management priorities””.

To date, studies on water quality trends in Australia are largely limited
to local, basin or regional scales™*"“*****, which can be in part due to the
general lack of easily accessible long-term river water quality monitoring
data across the nation. A nation-wide large-scale assessment of water quality
trends is in pressing need to address the abovementioned scientific and
management questions and guide Australia’s future water security and
ecosystem health management. This study presents the first assessment of
river water quality trends across the entire Australia to the best of our
knowledge. Specifically, we utilise the WRTDS model as the most advanced
approach to date for analysing and water quality trends, and focus on three
questions about Australian water quality trends in the recent two decades
(2000-2019):

1. What are the long-term water quality trends across Australia?

2. How do water quality trends vary across regions and if so, what
explains these differences?

3. How did water quality trends vary year-to-year?

We addressed these research questions by compiling a nationwide
long-term water quality and streamflow dataset, and estimating the flow-
normalised trends, for the concentrations/values of electrical conductivity
(EC), dissolved oxygen (DO), total nitrogen (TN), total phosphorus (TP)
and total suspended solid (TSS). The trends were estimated between 2000
and 2019 for a total of 287 catchments across Australia (see a map in Fig. S2),
using the WRTDS model, as detailed in the Methods.

Results

What are the long-term water quality trends across Australia?
Up to half of Australia’s catchments analysed for each water quality para-
meter have statistically significant trends in the flow-normalised con-
centration, between 2000 and 2019 (Fig. 1a). Within the catchments with
significant trends, there is a similar number of catchments with increasing
and decreasing trends for DO, EC, and TP. For TN, there are more catch-
ments with significant increases (60%) than significant decreases. For TSS,
the majority of catchments with significant trends were decreasing (86%).

When grouping the significant trends by parameters and major river
basins, the dominant type of trend for each parameter and each region can
inform the improvement or deterioration of waterway conditions. Specifi-
cally, improving conditions of water quality are characterised by increasing
DO, and decreasing EC, TN, TP and TS, while deteriorating conditions are
characterised by opposite trends to the former. Here we summarise the
dominant type of significant trends for each region in Table 1.

Briefly, the significant trends within the South East Coast (Victoria
(VIC)) and North East Coast (which largely flows into the Great Barrier Reef
lagoon) highlight an overall deterioration in water quality. In contrast, the
significant trends within the Murray-Darling Basin generally suggest an
improvement in water quality. The highest number of catchments having
statistically significant trends are found in the South East Coast (VIC),
Murray-Darling Basin and the North East Coast, with each region having at
least 10 catchments with significant trends detected for multiple parameters
(Fig. 2). This reflects the geographical bias of water quality monitoring in
Australia, with substantially greater coverage and higher density of water
quality monitoring stations in wetter regions'®, which is partly due to the
higher density of perennial rivers in these regions'. In contrast, for the
remaining five regions, namely South West Coast, South East Coast (New
South Wales (NSW)), Tasmania, Carpentaria Coast and Lake Eyre Basin,
there is generally a substantial lack of long-term monitoring sites which
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Fig. 1 | Proportion of water quality monitoring sites/catchments showing each
type of trend between 2000 and 2019. Each panel contains the summary of site-level
trend types for the five water quality parameters across Australia (a) and within each of
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the eight major river basins where long-term water quality data is present (b-i). The
river basins are ordered by the total number of sites analysed. The total number of

catchments analysed are shown as labels on the top for each region/parameter.

Table 1 | The direction of change that most sites with significant trends exhibit, for each major river basin (in rows) and each

parameter (in columns)

DO EC TN TP TSS
Murray-Darling Basin 79% of 28 sites | 81% of 42 sites | 71% of 14 sites | 76% of 34 sites | 96% of 51 sites
increasing decreasing increasing decreasing decreasing
North East Coast No data 76% of 33 sites | 69% of 13 sites | 81% of 32 sites | 100% of 5 sites
increasing increasing increasing increasing
South East Coast (VIC) 96% of 25 sites | 68% of 22 sites | No data 62% of 26 sites | 73% of 11 sites
decreasing increasing increasing decreasing
South West Coast No data No data 86% of 7 sites | 100% of 5 sites | 100% of 5 sites
decreasing decreasing decreasing
South East Coast (NSW) No data 67% of 3 sites | 100% of 1 site | 100% of 4 sites | No data
decreasing increasing decreasing
Tasmania 100% of 2 sites | No data No data No data No data
increasing
Carpentaria Coast No data 100% of 1 site | 0 site with | 100% of 1 site | No data
increasing significant trend increasing
Lake Eyre Basin No data 0 site with | No data No data No data
significant trend

The cells are coloured by whether the dominant trend indicates animprovement or deterioration of water quality over time (green—improvement; red — deterioration). Parameters and river basins with no data

and no significant trend present are highlighted in white and grey.

largely limits our conclusion on large-scale patterns of water quality dete-
rioration or improvement. Considering this, instead of all eight major
regions, we focus on the three regions which have the most sites with
significant trends for the subsequent discussion of regional trend patterns,
namely, South East Coast (VIC), Murray-Darling Basin and the North
East Coast.

The subsequent section presents detailed results for the three major
regions.

How do water quality trends vary across regions and if so, what
explains these differences?

For each water quality parameter, 90% of the catchments with significant
trends have changed within +8% per year between 2000 and 2019 relative to
the first year of analysis, i.e. the year 2000 (Fig. 3). However, within this we see
statistically significant (p < 0.05) differences in the magnitude of trends of DO,

EC, TP, and T'SS across the three major regions analysed, as suggested by the
Kruskal-Wallis test. The previous results on trend direction highlight con-
trasting regional patterns especially between the North East Coast and the
Murray-Darling Basin (Figs. 1, 2), and such regional contrasts are again seen
in the trend magnitudes. Specifically, the North East Coast has substantially
higher increases in TP and TSS, and slightly higher increasing trends in EC,
compared to the other two regions. The Murray-Darling Basin has the greatest
decreases in EC, TP and TSS, although TN has been trending up in general.
The water quality trends generally are smaller in magnitudes within the South
East Coast region compared to the other two regions.

The above trends estimated focused on the flow-normalised con-
centrations, by which we eliminated the effect of the inter-annual variability
in streamflow. As such, the estimated water quality trends can be driven by
either (a) non-stationarity in streamflow (i.e., long-term trends in stream-
flow); and (b) changes in the concentration-flow relationship, over the two
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Fig. 2 | Spatial variation of catchment-level trend types for each water quality
parameter. The panel titles denote the total number of catchments analysed and the
number of catchments with significantly increasing/decreasing trends. The
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background colours highlight the major river basins in Australia (data Source:
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indicate basins with no catchment having sufficient data available for trend analysis.
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Fig. 3 | Range of significant trend magnitudes across catchments within each of
the three key regions analysed. Each panel summaries the significant trends in each
water quality parameter as percentage changes per year relative to the level of year
2000, which are grouped in three boxes by the three key regions analysed. Each panel
title denotes the parameter and total number of catchments analysed across the three

regions, along with the results of Kruskal-Wallis test (p-values) to identify statisti-
cally significant variability in the trend magnitudes. The number of catchments with
significant trends included each region is shown in annotation above the x-axes for
each parameter. The centre line and whiskers of each box indicate the median and
1.5 times the interquartile ranges of values.

decades™”, which allows further attribution of the trends to their potential
drivers. Following a WRTDS-based trend decomposition® (see details in
Methods), we found that for most water quality parameters and catchments
within the three key regions (i.e., Murray-Darling Basin, South East Coast

VIC and North East Coast), the impacts of long-term streamflow trends
generally only account for a small proportion of the water quality trends
(Fig. 4). Specifically, for most (80%) of catchments analysed for any para-
meter, long-term changes in streamflow explain only up to 20.5% of water
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Fig. 4 | Percentages of the significant water quality trend for each catchment and
parameter that are attributed to two components: changes in streamflow, and
changes in the concentration-flow relationship. The two trend components sum to
100% for each catchment. Results are grouped by parameters in panels, while the
x-axis shows the three key regions analysed in three boxes (SE Coast (VIC) - South
East Coast (Victoria); MDB - Murray-Darling Basin; NE Coast - North East Coast).

The boxes show the range of each trend component across catchments. Note that a
trend component may exceed 100% of the water quality trend when some of its effect
is cancelled out by the other trend component which has the opposite direction of
effect on the water quality trends i.e., the two trend components are counteracting
the effect of each other. The centre line and whiskers of each box indicate the median
and 1.5 times the interquartile ranges of values.

quality trends, highlighting that the majority (i.e., over 79.5%) of the water
quality trends can be attributed to changes in the concentration-flow rela-
tionship. This reflects the potential effects of changes in catchment condi-
tions and processes, as well as human activities and management. Even for
the North East Coast where we see the strongest flow effects on the TSS
trends, the median impact of long-term streamflow trends across all
catchments makes only 15% of the water quality trends. There are only two
catchments (one for TP and one for EC) where the changes in flow are more
important in controlling water quality trends than the changes in the
concentration-flow relationship.

These results highlight that the majority of significant water quality
trends between 2000 and 2019 are attributed to changes in the relationship
between flow and concentration, which can be due to changes in the sources,
mobilisation, and transport processes of individual water-quality parameters.
In turn, these changes can be related to changes in land use, anthropogenic
disturbances, and/or management practices. This finding is consistent with
previous studies on water quality trend attribution in Europe and the con-
tinental United States across a multiple climate zones. Specifically, studies
which also employed the WRTDS model over the continental United States
(which is dominated by temperate and continental climates) found that, the
majority of the long-term concentration trends in sediments (1992-2012),
salinity (1982-2012) and nutrients (1982-2012) were attributed to changes in
the concentration-flow relationship rather than long-term trends in
streamflow”*’. Another study evaluated three large European basins repre-
senting alpine, Mediterranean and continental climate; although through a
different approach (Mann-Kendall trend test combined with principal
component analysis and correlation analyses), the study highlighted agri-
cultural and population density as the most important drivers for the trends
in phosphate over 1990-2015’. Our findings confirm the dominant impact of
non-streamflow driven changes on water quality trends with a large sample of

temperate catchments. Moreover, we also expanded this finding to arid and
subtropical climates, which are well represented in the three key regions we
studied (i.e., Murray-Darling Basin, South East Coast VIC and North East
Coast, see the individual catchments’ climate classification in Fig. S2a, Sup-
plementary Information). One plausible reason for the lack of flow impact in
driving water quality trends in our study is that almost all catchments ana-
lysed did not have significant monotonic trends in flow during our study
period (Fig. S3, Supplementary Information).

Following the above finding that the change in concentration-flow
relationships explains the majority of the significant water quality trends, we
further explored whether the substantial regional differences in the sig-
nificant water quality trends (Fig. 3) are linked to the long-term changes in
land use/land cover of the catchments analysed within each major region, as
these are important catchment changes that could be linked to changing
concentration-flow relationships. Although different subsets of catchments
were analysed for different water quality parameters, the comparison of
changes in land use and land cover across the three regions generally follows
similar patterns — so we present only the catchments analysed for TSS trends
here as a representative example (Fig. 5), with Fig. S4 (Supplementary
Information) showing the results for all five parameters. Common changes
to the three regions include increases in percentage cover of natural land and
intensively-used land (including urban and industrial uses), and decreases
in percentage cover of production natural land (see Table S1 for a full
definition of each category of land use and land cover). There is no statis-
tically significant difference between the three regions (Kruskal-Wallis test,
P <0.05) in the change of the proportional catchment coverage of any major
land use/land cover category, despite some visual differences across regions.
This means that regional differences in water quality trends cannot be
explained by regional differences in the changes to the catchment-averaged
coverage of the main land use and land cover categories over time. For
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Fig. 5 | Long-term changes in the percentage area covered by each main land use
and land cover category for catchments within the three key regions analysed for
TSS trends. Each panel summarised catchment-level changes in a specific land use/
land cover type, grouped by the three key regions with three boxes. The panel title
denotes each major land use/land cover category analysed, along with the results of
Kruskal-Wallis test (p-values) to identify statistically significant difference across the

three regions in the long-term change of each land use/land cover category. The centre
line and whiskers of each box indicate the median and 1.5 times the interquartile
ranges of values. Table S1 (Supplementary Information) details the definition of
individual land use and land cover categories and their corresponding data sources.
The full summary of changes in the land use and land cover for catchments analysed
for each water quality parameter is shown in Fig. S4, Supplementary Information.

example, the Murray-Darling Basin, which showed the greatest water
quality improvements compared to the other two regions, generally has
greater or similar increases in the proportional catchment areas used for
dryland agriculture and less or similar increases in the proportional catch-
ment areas as natural/conservation land. These results suggest that other
factors than catchment average land use and land cover changes may have
contributed to the significant regional differences of water quality trends
over the two decades shown in Fig. 3; the potential influencing factors are
elaborated in the Discussion.

How did water quality vary year-to-year?

This section further explores how the flow-normalised concentrations of
individual catchments vary from year to year over the two decades analysed.
Due to the contrasting trends across regions shown previously, we investi-
gated the temporal variation of trends separately for each of the three major
regions analysed — South East Coast (Victoria), Murray-Darling Basin and
North East Coast. Here, we present the variation of flow-normalised con-
centrations between consecutive years between 2000 and 2019; for each
catchment, all these year-to-year variations are expressed as percentages of
the corresponding flow-normalised concentration of 2000 (Fig. 6). These
normalised inter-annual variations enable us to assess any non-linearity in the
change of water quality over time for each region. Specifically, negative and
positive values correspond to decreases and increases from one year to the
next year, respectively, while the magnitudes of values over time indicate
whether the increases and decreases are at stable rates.

Within catchments with statistically significant trends over 2000-2019,
the inter-annual variations in four of the five parameters, DO, EC, TN, and
TP, are mostly within £10% (as shown by the interquartile range) relative to
the baseline concentration at year 2000, where the median inter-annual
change within each region is largely within +5% (Fig. 5).

Although there is clear between-catchment variation, the inter-annual
variations follow somehow similar systematic patterns across the South East
Coast (Victoria) and Murray-Darling Basin. Specifically, both regions
experienced an initial decline in DO, following which the DO levels largely
remained stable since 2012 for the South East Coast (Victoria), and switched to
increasing trends around 2006 for the Murray-Darling Basin. The two regions
also share common patterns in TSS and TP which both started decreasing
since the second decade analysed. The most distinct pattern of non-linear
change is for TSS in the Murray-Darling Basin, which has been relatively stable
with minimal changes until around 2007, followed by a large-scale decline at an
increasing rate between 2007 and 2012 and then a slower decline between 2012
and 2019. The potential causes of the distinct non-linear pattern of TSS for the
Murray-Darling Basin are further explored in the Discussion.

For the North East Coast, TSS substantially fluctuates until 2010 fol-
lowed by faster increase in each year after 2010. However, the low sample
size (i.e., with only 5 catchments having significant trends) might limit the
representativeness of a regional pattern. TP follows a rather steady increase
from 2010 onwards.

Catchments with non-significant trends over 2000-2019 generally
have similar patterns of inter-annual variation over the two decades
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Fig. 6 | Inter-annual variations of water quality, as changes in the flow- over 2000-2019 and presented with a pair of boxes showing the significant/non-
normalised concentrations from the previous year to the next year. Each row significant trends. All changes are expressed as percentages relative to the
summarised one water quality parameter, with three key regions analysed in col- catchment-level flow-normalised concentration of year 2000. The x-axis marks the

umns: South East Coast (VIG; left), Murray-Darling Basin (middle) and the North  end years of all inter-annual variations. The centre line and whiskers of each box
East Coast (right). Catchments for each region/parameter are grouped for each year  indicate the median and 1.5 times the interquartile ranges of values.
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compared to the catchments with significant trends. For example, the large-
scale non-linear changes in DO and TSS discussed above are also seen in the
non-significant catchments.

Discussion

This study presents the first national-scale water quality trend assessment
across Australia to the best of our knowledge. The trends were estimated
using the flow-normalised concentration, which removes the effect of the
inter-annual variability in streamflow on water quality trends, allowing us to
focus on the long-term underlying signals in water quality as opposed to
noises”’. This flow-normalisation process seems to have resulted in less
significant trends in our study compared with earlier water quality trend
studies. A previous water quality trend analysis for Victoria over 1995-2021
overlaps with our study period and also covers the South East Coast (VIC)
region and parts of the Murray-Darling Basin'’. The Victorian study used a
linear trend model for each site and water quality parameter, accounting for
flow, water temperature, and seasonality. The dominant trend types found
in the early study are: non-significant trends for DO (48.1% of sites) and TP
(46.5% of sites), increasing trends for TN (49.2% of sites), and decreasing
trends for EC (45.9% of sites). Another study assessed the water quality
trend over the recent 40 years along the River Murray since 1978', however,
since the study only presented trends for five representative sites instead of
any regional trend pattern, we focus on the Victorian trend study instead to
compare the regional trend patterns suggested. Compared with the two
relevant regions in our analyses (South East Coast (VIC) region and
Murray-Darling Basin), findings of the Victorian trend study align with our
results for DO and TP but contrast for EC - all of which are dominated by
non-significant trends within the two regions (Fig. 1). The start of the
analysis periods of the earlier trend study and the current study (1995 and
2000, respectively) are both within the Millennium Drought, with evident
streamflow reductions in the Murray Darling Basin since the 1990s". When
estimating the EC trends with no flow normalisation, drought conditions at
the start of the analysis period are expected to limit dilution and thus lead to
higher EC levels™ compared to the latter two decades which have been
recovering from drought. As such, without flow normalisation we are likely
to see an overall decreasing trend in EC over the two decades of analysis - as
was the case for the earlier Victorian trend study. In our study, in contrast, it
is likely that flow normalisation has dampened the effects of the drought-
induced reduction in dilution by removing the effect of inter-annual
variability in streamflow, which is consistent with the more non-significant
EC trends found in this study. Following this point, it should be noted that
our study focuses on describing the long-term water quality trends over two
decades, instead of understanding short-term variability of water quality in
responses to the variability of hydro-climatic conditions; and the latter is
also beyond the capacity of the WRTDS model by its design. Therefore,
while short-term variability of streamflow, such as droughts and floods, are
important drivers of water quality, with demonstrated links to severe water
quality events'”***, our results do not intend to capture such short-term
water quality responses. Furthermore, due to the focus on long-term trends
and relative changes of water quality over time, our results should also not be
interpreted as an assessment of the status of the ecological health, such as the
occurrence of hypoxic events®.

Another study on 28 Murray River sites estimated water quality trends
over both the 2003-2012 and 2012-2021 periods with a General linear
model (GLM) that included a linear trend component"”. The study con-
cluded contrasting dominant trends across the sites analysed, for the two
decades analysed: decreasing and increasing (2012-2021) for DO, increas-
ing (2003-2012) and decreasing (2012-2021) for TP, while the sites ana-
lysed for EC lacked consistent trends for both decades. It is difficult to
compare the overall trend directions between our study and the River
Murray trend study since we analysed the trends over an entire 20-year
period (2000-2019), while the River Murray trend study analysed two 10-
year segments. However, we see similar patterns of shifting trend directions
for DO and TP over the Murray-Darling Basin, with the year-to-year var-
iation during our analyses period (Fig. 6).

Within the significant trends we identified over the two decades, the
greatest contrast in the region-scale patterns of water quality trends is
between two major river basins analysed, where the North East Coast -
which largely flows into the Great Barrier Reef lagoon - has substantially
higher increases in TP and TSS, while the Murray-Darling Basin has the
greatest declines in EC, TP, and TSS. This shows an overall improving water
quality condition for the Murray-Darling Basin and deteriorating condition
for the North East Coast, over the two decades analysed. The South-East
Coast (VIC) region shows more median-ranged trends. Here we focus on
the two regions with the most extreme contrasting trends (i.e., North East
Coast and Murray-Darling Basin) and discuss some potential drivers of the
contrasting trends where further investigations are warranted.

Typically, long-term water quality trends arise from the combined
effects of systematic changes in the streamflow and changes in the
concentration-flow relationship. We demonstrated that in Australia, the
majority of the estimated water quality trends are not due to long-term
trends in streamflow (Fig. 4). Instead, the water quality trends are largely
attributable to changes in catchment processes and conditions, due to fac-
tors such as land use/land cover changes, human activities and management
interventions. As such, our study provides the first step towards supporting
river and catchment management to identify key regions where water
quality deterioration is likely due to external disturbance of catchments and
waterways — which should be further investigated and prioritised for water
quality management. We acknowledge that such external disturbances can
be due to a wide range of driving factors, such as land use and land cover
changes and management intervention, and we recommend further studies
with specific regional focus to provide in-depth investigation on the
potential factors driving water quality trends.

Given that the majority of water quality trends are attributed to
changes in catchment processes and conditions, what might account for the
significant differences in water quality trends across regions? We looked into
the changes in catchment coverage by main land use and land cover cate-
gories across the two decades, and found that these changes did not differ
significantly across the three regions. Furthermore, over the two decades,
catchments in the Murray-Darling Basin are generally changing towards
less natural/conservation and more agricultural land uses compared to the
other two regions, despite that this region experienced the greatest
improvement in water quality conditions. These results suggest that changes
in catchment average land use and land cover alone have limited power in
explaining the regional differences in the observed water quality trends.
Other potential causes of the contrasting water quality trends across regions
include regional land management practices (e.g. fertilisation and soil
conservation strategies), water quality management interventions and/or
changes in the source, mobilisation and transport processes at regional
scales — some plausible drivers are discussed below.

Within the Murray-Darling Basin, most significant trends in EC (as a
proxy for salinity) are decreases over 2000-2019, which is likely a result of
the various salinity management schemes being in place since the late 1980s.
This includes a combination of different intervention strategies such as
improving irrigation efficiency, reducing drainage, installing salt intercep-
tion, and drainage diversion schemes to divert saline groundwater away
from entering the River Murray, the major river in the Basin. These salinity
management schemes have been successful in lowering the salt levels in
many locations along the Murray River”. In catchments within the North
East Coast, there has been historically high land clearance rate at exceeding
levels than other Australian states, especially in the past 50 years*. For
example, within the North East Coast, the largest river basin, the Fitzroy
Basin (156,000 km?), has had nearly 70% of its land being cleared for
development during the 1960s to 1970s*”. On the other hand, since the
1960s, there has also been a substantial increase in the application of
nitrogen- and phosphorus-based fertiliser in the North East Coast region*.
The intensive land use and agricultural practices in this region led to elevated
concentrations of sediment and nutrient in streams which discharge into the
Great Barrier Reef lagoon. Concerned by the detrimental effects of pollu-
tants on the Great Barrier Reef ecosystem, the State and Federal
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governments have initiated large-scale programmes in the early 2000s to
improve water quality, yet most programmes implemented have used
voluntary approaches (e.g., via grants, education, extension) to improve land
use and agricultural practices’. The overall deteriorating water quality we
observed across the North East Coast catchments over 2000-2019 might be
adelayed effect of the large land clearing and high fertiliser use that occurred
prior to the implementation of water quality improvement programmes in
the region®. Our results suggest that these new management interventions
have likely not yet yielded tangible outcomes, highlighting the potentially
long lag time between land management interventions and water quality
responses. Such lag times are a common challenge when addressing water
quality issues driven by diffuse pollutant sources at large spatial scales'”*.
Alternatively, it is possible that the scale of adoption of these management
practices may have been insufficient to yield noticeable improvements in
water quality responses shown in the long-term trends. Our results also
emphasise the need for detailed assessments and attribution of water quality
trends in the North East Coast region, as well as the need of maintaining
long-term monitoring networks to track the effectiveness of water quality
management programmes into the future.

The overall decline in TSS in the Murray-Darling Basin demonstrates
substantial non-monotonic changes over time, with most catchments in the
region experiencing reduced TSS concentration at an accelerated rate
between 2007 and 2012, which then slowed down between 2012 and 2019.
What processes may be causing such regional-scale non-linear decreases in
TSS, given that there has been no known region-scale sediment manage-
ment programme in place? The first decade of the analysis period
(2000-2009) in this region was dominated by the Millennium Drought'
which substantially affected catchments, with markedly low streamflow
levels the Murray-Darling Basin; the drought broke when wetter conditions
returned at the start of the second decade analysed via two successive La
Nina events (2010-2012). However, except for the wetter conditions
between 2010 and 2012, streamflow over the second decade analysed has not
substantially increased compared to the first decade (Fig. S3, Supplementary
Information). By focusing on the flow-normalised concentration, we have
eliminated the effects of inter-annual flow variability on the water quality
changes estimated in this study, thus, the systematic non-linear changes in
TSS are likely not simply a result of the enhanced dilution during wet years
between 2010 and 2012. The evident regional-scale non-linear changes in
TSS pre- and post-2012 suggest potential shifts in the relationship between
TSS and streamflow, which may be linked to drought-induced changes in
catchment processes”. For example, there is some evidence in previous
studies that catchments became less connected due to reduced streamflow
during the drought, which may in turn led to reduced mobilisation of non-
point sediments sources and increased sedimentation'********', and shift in
the dominant erosion pathways (e.g., from hillslope erosion to streambank
erosion™*”). Linking to our results, the rapid decline of flow-normalised TSS
between 2007 and 2012 may highlight the process of declining erosion
pathways (such as via hillslope™) at the end of the prolonged drought
around 2010, when dry conditions have persisted for nearly a decade. The
declining rate of decreases in TSS after 2012 may be linked to the retrieval of
some of these erosion pathways following the wetter years during
2010-2012, but the continuous decreases in TSS highlight that the drought
impact on sediment transport processes might have (i) persisted longer
beyond the actual drought, and/or (ii) depleted sediment sources to a large
extent after the two wet years (2010-2012).

Conclusion

This study reveals the nation-wide patterns of trends in five key water
quality parameters, DO, EC, TP, TN, and TSS, across Australia, for the first
time. We analysed the nation’s long-term water quality trends in the flow-
normalised concentration independent of the influence of inter-annual flow
variations. As such, our results highlight large-scale patterns of water quality
changes that are potentially due to non-stationary streamflow, as well as
changes in catchment conditions, processes, and pollutant sources, and
management interventions. The study not only provides a nation-wide

summary of water quality trends, trajectories,s and region-specific trend
patterns for the past two decades, but also highlights some potential causes
of the contrasting water quality trends across key water resources regions.
Our key findings are:

 About half of Australia’s catchments have significant trends in each
water quality parameter analysed, over the period of 2000-2019.

* Within the catchments with significant trends across the nation, DO,
EC, and TP generally have similar numbers of catchments showing
increasing and decreasing trends; TN is dominated by increases (60%
of catchments with significant trends) whereas TSS is dominated by
decreases (86% of catchments with significant trends).

* Most of the significant water quality trends are within +8% per annum
relative to year 2000, but there are substantial differences across
regions.

* Australia’s largest river system, the Murray-Darling Basin, has gen-
erally experienced an improvement in water quality conditions over
the period of 2000-2019, with most significant trends as increases in
DO, and decreases in EC, TP and TSS. In contrast, the North East
Coast, which largely flows into the Great Barrier Reef lagoon, is
dominated by deteriorating conditions with most significant trends as
increases in TP and TSS.

We found the contrasting water quality trends across regions cannot be
explained by regional differences in the changes in catchment average land
use and land cover conditions over the two decades. These results highlight
the potential roles of other drivers for these trends, such as land and water
management programmes and changes in catchment processes. Specifi-
cally, we discussed the potential role of the salinity management pro-
grammes in the Murray-Darling Basin in controlling river salinity over the
two decades. The deteriorating condition of the North East Coast catch-
ments might be the result of a lagged effect of the intensifying land-clearing
and fertilisation since the 1960s. While both the state and federal govern-
ments have invested in improved management practices to reduce the
pollutant loads being discharged into the Great Barrier Reef lagoon, these
management interventions have not yet resulted in clear regional
improvement on riverine water quality. Therefore, we recommend future
studies to address more detailed trend assessment and attribution for this
region, which will facilitate ongoing evaluation of the effectiveness of water
quality management programmes implemented in that region. We also
highlight a large-scale non-linear change in TSS for the Murray-Darling
Basin, which coincide with the Millennium Drought which affected the
region in the 1990s and early 2000s. Based on this, we recommend further
studies to assess potential impacts of that prolonged drought on catchment
processes and explore their links with catchment erosion and sediment
transport processes.

This work also highlights an overall geographical imbalance of
catchment monitoring in Australia, which calls for monitoring initiatives in
the underrepresented regions, even for non-perennial rivers, in order to
better understand water quality trends, trajectories, and drivers. This will
become increasingly important as we expect a greater proportion of Aus-
tralia will show changes to streamflow characteristics, e.g. a shift from
perennial rivers to non-perennial states under climate change'”.

Methods
Data compilation and pre-processing
The water quality data analysed were extracted from a national water quality
dataset complied at the end of 2019, by combining data requested from
individual state government agencies (as detailed in our preceding study'®).
The national dataset includes a total of 578 water quality monitoring sites
and seven water quality parameters. For each site and parameter, the record
length varies between 4 and 47 years with 51-7623 pairs of concentration-
flow data points. Together, there are a total of 14,912,771 samples in the
data set.

Our trend analysis in this study focused on five water quality para-
meters that are of key interest for the management of Australian catchments
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and waterways, namely, electrical conductivity (EC), dissolved oxygen
(DO), total nitrogen (TN), total phosphorus (TP) and total suspended solid
(TSS). Our study focused on the period between 2000 and 2019, which was
based on a preliminary analysis that examined the number of sites retained
when using different start and end dates of analysis with minimum record
periods of above 10 years. We found the 2000-2019 period as the optimal
period balancing the available record length at each site and the number of
monitoring sites for trend analyses. For each of the five water quality
parameters, we retained sites that passed the following criteria for minimum
data availability:
1) The data have maintained at least 10 years of record.
2) The data have no major gap (exceeding 2 years) over either the start
(2000) or end year (2019) of the trend analysis period.
3) The longest data gap is less than 50% of the full record.
4) If any data is below the detection limit, the total number of records
below the detection limit is less than 50% of the total number of
samples.

Consequently, 287 monitoring sites across the five water quality
parameters were deemed suitable for trend analyses. Based on our preceding
study which used a simplified Koppen-Geiger Climate Classification to
assess the climate of the contributing catchment of each site'®, the 287 sites
analysed in this study span across the five major climate classes of Australia,
namely, temperate (129 sites), subtropical (94 sites), arid (27 sites), tropical
(22 sites), and Mediterranean (15 sites). The sites span eight of the 13 major
river basins within Australia™, namely, the Murray-Darling Basin, North
East Coast, South East Coast (VIC), South West Coast, South East Coast
(NSW), Tasmania, Carpentaria Coast and Lake Eyre. The regions of indi-
vidual river basins and climate zones may overlap meaning one river basin
may cover areas within multiple climate zones, and vice versa (Fig. S2a,
Supplementary Information).

For each monitoring site, flow data for the period between 2000 and
2019 were obtained from the streamflow simulations from the Australian
Landscape Water Balance model (AWRA-L v7). This step was necessary
because the raw monitored streamflow data consists of many gaps, while a
continuous flow record is required for the statistical model used to esti-
mating water quality trend (see subsequent section). AWRA-L v7 is the
state-of-art rainfall-runoff model for Australia®, which runs on a 0.05° grid
(approximately 5 km) and simulates Australia’s landscape water balance on
a daily scale from 1911 till current. We extract the daily areal-average runoff
over the contributing catchment area for each site, which was then multi-
plied by the catchment area as an approximate of the daily flow volume at
the monitoring site (i.e., catchment outlet). The boundary of the upstream
contributing catchment for each monitoring site was delineated using
ArcMap based on the site coordinates, along with the Australian Bureau of
Meteorology’s Geofabric dataset™ which details topography and streamlines
across the nation.

Estimation of water quality trends

Trends were estimated of each water quality parameter for each monitoring
site with the Weighted Regressions on Time, Discharge, and Season method
(WRTDS”). WRTDS has been applied in studies of water quality trends,
including regional and continental-scale studies for rivers across the United
States”’***. WRTDS models water quality constituent concentration as
combined effects of time, discharge and seasonality, i.e.:

ln(Ci) =B+ Bt + ﬁz?iln(Q,-) + ﬂS,i sin(2mt;) + B, ; cos(2mt;) + ¢
(1)

For this study, for each day within the time series 4, t is the time since the
first record in year 2000 as decimal years, C is the concentration (for DO,
TSS, TP, and TN) or the measured value (for EC), Qis the daily flow, 3; is the
temporal effect, 8 is the flow effect, $; and 8, are parameters of a sinusoidal
function representing the seasonality effect, 8 is the intercept, and ¢ is the
model residual. For each day within the record, a unique set of model

coefficients is calibrated with a weighted regression, where all observations
in the time series were used in the fitting with different weights that are
determined by the difference in time, discharge, and season between each
observation and the day of estimation. As such, the calibrated WRTDS
model yields a time series of each model coefficient, which then allows the
estimation of flow-normalised concentration for each day within the record
period. This flow-normalisation process can effectively remove the influ-
ence of inter-annual variability in streamflow on concentration and thus
identify long-term systematic changes in water quality as opposed to noises
caused by inter-annual flow variability. It is noted that although water
temperature has been shown to be a key predictor for DO’, we have not
implemented water temperature as a predictor for DO, because the avail-
ability of water temperature data might be a further limitation to the number
of sites with sufficient DO data for this analysis (which is already limited).

Before running the WRTDS model, further data pre-processing was
performed for each time series analysed. For each monitoring site and
parameter, we removed outliers which were defined as values further than
plus and minus three standard deviations from the log mean value of the site
and water quality parameter””. Further, long gaps (>2 years) within the trend
analysis period (2000-2019) were first flagged for further assessments of the
WRTDS model results after the model run.

The model was implemented to each time series (i.e., record of each site
for each water quality parameter) using the R packages EGRET® and
EGRETci” - the former enabled calibration of all model coefficients while
the latter used a bootstrapping approach to estimate the confidence interval
of each estimated trend. All the configurations in implementing EGRET and
EGRETci were kept as the default values of the package, except for the
minimum sample size required to run the model. The user manual of these
packages suggested that a minimum of 100 samples (minNumObs = 100)
should be used to achieve reliable trend estimation, and using less than about
50 samples can affect the reliability of the model™. Considering the general
scarcity of water quality data in Australia, in this study WRTDS was first fit
to catchments with a minimum number of 100 samples; if this minimum
sample size was not met at any catchment, the threshold was adjusted to 50
and the model fitting was further assessed with diagnostic plots. The start of
each year analysed was set to the start of hydrological year as July 1st
(paStart = 7), as per defined in Australian Bureau of Meteorology’. For any
site with water quality data gaps longer than two years, after model cali-
bration the function blankTime (within the EGRET package) was run to
exclude the results during the gap period so that the gap period is dis-
regarded from trend estimation. Note that sites with any gap longer than two
years have already been removed during the site screening by criterion 2) in
Section Data complication and pre-processing.

It is noted that censored values are present in the water quality data
analysed, which the WRTDS model is capable of handling. Specifically,
when fitting the functional form of the model (Eq. 1), a weighted Tobit
regression was used which accommodates censored data. The Tobit
regression is widely recognised as a better alternative to the conventional
weighted least squares regression approach in the presence of censored
data”*. Further to the use of Tobit regression, we also followed the default
convention in WRTDS and specified that the calibration of the weighted
regression model within WRTDS for each site analysed should be per-
formed with a minimum of 50 uncensored data, thus ensuring the
robustness of the fitted model in the presence of censored data®™. An
example R script to perform the abovementioned preliminary data filtering,
quality control and run the WRTDS model is presented in Fig. S5, Sup-
plementary Information.

Calculation of the overall water quality trends

To assess the overall trends of water quality between 2000 and 2019, we
extracted the change in the annual flow-normalised concentrations between
the two end years, 2000 and 2019 from WRTDS and categorised the trends
with their significances and directions (i.e., increasing or decreasing). For
each time series the bootstrapping approach implemented in EGRETci
informed the 90% confidence interval of the estimated change, on which a
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two-sided p-value was estimated. A p-value lower than the critical value of
0.1 indicates rejection of the null hypothesis (i.e., there is no trend in the
data), which thus identifies a significant trend over the period 2000-2019".

For each significant trend, the magnitude of trend was estimated from
WRTDS outputs as:

estChange

——— X100 2
baseConc x 19 @

Trend Magnitude =

estChange is the estimated change in flow-normalised concentration
from the first year to the last year of the analysis period (i.e., 2000 to 2019).
baseConc is the mean flow-normalised concentration for first year (i.e., 2000
for this study). Both estChange and baseConc are in mg L-1 for DO, TN, TP
and TSS and in pg cm-1 for EC. As such, the Trend Magnitude estimated in
Eq. 2 represents the percentage change in flow-normalised concentrations
per year from 2000 to 2019, relative to the 2000 level. Due to the flow-
normalised nature of the trends we estimated, our trend results are expected
to be minimally affected by the hydrological conditions in the start and end
year of the analysis. The overall trends for each water quality parameter were
summarised across all catchments analysed for each water quality
parameter.

Regional differences in water quality trends

To understand how water quality trends vary across different regions across
Australia, we also summarised the trends within major river basins in
Australia™. Regional patterns were synthesised on the direction, significance
and magnitude of the trends for each water quality parameter. A non-
parametric Kruskal-Wallis test was performed to assess the differences in
the distributions of water quality trend magnitudes across regions®'.

The water quality trends within each region were further attributed by
decomposing the trend for each catchment into two components, i.e., long-
term changes in streamflow and long-term changes in the concentration-
flow relationship. These two components were referred to as the streamflow
trend component and the management trend component, respectively,
following the convention in earlier studies™’. The streamflow trend com-
ponent quantifies the water quality changes due to systematic changes in the
streamflow regime, whereas the management trend component estimates
the water quality changes due to changes in the concentration-flow rela-
tionship, which can include a broad range of drivers such as human activ-
ities, management and land use changes. The management trend
component was estimated using WRTDS with a stationary streamflow
regime specified in the flow-normalisation process within the fitted WRTDS
model. The streamflow trend component was then calculated by subtracting
the management trend component from the overall flow-normalised trend
(estChange). In other words, if the streamflow trend component was zero,
the overall flow-normalised trend (estChange) would be fully attributed to
the management trend component. The detailed methodology of trend
decomposition between the two components is included in Choquette
et al.”. The percentage of water quality trends as streamflow trend com-
ponent were summarised by regions to conclude regional patterns on how
much streamflow changes contributed to the water quality trends over the
two decades. A Mann-Kendall test” for monotonic flow trends for indi-
vidual sites within each basin was performed to assist interpretation of the
results on the streamflow trend component.

To further explain the variation of water quality trends across regions,
we examined the changes in the percentage of individual catchments cov-
ered by each major land use and land cover category from 2000 to 2019 for
each region. Nation-wide gridded land use categorisation data were
obtained for years 2000 and 2016, as the latter was the latest year when data
was available for"*”, from which the percentage area coverage of each
catchment by each major land use category was estimated using catchment
boundary delineated previously. The difference in the percentage coverage
by each category was used to approximate the land use change over the two
decades. The land cover change for each catchment was estimated following
a similar approach, except that the source data used was the nation-wide

grided land cover data for years 2000 and 2019%. The key land use and land
cover categories were extracted from the major categorisation of each
dataset, which are listed and explained in Table S1°°*. The changes in
catchment average land use and land cover over the two decades were
compared between regions.

Inter-annual changes in water quality

To understand the inter-annual variation of water quality within the ana-
lysis period, we extracted the annual flow-normalised concentration from
the WRTDS model using function tableResult within the EGRET package.
All the inter-annual changes were then summarised as percentage changes
relative to the first year, 2000, for each site and parameter. These results were
grouped by catchments with significant/non-significant trends over the full
analysis period and compared between key regions analysed.

Data availability

Water quality data used in this study was compiled in our preceding study
which detailed the collation process'®. These data were obtained from public
domain resources. for this study are obtained from public domain resources.
They include the following: WaterNSW - Water Insights (https:/
waterinsights.waternsw.com.au/); Department of Energy, Environment
and Climate Action Victoria — Water Measurement Information System
(https://data.water.vic.gov.au/WMIS); Department for Environment and
Water South Australia - Water Data SA; Queensland Government — Water
Monitoring Information Portal (https://water-monitoring.information.qld.
gov.au/); Department of Water and Environmental Regulation Western
Australia - Water Information Reporting (http://wir.water.wa.gov.au/);
Department of Natural Resources and Environment Tasmania — Water
Information Tasmania Web Portal (https://portal.wrt.tas.gov.au/Data);
Northern Territory Government — Water Data Portal (https://water.nt.gov.
au/Data).

Code availability

The R Script for data cleaning, site screening and fitting the WRTDS model,
following the approach detailed in Methods, can be found in Figure S5,
Supplementary Information.
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