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[bookmark: _dq06meflfhzx]Abstract
We need to understand spatial variability in the mean concentrations and dynamics of riverine water quality for effective water quality management. Using river chemistry data for up to 578 locations across the Australian continent, we assessed the impact of climate zones on (i) interannual mean concentration and (ii) river chemistry dynamics as represented by constituent export regimes (ratio of the coefficients of variation of concentration and discharge) and export patterns (slope of the concentration-discharge relationship). We found that interannual mean concentrations vary significantly by climate zones. However, export regimes and patterns are generally consistent across climate zones. This suggests that intrinsic properties of individual constituents rather than catchment properties determine export regimes and patterns. The spatially consistent river chemistry dynamics highlights the potential to predict riverine water quality across the Australian continent, which will support national riverine water quality management. 
[bookmark: _4dpkia3peyp]Highlights 
· Continental scale analysis of river chemistry across 5 climate zones in Australia
· Significantly different mean concentrations across climate zones 
· No clear variation of river chemistry dynamics with climate zones 
· Spatial variability in river water chemistry generally exceeds temporal variability
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1. [bookmark: _36rw1njnrmu7]Introduction
Surface water quality is degrading due to both local human activities and global climate change (Michalak, 2016; Schwarzenbach et al., 2010). Degradation of surface water quality not only poses risks on aquatic ecosystem health, but also often results in social and economic consequences (Jiang, 2009; Vörösmarty et al., 2010). Monitoring and management of surface water quality is therefore critical for maintaining healthy ecosystems and for supporting human life and sustainable economies. 

Surface water quality varies greatly across both space and time (Chang, 2008; D. Guo et al., 2019; Danlu Guo et al., 2020), which poses a fundamental challenge to developing and implementing effective water quality management policies and strategies. It is therefore crucial to understand changes in average water quality states and dynamics across large spatial scales. Water quality dynamics can be represented by quantifying the relationship between constituent concentrations (C) and discharge (Q). There are several metrics used to represent constituent dynamics and two examples are: (i) the ratio of the coefficients of variation of C divided by that of Q (CV ratio) (Thompson et al., 2011), which informs constituent export regimes; and (ii)  the rate of change in the constituent C compared to the rate of change in Q (C-Q slope) (Godsey et al., 2009), which informs constituent export patterns. 

Previous studies of CV ratios suggested that most constituents exhibit chemostatic export regimes (Andreas Musolff et al., 2015). Chemostatic export regimes are those where the temporal variability in water chemistry is less than the temporal variability in discharge. For geogenic constituents, it has been suggested that their chemostatic export regimes are due to: (i)  large stores of constituents in the catchment (Thompson et al., 2011), and (ii) increases in weathering rates with increasing water fluxes, which results in little change in constituent concentrations regardless of increasing discharge (Godsey et al., 2009). The chemostatic export regime for anthropogenic nutrients in intensively managed catchments is hypothesised to be due to the presence of legacy nutrient stores in the catchment (Basu et al., 2010; van Meter et al., 2016). Some constituents exhibit chemodynamic export regimes. Chemodynamic export regimes of nutrients and sediments have been attributed to point sources within river catchments with large temporal variability in dilution capacity, agricultural activities that lead to nutrient accumulation in topsoils and human activities that result in increased erosion (Mellander et al., 2015; Ockenden et al., 2016).

The C-Q slope has been used in previous studies to characterise the export pattern (dilution or flushing) of a constituent in a catchment. The C-Q slope of constituents can be impacted by: (i) the spatial distribution of constituent sources within a catchment, and (ii) the transport process (flow path) of that constituent (Fazekas et al., 2020; Zhi et al., 2019). The C-Q slope is positive when C increases with increasing flows, and this indicates ‘flushing’ behaviour of the catchment. This generally occurs when there are non-point constituent sources that are ‘close’ to the stream (Abbott et al., 2018; Botter et al., 2020; A Musolff et al., 2017). When the C-Q slope is negative, C decreases with increasing flows, indicating ‘diluting’ behaviour (Godsey et al., 2009). This is commonly observed for constituents originating from point sources (Bowes et al., 2015; Greene et al., 2011), or for ‘distant’ non-point sources (Abbott et al., 2018; Botter et al., 2020; A Musolff et al., 2017). As such, biogenic and anthropogenic solutes often exhibit a flushing pattern (Botter et al., 2020; Zhi et al., 2019) and geogenic solutes generally exhibit a dilution export pattern (Andreas Musolff et al., 2015; Zhi et al., 2019). C-Q slopes need to be interpreted with some caution because in-stream biogeochemical transformations can also affect the magnitude and direction of C-Q slopes. For example, in-stream biogeochemical transformations during low flows have been found to result in positive C-Q slopes, particularly for nutrients because processes such as nutrient uptake and denitrification often occur under low flow conditions (Casquin et al., 2020; Minaudo et al., 2019; Moatar et al., 2017). 

It is relatively straight-forward to investigate spatial variability in average constituent concentrations over large spatial areas. However, investigations of spatial variability of constituent dynamics across large spatial scales (e.g., continental-scale) are less common. Such assessments are needed to provide critical information for managing water quality across large administrative jurisdictions. Whilst there have been previous data-driven studies have addressed spatial variability in constituent concentrations and constituent dynamics over large geographical areas (Botter et al., 2020; Ebeling et al., 2021; Guillemot et al., 2020; Lintern, Webb, Ryu, Liu, Waters, et al., 2018; S Liu et al., 2018; Shuci Liu et al., 2021a; Minaudo et al., 2019), these have been conducted at regional or national scales rather than at continental scales. There have also been large-scale regulatory assessments of water quality that assess river chemistry based on water quality (ecological, drinking water or recreational) guidelines (Argent, 2016). However, these assessments often lack the understanding of the key drivers and controls of river chemistry dynamics. As such, there is currently a gap in understanding of the processes that drive mean constituent concentrations and constituent dynamics at a large spatial scale (e.g., continental scale).
In addition, there are challenges with using data-driven analyses to investigate spatial variability in constituent concentrations and dynamics over large spatial scales. Data-driven analyses that consider a large variety of correlated variables sometimes lead to results that are difficult to interpret. The use of integrative variables such as climate indices could be adopted as an alternative to using multiple correlated variables. This is because other possible direct drivers of water quality such as land use or population density are highly influenced by climate properties (Abbott et al., 2016; Lintern, Webb, Ryu, Liu, Waters, et al., 2018; Mellander et al., 2018; Thomas et al., 2016). Furthermore, climate indices can be a strong indicator of rainfall patterns, which drive the rainfall-runoff processes that underpin constituent mobilisation and transport (Lintern et al., 2018). 

In this study, we investigate the relationship between climate zones and water chemistry states and dynamics in rivers across the entire Australian continent. Our key objectives are to (i) identify the spatial variability in mean river chemistry concentrations at a continental scale and across climate zones; and (ii) identify the variability in export regimes and export patterns at a continental scale using C-Q relationships (CV ratios and C-Q slopes). In particular, we hypothesise that there will be strong variability in both mean concentrations and river chemistry dynamics across climate zones. 

Australia is one of the few countries or continents that contains most of the Earth’s climate zones. Therefore, conclusions from a continental-scale analysis of Australia will have global implications. This continental-scale analysis will, for the first time, reveal how mean water quality states and dynamics change across such a wide range of climate zones. This will add significant new knowledge to catchment water quality both within Australia and internationally. 
2. [bookmark: _lq4h3gs2vpta]Methods
[bookmark: _xkdm3pt30chq]2.1 Water quality and flow data collation
Water chemistry (C) and discharge (Q) data were obtained from publicly available water monitoring databases managed by seven state and territory agencies across Australia. These included: the Department of Land, Water and Planning (Victoria) (Department of Environment, Land, Water & Planning, 2021); WaterNSW (New South Wales) (WaterNSW, 2021); Department of Resources and Department of Environment and Science (Queensland) (Queensland Government, 2021); Department for Water and Environment (South Australia) (Government of South Australia, 2021); Department of Water and Environmental Regulation (Western Australia) (Government of Western Australia Department of Water and Environmental Regulation, 2021); Department of Primary Industries, Parks, Water and Environment (Tasmania) (DPIPWE, 2021) and Department of Environment, Parks and Water Security (Northern Territory) (Government of Northern Territory, 2021).

This paper focuses on seven major water quality constituents. The seven constituents are: calcium (Ca2+ (referred to as Ca from hereonin); 253 sites), electrical conductivity (EC; 515 sites), nitrate-nitrite (NOx; 253 sites), soluble reactive phosphorus (SRP; 183 sites), total nitrogen (TN; 234 sites), total phosphorus (TP; 328 sites), and total suspended solids (TSS; 408 sites). These constituents were selected because: (i) they are constituents of concern for the Australian environment (Bartley et al., 2012; Prosser, 2011; Sarker et al., 2008; Water Quality Australia, 2018); and/or (ii) they have a sufficient number of sites with at least 50 pairs of water quality and discharge data (referred to as ‘C-Q pairs’ from hereon in) and a reasonably good coverage across all climate zones. Only sites with at least 50 pairs of water quality and discharge data were selected based on an assessment of the effect of sample size on the robustness of our estimates (see further details in Supplementary Text S1). In selecting the constituents, we also made sure that both geogenic and pedogenic constituents, and both dissolved and particulate constituents were included (i.e. nutrients, sediment, ions).

The median number of C-Q pairs used for each constituent and the median length of the time series are provided in Table S2 (Supplementary Materials). We did not set a minimum or maximum length of the water quality time series in the selection of data, and the length of the time series range from 4 to 47 years (Table S2, Supplementary Materials). Figure 1 shows the locations of the sites included for EC, which is the constituent for which we have the largest number of sites. 

Figure 1 located here


We cleaned the river chemistry and discharge database by removing all the Q and C data associated with poor quality codes, following recommendations from the state-based data collection agencies (Table S1 of the Supplementary Materials). This included removal of both C and Q data with high uncertainty (typically >20%) and of any water quality records at missing flows. All C data below the limit of detection for a given constituent were assigned values of half of the limit of detection (Helsel, 1990). 

[bookmark: _t5pcqmwjl0nj]2.2 Catchment delineation and climate zones
Catchment boundaries for each of the monitoring sites were determined using the Australian Bureau of Meteorology’s Geofabric and the Geofabric toolset (Bureau of Meteorology, 2012). For each site we identified the dominant climate class of the catchment based on the Köppen-Geiger Climate Classification (Beck et al., 2018). The dominant climate class was found by aggregating gridded climate data for each catchment and then selecting the major climate class within the catchment. We then grouped climate classes into five broad climate zones, i.e. arid (Bwh, Bwk, Bsh and Bsk), Mediterranean (Csa and Csb), temperate (Cfb and Cfc), subtropical (Cfa and Cwa) and tropical (Af, Am and Aw). Catchment areas ranged from 0.9 km2 to 888,682 km2, with a median of 1,049 km2. The percentage modification (urbanisation and agriculture) of the catchments ranges from 0 to 100% with a median of 85% (Geoscience Australia, 2011). 

[bookmark: _y0xpah9647kw]2.3 Data analysis
For the 578 sites included in this study and for each of the seven constituents, we extracted three key measures of water quality. These were: mean C to characterise mean concentration, the ratio of the coefficients of variation of C and Q to characterise export regimes (referred to as the CV ratio from hereon in), and the C-Q slope to characterise export patterns. The C-Q slopes were calculated using a linear regression of the log-transformed C and Q data (Equation 1), following Godsey et al. (2009) and Musolff et al. (2015). 

ln(C) = a + b ln(Q) 							Equation 1

The parameter b from Equation 1 was then adopted as the C-Q slope for each site and for each constituent. Following the method proposed by Musolff et al. (2015), we plotted the C-Q slopes against the CV ratio (e.g., Figure 2) to better understand the interaction between Q and water quality, and the spatial variability in these relationships. CV ratios below 0.5 indicate ‘chemostatic’ export regimes, where the variability in the chemistry is less than half the variability in flow. CV ratios above 0.5 indicate ‘chemodynamic’ regimes (Figure 2) (Ebeling et al., 2021; A Musolff et al., 2017).

Figure 2 located here


To assess whether climate is an important driver of water quality across Australian rivers, we explored the relationship between climate zones and the mean C, CV ratios and C-Q slopes using the Kruskal-Wallis test (α=0.05). Studying the relationship between climate and water quality is important not only to identify spatial patterns in water quality processes, but also because climate determines many other key catchment attributes that impact water quality such as land use and population density. 
3. [bookmark: _ck2p9hl9pn62]Results and discussion
[bookmark: _ql9pgiazs5gs]3.1 Spatial variability in water quality across Australia
Mean constituent concentrations vary substantially across the Australian continent. Higher concentrations are generally found in the central east coast, inland eastern Australia and the west coast (Figure 1). This spatial variability appears to follow the climate zones (Figure 3). There are statistically significant (p<0.05) differences in mean concentrations between climate zones for all constituents (Figure 3). In addition, there are strong negative Spearman correlations (|⍴|>0.5) between the mean constituent C and catchment slope (EC, SRP, TN) and catchment average rainfall (TN, EC, Ca); and strong positive Spearman correlations (|⍴|>0.5) between the mean constituent C and catchment average temperature (TSS, TP, SRP, Figure S11 in the Supplementary Materials). These catchment characteristics have strong cross-correlations (Spearman rank correlations), with the catchment slope being cross-correlated with catchment rainfall (|⍴|>0.5). These results justify the focus of our study on the role of climate zones as a key driver governing spatial water quality variability. 

For EC, Ca, NOx and TN, the tropical zones of northern Australia tend to have lower C compared to the other climate zones (Figure 3). This is likely related to the high rainfall rates in the tropics that may result in significant dilution of solutes and particulates in rivers (S Liu et al., 2018; Shuci Liu et al., 2021a). Median rainfall across tropical catchments is higher than the other climate zones at approximately 1,334 mm (2.5th percentile of 857 mm and 97.5th percentile of 2,674 mm). Intensely weathered and nutrient-poor soils are typical of the tropics and particularly of tropical savannas (Pellegrini, 2016; Reich & Oleksyn, 2004; Wright et al., 2011). This may also explain the lower concentrations observed in this climate zone for many constituents. TP and SRP concentrations in tropical catchments do not follow a similar pattern to EC, Ca, NOx and TN. The relatively high TP concentrations is likely due to the high rainfall and discharge in tropical regions (Shuci Liu et al., 2021b). For SRP, there were only two tropical catchments with SRP data, and as such the SRP concentrations in tropical catchments should be interpreted with caution. 

Arid regions tend to have the highest levels of TSS and TP, with median C of 95.7 mg/L and 0.17 mg/L, respectively (Figure 3). This indicates that our initial assumption that arid regions would exhibit low constituent C due to the lack of human activities was largely incorrect. The high TSS concentration is likely due to the high levels of erosion and particulate transport during the occasional, high-intensity rainfall events occurring in these regions. The low vegetation cover of arid regions may further explain these high rates of erosion. It is also important to note that in the arid region, a significant part of the water quality measurements were obtained during high flow events due to the highly intermittent nature of these systems (Sheldon et al., 2010) (Figure S9 in the Supplementary Materials), potentially biasing our analysis towards higher C. 

There are two possible explanations for the high TP concentrations in arid regions. Firstly, it could be because a large proportion of TP can often be particulate-bound (Lintern et al., 2018; Nhiwatiwa and Dalu, 2017). Indeed, the SRP:TP ratio is less than 0.5 for arid climates (Figure S10 in the Supplementary Materials) and mean TSS and mean TP at each site were strongly correlated (Spearman) with each other in the arid catchments (⍴=0.81, p<0.05). Many of the monitoring sites with high TP concentrations are located along the Darling River, which has high levels of agricultural activity in its headwater catchments. Once in the river, the phosphorus can adsorb to sediments and be transported downstream  (Granger et al., 2010).

The TP, SRP and TSS levels in catchments in subtropical and temperate climates appear to be driven by cross-correlations between climate and a range of other landscape factors. Subtropical catchments have relatively higher levels of TSS and TP (medians of 37 mg/L and 0.12 mg/L, respectively) compared to the other climate zones (Figure 3). Streams in temperate regions have lower levels of these constituents (medians of 11.2 mg/L and 0.041 mg/L, respectively) (Figure 3). Subtropical catchments can be appear to have high levels of agricultural activities (median of 2.9% and 95th percentiles of 9 to 26%). They also appear to have higher levels of P in the soil (median of 0.045 mg/kg) (Figure S8, Supplementary Materials). In contrast, most of the temperate catchments included in the analysis are clustered around the high-elevation areas of the Australian Alps (Victoria) and Tasmania. These catchments are less impacted by agricultural activities (median of 0.35%; 95th percentiles of 0 to 11.1%) and appear to have lower levels of soil TP (median of 0.021 mg/kg).  

Catchments within a Mediterranean climate zone tend to have higher Ca, EC, NOx and TN than those located in other climate zones (medians of 26.1 mg/L, 2124 us/cm, 0.99 mg/L and 0.23 mg/L) (Figure 3). The reason for higher levels of these constituents in Mediterranean climate zones is not clear. Mediterranean catchments tend to have low urbanisation (median of 0.0005%) and agricultural land use is not as high as those in subtropical or tropical catchments (median of 0.11% in Mediterranean catchments compared to 2.9% in subtropical catchments). The higher concentrations of Ca and EC in these Mediterranean catchments could be a result of lower rainfall and thus less flow to dilute constituents. Also, higher shallow and deep flows could mobilise geogenic constituents into streams (Caruso, 2002; Tomaz et al., 2020). Indeed, Mediterranean climates have the second lowest rainfall levels, with a median of 762 mm (Figure S8, Supplementary Materials). High rates of evapotranspiration and low rates of recharge in Mediterranean catchments can result in an accumulation of rainfall-derived solutes in soils and groundwater (Cartwright et al., 2006; Herczeg et al., 2001). 

Figure 3 located here


[bookmark: _gfnay6cgogkd]3.2 Spatial variability in export regimes and patterns across the Australian continent
3.2.1: Export regimes
The temporal variability in constituent concentration for individual constituents is consistent across climate zones (Figure 4) (i.e., the markers cluster by constituent not by climate zone), suggesting that inherent constituent properties determine export regimes across the different climate zones. We expected that river chemistry dynamics would shift according to climate zones (e.g., more dynamic export regimes in arid regions due to high hydrologic variability. However, our results indicate that this initial hypothesis was incorrect.

The variability in constituent concentrations also appears to be greater over space than over time (Figure 4). The greater variability in river chemistry across space suggests that implementing a larger number of water quality monitoring stations would allow us to understand water quality processes and trends better than increasing the number of samples taken at a single site. This is in line with previous findings from France, which also identified greater variability across space in constituent concentrations (Dupas et al., 2019). 


Figure 4 located here

Whilst there is some variability in CV ratios within each climate zone, the export regime of constituents (chemostatic vs chemodynamic) is the same regardless of the climate (Figure 5). Geogenic solutes (EC and Ca) exhibit chemostatic behaviour (CV ratio<0.5) across all climate zones, indicating that the variability in constituent concentration is less than the variability in Q (Figure 5, Table 1). Previous studies have also observed chemostatic behaviour for geogenic constituents such as Ca (Botter et al., 2020; Duncan et al., 2017; Foks et al., 2018; Rose et al., 2018). This has been attributed to large stores of these geogenic constituents available for transport in the aquifer or bedrock (Godsey et al., 2009, 2019; Hunsaker & Johnson, 2017; Andreas Musolff et al., 2015). These previous studies have all been conducted in largely temperate climates, and our study confirms that these chemostatic export regimes for geogenic solutes also occur in other climate zones. 

Some nutrients (TP, TN, SRP) also have a chemostatic export regime in temperate, Mediterranean and subtropical climate zones. High levels of anthropogenic activities such as agriculture and urbanisation can lead to large amounts of shallow and deep transport-limited nutrient stores in the catchment (Basu et al., 2010; Van Meter et al., 2016). Indeed, the temperate, Mediterranean and subtropical areas have high levels of soil nutrients (TP), agriculture and urbanisation (Figure S8, Supplementary Materials). 

Previous studies have found that chemodynamic behaviour occurs in catchments when the connection between constituent stores and rivers vary over time (Hoagland et al., 2017). TSS and NOx show chemodynamic export regimes across all climate zones (Figure 5, Table 1). This is a common export regime for TSS (Mellander et al., 2015; Andreas Musolff et al., 2015; Ockenden et al., 2016). Previous studies have found that NOx can demonstrate chemostatic properties  (e.g., Long et al., 2014), however our study found that NOx has chemodynamic export regimes in Australia. The chemodynamic behaviour of NOx may be indicating that the agricultural and urban activities in Australia are not as intensely managed as in other countries. In addition, Australia has a shorter history of agricultural intensification and this may be resulting in less legacy store of NOx in the soils and groundwater. 


Figure 5 located here

 























Table 1: Percentage of sites exhibiting dilution behaviour (C-Q slope<0) and chemostatic behaviour (CV ratio <0.5) within each constituent-climate zone category for each constituent (bold and italic text indicates where this occurs for over 50% monitoring sites within a constituent-climate zone category). Total number of sites for each climate zone-constituent category provided in parentheses.

	EXPORT REGIME
Chemostatic behaviour (CV ratio < 0.5)

	
	Climate Zone

	Constituent
	Arid
	Mediterranean
	Temperate
	Subtropical
	Tropical

	Ca
	96% (24)
	97% (29)
	82% (39)
	95% (128)
	94% (33)

	EC
	88% (52)
	97% (117)
	89% (149)
	95% (257)
	90% (49)

	NOx
	7% (15)
	27% (41)
	32% (143)
	29% (35)
	11% (19)

	SRP
	40% (10)
	29% (42)
	34% (116)
	80% (20)
	0% (18)

	TN
	47% (43)
	79% (61)
	79% (66)
	88% (65)
	56% (18)

	TP
	50% (24)
	23% (48)
	56% (170)
	64% (67)
	26% (19)

	TSS
	38% (24)
	19% (52)
	25% (138)
	33% (132)
	38% (47)

	EXPORT PATTERN
Dilution behaviour (C-Q slope < 0)

	
	Climate Zone

	Constituent
	Arid
	Mediterranean
	Temperate
	Subtropical
	Tropical

	Ca
	96% (24)
	66% (29)
	90% (39)

	92% (128)
	97% (33)

	EC
	98% (53)
	92% (117)
	90% (149)
	96% (257)
	98% (49)

	NOx
	20% (15)
	15% (41)
	7% (143)
	11% (35)
	26% (19)

	SRP
	10% (10)
	29% (42)
	20% (116)
	0% (18)
	0% (18)

	TN
	13% (24)
	10% (61)
	8% (66)
	6% (65)
	11% (18)

	TP
	13% (24)
	19% (48)
	23% (170)
	6% (67)
	5% (19)

	TSS
	29% (24)
	15% (52)
	9% (138)
	4% (132)
	0% (47)







3.2.2: Export patterns
There are statistically significant differences in C-Q slopes across climate zones for only four out of the seven constituents (NOx, SRP, TP and TSS) (Figure 6). However, the signs of the C-Q slopes for all constituents do not appear to be climate-related (Figure 6). Indeed, individual constituents do not shift from dilution (C-Q slope <0) to flushing behaviour (C-Q slope >0) across climate zones (Table 1). As a general pattern, it appears that the export pattern of a constituent is consistent across all climate zones. This suggests that for a given particulate or dissolved constituent, the fundamental constituent sources and transport processes are consistent across the continent. This is in contrast to previous studies in other parts of the world that have found that C-Q slopes of constituents can vary across space, with this variability largely driven by land use (Fazekas et al., 2020; Andreas Musolff et al., 2015; Zhi & Li, 2020). We hypothesise however that we may see relationships between C-Q slopes and catchment characteristics such as land use within each of the climate zones. As such, further work is required to untangle the key catchment drivers that lead to the spatial variability in C-Q slopes seen within each climate zone. 

C-Q slopes are negative for geogenic constituents (Ca, EC) for over 80% of sites in all climate zones (except for Mediterranean climates) (Figure 6 and Table 1). This indicates that these constituents exhibit dilution patterns at most of the monitoring sites across Australia. Previous studies have found that geogenic solutes typically have higher concentrations at low flow (Li et al., 2017; Moatar et al., 2017; Zhi et al., 2019) and that this dilution behaviour is consistent across space and time for these constituents (Li et al., 2017). According to Zhi and Li (2020) a negative C-Q slope indicates a dominance of deep flow pathways of the geogenic constituent. The lower percentage of dilution patterns observed in Mediterranean catchments for Ca and EC may be related to high evapotranspiration rates that can lead to solute concentration in the shallow soil, as commonly reported in low rainfall areas of southern Australia (Cartwright et al., 2006; Herczeg et al., 2001). 

Non-geogenic and reactive contaminants (NOx, SRP, TN, TP and TSS) have positive C-Q slopes for more than 70% of the Australian monitoring sites, across all climate zones (Figure 6 and Table 1). A positive C-Q slope is hypothesised to be a result of constituents being mobilised and transported by shallow (either surface or shallow subsurface) flow pathways (Li et al., 2021; Zhi & Li, 2020). The findings from the Australian catchments are in line with these previous studies. Previous studies at both catchment and larger spatial scales have generally found that constituents that are largely associated with particulate matter (e.g., TSS, TP) exhibit positive C-Q slopes because they are transported to rivers via shallow flow pathways (Bieroza et al., 2018; Andreas Musolff et al., 2015). However, in contrast to our finding, some of these studies have also found negative C-Q slopes for soluble nutrients such as SRP and NOx (Bieroza et al., 2018; Dupas et al., 2015), indicative of deep flow pathways of these solutes, when catchments become more saturated and deeper stores become connected to streams (Bende-Michl et al., 2013). The positive C-Q slopes for SRP and NOx at the Australian sites, as also observed by Cartwright (2020)  in Victorian catchments, suggest that these compounds are (i) largely transport-limited and (ii) largely transported by shallow flow pathways rather than deeper groundwater flows (Andreas Musolff et al., 2015; Winter et al., 2021). 

It is important to note that this study also demonstrates a lack of correlation between the CV ratios and C-Q slopes. It therefore appears that the C-Q slope cannot be used to characterise the export regime of catchments (chemodynamic vs chemostatic) and should only be used to characterise export patterns (flushing vs dilution pattern). This is a result of the fact that when the constituent C is highly variable (chemodynamic export regime), the C-Q slope can still be close to zero if the change in constituent concentration is largely independent of changes in Q. This can be observed for example when the constituent is being discharged from a point source into the river (Andreas Musolff et al., 2015). 

Figure 6 located here



[bookmark: _6eiqpgkcnxb1]3.3 Management implications of the spatial variability in mean constituent concentrations, export regimes and export patterns
Systematic national-scale assessments of water quality conditions underpinned by sound monitoring information are crucial for the development and implementation of successful water management policies and strategies. 
This study demonstrated that water quality monitoring stations are not evenly distributed across the country. In Australia, water quality monitoring and management is administered and legislated at the state, territory and local government levels. This situation has hindered the development of more comprehensive water quality assessments that are not bound by state borders. The focus and intensification of water quality monitoring often takes place in areas of poor water quality (e.g., Great Barrier Reef Catchment, Murray-Darling Basin, Gippsland Lakes). Indeed, Figure 1 indicates that monitoring is concentrated in Mediterranean, temperate and subtropical regions. This is despite the fact that monitoring sites in arid catchments recorded the highest TSS and TP concentrations. Whilst the lack of monitoring in arid catchment is likely due to the lower river density, our analyses suggest that more efforts are required to closely monitor rivers in arid regions. Although it is unclear whether this is due to a bias in sampling, further investigation will be required to determine the underlying cause of the higher TSS and TP concentrations in arid regions. A systematic approach that distributes resources more evenly across multiple climate zones may be needed for enhancing our understanding of river chemistry and for monitoring risks and vulnerabilities faced by human communities and ecosystems. Increased monitoring of unmodified catchments would also be beneficial, as our study showed that the monitored catchments have a median proportion of modified land use of 85%.   

Developing water quality management and mitigation strategies can benefit from the general pattern of spatio-temporal constituent behaviour in Australia that was identified in this study. Our study showed positive C-Q slopes for constituents of concern such as dissolved nutrient compounds (SRP and NOx) at most of the Australian sites, suggesting that these compounds are largely transport-limited and/or largely transported by shallow flow pathways rather than deeper groundwater flows  (Andreas Musolff et al., 2015; Winter et al., 2021). As these constituents demonstrate similar export regimes and patterns, they could be managed using similar measures. Other groups of constituents that could be managed using similar management approaches include EC and Ca, NOx and SRP, TP and TN. 
The findings from this study demonstrate that the current practice of state and territory-based water quality monitoring should continue and expand. However, it should be underpinned by nationally standardised data collection and metadata practices (Argent, 2016; Sprague et al., 2017). Those inventories would enable future use in regular national-scale water quality assessments (e.g., UN Sustainability Reporting 3.6.2 reporting) and the development of evidence-based federal water quality policies. A nationally standardised data collection framework would also allow policy makers to assess water quality trends over longer periods, run models to forecast future water quality and to design management strategies.
4. [bookmark: _t1h7tslbyt7y]Conclusion
A national-scale assessment of water quality is needed to inform water policy development. Through this work we have gathered all historical water quality and flow data from seven Australian states and territories and collated them into a single nationwide repository. This study illustrates the value of creating such a database and provides preliminary insights into the continental-scale variability of three key water quality indices (mean C, CV ratio, C-Q slope). 

We have shown that there is significant variability in mean constituent C across the Australian continent for Ca, EC, SRP, NOx, TP, TN and TSS. These differences in river chemistry appear to vary according to climate zones. The relationship between climate zones and river chemistry is likely driven by differences in land use, soil characteristics and rainfall-runoff processes across these climate zones. 

CV ratios and C-Q slopes also vary spatially. However, export regimes and patterns are consistent regardless of climate zone. These results suggest that intrinsic properties of individual constituents determine export regimes and patterns, rather than catchment properties and climate controls. We hypothesise that this is a result of individual constituents originating from similar sources and being transported along similar pathways, in all climate zones.

This study has provided a brief insight into Australian river chemistry, and further work is required to understand the processes affecting river chemistry across the continent. In this study, we identified large variability in river chemistry within each climate zone, and the drivers of this variability need to be further identified. Additionally, there is a need to determine the seasonality and trends in river chemistry across the Australian continent. Of particular importance is understanding the impact of changes in flow regime on river chemistry. Such further interrogation of continental and national-scale river chemistry dynamics and patterns is required to inform the development of evidence-based water quality management policies both in Australia and internationally.   
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