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A B S T R A C T

Water quality monitoring is important to assess changes in inland and coastal water quality. The focus of this
study was to improve understanding of the spatial component of spatial-temporal water quality dynamics, partic-
ularly the spatial variability in water quality and the association between this spatial variability and catchment
characteristics. A dataset of nine water quality constituents collected from 32 monitoring sites over a 11-year
period (2006–2016), across the Great Barrier Reef catchments (Queensland, Australia), were evaluated by multi-
variate techniques. Two clusters were identified, which were strongly associated with catchment characteristics.
A two-step Principal Component Analysis/Factor Analysis revealed four groupings of constituents with similar
spatial pattern and allowed the key catchment characteristics affecting water quality to be determined. These
findings provide a more nuanced view of spatial variations in water quality compared with previous understand-
ing and an improved basis for water quality management to protect nearshore marine ecosystem.

1. Introduction

Degradation of water quality is a global issue (Schwarzenbach et al.,
2010). Human activities, such as agriculture and urbanisation, are ma-
jor causes of water quality degradation (Zia et al., 2013). For exam-
ple, Bricker et al. (2014) showed that the excess nutrient discharge to
coastal waters in the Chesapeake Bay region of the USA over the past
200years was linked to increased anthrophonic pressures, including dis-
charge from sewage treatment plants, and runoff from urban and agri-
cultural land uses.

In-stream surface water quality is important for the health of in-
land and coastal waters (De'ath et al., 2012; Harris, 2001; Packett et
al., 2009). For instance, discharge of sediments and nutrients to ma-
rine ecosystems from inland catchments poses a threat to near-shore
tropical coral reefs globally (Aronson et al., 2014; Ginsburg and Shinn,
1995). Coral reefs maintain not only environments with rich biodiver-
sity, but they also provide economic benefits from tourism, fishing and
aquaculture (Chabanet et al., 1997; Connell, 1978). The ecosystem in
the Great Barrier Reef (GBR), Australia, has been deteriorating during
recent decades (DeVantier et al., 2006). It is estimated that the GBR-

wide coral cover has decreased by 50% since 1985, and the coral cover
on inshore reefs has declined by 34% since 2005 (Brodie et al., 2013).
De Valck and Rolfe (2018) estimated that failure to maintain water qual-
ity in GBR could result in substantial losses of local economic benefits
associated with tourism.

While there are many reasons for the reduction in coral cover in the
Great Barrier Reef, poor quality of the water discharging into the reef
from the inland catchments is thought to be one major cause (Brodie et
al., 2012; Hunter and Walton, 2008; McKergow et al., 2005). Suspended
sediments (often derived from soil erosion) have resulted in a reduc-
tion in the light essential for organisms in marine ecosystems, includ-
ing seagrass and coral. Sediments and organic rich flocculent masses
can also smother marine organisms when particles settle out (Brodie
et al., 2013; Haynes, 2001). Nutrients, especially nitrogen and phos-
phorus, have been closely linked to the observed decline in coral cover
through these two mechanisms. Excessive nutrients have facilitated out-
breaks of the crown-of-thorns starfish, a major coral predator (Brodie
et al., 2005; Fabricius et al., 2010), and they have also been implicated
in coral bleaching (Hoegh-Guldberg et al., 2007; Wooldridge and Done,
2009).
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To protect aquatic environmental health and values in both rivers
and bays, it is recognised that an improved water quality management
strategy is essential (Lynam et al., 2010; Santhi et al., 2006; Sidle et
al., 2006). This requires a sound understanding of the underlying rea-
sons for water quality degradation in these rivers. However, constituent
concentrations are highly variable in space and time due to hydrologi-
cal variability (Allan et al., 1997), physical and bio-chemical processes
(Ayers and Westcot, 1985; Letterman, 1999; Melching and Flores, 1999)
and hydrological transport (Hrachowitz et al., 2016). Therefore, it is im-
portant to understand the spatial and temporal controls of water quality
(Zhou et al., 2007b).

Previous studies of the Great Barrier Reef catchments using the wa-
ter quality record have been conducted which either estimated the con-
stituent loads (Kroon et al., 2012; Wallace et al., 2016), or focus on
small scale or individual catchments land use effect of pollutant exports
(Hunter and Walton, 2008; Packett et al., 2009; Stephen Lewis et al.,
2014). Other efforts to understand variations in water quality in the
Great Barrier Reef catchment have centred on modelling (Carroll et al.,
2012; McCloskey et al., 2011; Waters et al., 2013). Through these earlier
studies, a conceptual understanding of the role of different catchment
characteristics in controlling differences in water quality between catch-
ment is emerging. In addition, given the importance of catchment wa-
ter quality to the Great Barrier Reef marine ecosystem, a detailed water
quality monitoring system has been implemented by the Queensland De-
partment of Science, Information and Innovation (DSITI). The detailed
catchment scale monitoring data resulting from that monitoring system
has not been systematically compared with catchment characteristics to
date.

Most studies addressing the association between water quality and
catchment characteristics have focused on temperate catchments in
Asia, America and Europe (Ding et al., 2016; Donohue et al., 2006;
Lowrance et al., 1997; Renard et al., 1997; Rice et al., 2015; Suif et
al., 2016; Vrebos et al., 2017; Wu et al., 2015). Much less research
has been undertaken in tropical catchments, like the Great Barrier Reef
catchments. The key anthropogenic influences leading to water quality
degradation in the Great Barrier Reef catchments have previously been
studied at local scales. These include the relationship between sediment
and particulate nutrients and erosion processes, and between non-point
source dissolved nutrient and pesticide pollution from agricultural ac-
tivities (Davis et al., 2016, 2017; Kroon et al., 2012; Kroon et al., 2016;
Kuhnert et al., 2012; McKergow et al., 2005). These working hypotheses
need continual testing as more detailed data emerge.

Multivariate statistical techniques can be used to explore the un-
derlying patterns and potentially the processes affecting multi-site,
multi-parameter water quality time-series data. Studies have used mul-
tivariate techniques such as cluster analysis and principal component
analysis to interpret complex environmental monitoring data (Ouyang
et al., 2014; Singh et al., 2004), identify sources of spatial variability in
water quality (Mitra et al., 2017; Yang et al., 2010; Zhou et al., 2007a)
and assessing monitoring networks (Shrestha and Kazama, 2007; Zhang
et al., 2009). For instance, Li et al. (2011) used cluster analysis to detect
the key groups of sites with similar water quality responses along the
Middle Route of the South to North Water Transfer Project, China. They
identified three groups of sites, reflecting the water quality responses of
the sites, reflecting the main drivers of water quality: natural, agricul-
tural and industrial sources.

It is well recognised that spatial and temporal dynamics in wa-
ter quality are influenced by a wide range of natural and anthro-
pogenic factors (Alberto et al., 2001; Kuhnert et al., 2012; Pratt and
Chang, 2012; Singh et al., 2004). In this paper, serving as the initial
part of a large study that aims to understand both spatial and tem-
poral responses in water quality, we concentrate on the key catch-
ment characteristics affecting spatial variability in stream water quality.
We analysed water quality monitoring data from thirty-two sites using

multivariate statistical analysis, over an 11-year period (2006–2016),
using the time-averaged constituents concentrations (discussed in
Section 2.4, Data preparation). The aim of the present study was to char-
acterise spatial water quality variation, and to evaluate the relationships
between spatial variations in water quality and catchment characteris-
tics (e.g., land use, catchment geological, topographic and climatic con-
ditions). The findings from the Great Barrier Reef catchments contribute
to the growing understanding and knowledge of the key factors affect-
ing spatial variability in water quality. In particular, this study addresses
the following questions. (i) How strong is the spatial pattern in the con-
centration of water quality constituents across the Great Barrier Reef
catchments? (ii) Are there groups of constituents with similar spatial be-
haviour? (iii) To what degree is the pattern in water quality associated
with the catchment characteristics and what are they? (iv) What is the
relative importance of anthropogenic controls and natural controls on
water quality, and how these controls inform the management practices
to improve water quality? The evaluation of the current conceptual un-
derstanding of catchment controls on water quality will further our un-
derstanding of spatial controls (e.g., catchment land use and hydrody-
namic conditions) of water quality in the Great Barrier Reef catchments,
so we can better manage our riverine water quality.

2. Materials and methods

2.1. Study area

The Great Barrier Reef catchments are located in north-eastern Aus-
tralia and encompass northern to southern coastal and inland Queens-
land. In total, the catchments have an area of 432,134km2 and are di-
vided into six Natural Resource Management (NRM) regions (Carroll et
al., 2012; Waters et al., 2014) (Fig. 1). According to the Köppen-Geiger
climate classification, the Great Barrier Reef catchment climates range
from semi-arid tropical or thru warm oceanic to wet tropical (Fig. 2a)
(Peel et al., 2007), with annual rainfall ranging from around 500mm in
semi-arid tropical regions to 8000mm in parts of the wet tropics where
there are strong orographic effects near the coast (Fig. 2c) (Petheram
et al., 2008). In most areas, rainfall declines from the coast to inland
catchments. Generally, for inland semi-arid tropical regions, the precip-
itation predominantly occurs during the wet season, from November to
April (Davis et al., 2016), while for the costal wet tropics, rainfall is
more evenly distributed across the year. Major rainfall events are asso-
ciated with tropical cyclones occurring in northern part of Great Bar-
rier Reef catchments (Furnas, 2003; Hutchings et al., 2005). Most of the
catchments drain eastwards into the Coral Sea from the Great Dividing
Range, and they vary widely in topography from rugged mountains to
flat river valleys and coastal plains (Fig. 2b).

Land use includes large areas of conservation lands, often covered
with tropical forests; and a variety of agricultural uses including pas-
toral grazing, extensive rain-fed cropping and intensive rain-fed and ir-
rigated sugar cane. Fig. 2d shows that the predominant land uses within
the Great Barrier Reef catchments include grazing (~75%), nature con-
servation (~13%), cropping (e.g., horticulture, ~3%) and sugar cane
(~1%) (Queensland Government, 2017). Denser human settlements and
intensive agricultural landscapes have been developed in the coastal
catchments. A detailed description of each site in terms of climate and
monitored area are provided in Supplementary materials (Table S-1).

2.2. Water quality data collection

We used data from 32 water quality monitoring sites (Fig. 1) across
six natural resource management regions. Water quality monitoring
data was provided from the Paddock to Reef Integrated Monitoring,
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Fig. 1. Locations of 32 water quality monitoring sites in the Great Barrier Reef catchments.

Modelling and Reporting Program (Turner et al., 2012). The number of
samples and temporal coverage vary by site (Table S-2), with largest
number of samples were taken at 113006A Tully River at Euramo (e.g.,
1441 samples of TSS) between 2006 and 2016 (e.g., 266 samples in
2006, Table S-3). Both intensive event-based water quality sampling
during high flow events and monthly sampling during low or base flow
(ambient) conditions were undertaken. During event periods, it was
common that multiple samples to be collected on any given day. We
analysed data collected from 2006 to 2016. Samples were taken by ei-
ther manual grab sampling or automatic samplers. The nine constituents
considered in this study are summarised in Table 1.

2.3. Catchment characteristics data collection

Previous studies have indicated that catchment characteristics in-
cluding land use (Li et al., 2009; Uriarte et al., 2011), geology and soil
properties (Chang, 2008; Rothwell et al., 2010; Sangani et al., 2015),
and climate and hydrology (Kleinman et al., 2004; Smith et al., 1997)

can influence the spatial variability in water quality responses (Granger
et al., 2010; Lintern et al., 2018). As such land use, topographic, cli-
matic and soil characteristics were calculated from geospatial data sets
for use as explanatory variables in the analysis of spatial variability in
water quality responses.

The catchments of the 32 monitoring sites and their corresponding
areas were delineated using the Australian Bureau of Meteorology Ge-
ofabric dataset (Bureau of Meteorology, 2011). The characteristics of
these 32 catchments varied significantly (Tables S-2 and S-5). For in-
stance, catchment areas ranged from 228 to 139,159km2. Table 2 de-
scribes the different types and sources of the catchment characteristics
used in this study.

Land use information from the Queensland Land Use Mapping Pro-
gram (QLUMP) (Queensland Government, 2017) was used to separate
land use into eight categories (Fig. S-1). A description of how differ-
ent land uses were aggregated is included in Supplementary materials
(Table S-5).
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Fig. 2. Climatic, topographic and land use characteristics across the Great Barrier Reef catchments: (a) Köppen-Geiger climate zone classification; (b) 250m resolution digital elevation
map (DEM); (c) annual rainfall; (d) land use.

Catchment topographic features (e.g., average slope, stream density
and average elevation) and climatic and hydrological attributes (e.g.,
annual rainfall, temperature and runoff) were retrieved from the Na-
tional Environmental Stream Attributes dataset (Version 1.1.5) (Bureau
of Meteorology, 2011). Catchment soil erodibility, average soil total ni-
trogen and clay content were obtained from different geospatial data
sets (Australian Soil Resource Information System, 2011; Queensland
Government, 2017; Terrestrial Ecosystem Research Network, 2016).

2.4. Data preparation

The time-averaged constituent concentrations (i.e., average of all
available sample concentrations for each constituent at each site) were
calculated for each of the water monitoring sites. To justify the use
of taking time-averaged constituent concentrations as the spatial repre

sentative of water quality response, the sampling distribution relative to
the cumulative discharge in each water year (1st July to 30th June) was
analysed. The information is further summarised in Fig. S-2, showing
the percentage of samples falling into each 25% of cumulative discharge
for each site. Although the samples are not perfectly uniformly distrib-
uted across the range of cumulative flow, there is a good coverage of
all flow seasons (e.g., early, middle and late seasons) for the majority of
sites. Moreover, there is no substantial difference in the distribution of
samples across the cumulative discharge curve between the sites (Fig.
S-2), even though there is some variation due to either limited sample
numbers or shorter monitoring periods (e.g., 1111019 Russell River at
East Russell, 136004A Burnett River at Jones Weir Headwater, 136094A
Burnett River at Jones Weir Tailwater and 136106A Burnett River at
Eidsvold). Therefore, it is reasonable to assume that the time-averaged
concentrations are a good representation of the spatial differences in
water quality response.
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Table 1
Summary information for each monitored constituent (APHA, 2005; Wallace et al., 2016).

Monitored
constituents Abbreviation Analytical method

Practical
quantification
limit

Total
suspended
solid

TSS Gravimetric 1mg/L

Particulate
nitrogen

PN High-temperature-combustion
oxidation of suspended
sediment – persulfate
digestion

0.03mg/L

Oxidised
nitrogen

NOX Colorimetric (automated
cadmium reduction) method
(sum of nitrate and nitrite)

0.001mg/L

Ammonium
nitrogen

NH4 Colorimetric (automated
cadmium reduction)

0.002mg/L

Dissolved
organic
nitrogen

DON Subtracting particulate
nitrogen (PN) ammonium
nitrogen (NH 4) and oxidised
nitrogen (NO X) from total
nitrogen (TN)

0.03mg/L

Filterable
reactive
phosphorus

FRP Flow injection analysis 0.001mg/L

Dissolved
organic
phosphorus

DOP Subtracting filterable reactive
phosphorus (FRP) from
dissolved Kjeldahl phosphorus
(DKP)

0.02mg/L

Particulate
phosphorus

PP High-temperature-combustion
oxidation of suspended
sediment – persulfate
digestion

0.02mg/L

Electrical
conductivity

EC Conductivity probes 1μS/cm

The time-averaged water quality data were then Box-Cox trans-
formed (Box and Cox, 1964) to improve normality of variables for multi-
variate statistical analysis (Zhou et al., 2007a). The Box-Cox transforma-
tion parameters were different for each constituent. The Box-Cox trans-
formed variables were more normally distributed, with the skewness be-
ing close to 0 for most water quality variables (Table S-6).

The log-sinh transformation was applied to all the catchment char-
acteristics, to remove zeros in the raw data (e.g., land use data) (Wang
et al., 2012). Table S-7 in the Supplementary materials summarises the
kurtosis (i.e., a normal distribution has kurtosis exactly 3 (Westfall,
2014)) and skewness of catchment characteristics before and after
log-sinh transformation. All the transformed catchment characteristics
had an acceptable level of normality, based on p-value (all
p-value>0.01 in Table S-7) of one-sample Kolmogorov-Smirnov test.

2.5. Statistical analyses

2.5.1. Cluster analysis
Hierarchical cluster analysis was used to test for spatial heterogene-

ity in constituent concentrations among the monitoring sites in the 32
Great Barrier Reef catchments. For each site, the Box-Cox transformed
water quality variable were standardised to have a mean of 0 and stan-
dard deviation of 1, to ensure the same scale for all water quality vari-
ables. Euclidean distances and Ward's linkage (Singh et al., 2004) algo-
rithm were used in the cluster analyses, which was applied using MAT-
LAB version R2017b (MATLAB and Statistics Toolbox, 2017).

A similar method was also applied to log-sinh transformed catch-
ment characteristics. These data were also standardised before applying
cluster analysis. The association of spatial patterns in water quality and
catchment characteristics was investigated by checking if clusters de-
rived from the two datasets were similar.

Table 2
Description and data source for catchment characteristics.

Catchment characteristics Unit Description Data source

Land use Conservation % Land used primarily
for conservation
purposes, based on
maintaining the
essentially natural
ecosystems present,
such as national
park and forest.

Queensland
Government
(2017)

Dryland
agriculture

% Land used mainly
for primary
production based on
dryland farming
systems (excluding
grazing and sugar
cane).

Irrigated
agriculture

% Land used mostly
for primary
production based on
irrigated farming
(excluding grazing
and sugar cane).

Intensive
uses

% Land subject to
extensive
modification,
generally in
association with
closer residential
settlements,
commercial or
industrial uses (e.g.
urban, utilities,
roads).

Water % Lake, reservoir/
dam, river, channel,
marsh/wetland.

Grazing % Grazing native
vegetation, grazing
modified pastures
(native/exotic
pasture mosaic,
woody fodder
plants), grazing
irrigated modified
pastures.

Sugar cane % Dryland Cropping
(sugar), irrigated
cropping (sugar).

Topography Slope ° Catchment average
slope.

Bureau of
Meteorology
(2011)

Stream
density

km/
km2

Ratio of total length
of all upstream
stream segments to
the contributing
area.

Elevation m Average elevation in
catchment

Soil and
geology

Soil
erodibility

– Degrees of erosion
vulnerability using a
limited set of locally
relevant soil
properties;
considers both
surface soil stability
and subsoil
erodibility.

Queensland
Government
(2017)

Soil total
nitrogen

mg/kg Average soil TN (in
natural N status)
content

Terrestrial
Ecosystem
Research
Network
(2016)
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Table 2 (Continued)

Catchment characteristics Unit Description Data source

Clay % 0–30cm soil layer
clay content

Australian
Soil
Resource
Information
System
(2011)

Climate and
hydrology

Annual
rainfall

mm Average annual
rainfall in catchment

Bureau of
Meteorology
(2011)

Annual
temperature

°C Average annual
temperature in
catchment

Annual
runoff

ML Average surface
runoff in catchment

2.5.2. Principal component analysis and factor analysis
Principal component analysis and factor analysis are powerful tech-

niques to reduce the complexity derived from high dimensional datasets
containing cross-correlated variables (Petersen et al., 2001; Singh et al.,
2004). Most studies use the first few principal components (PCs) and ro-
tate these to obtain a new set of factors that can be easily interpreted.
This factor analysis further reduces the contribution of less significant
variables obtained from a PCA and the new group of variables, known
as varifactors (VFs), is extracted (Parinet et al., 2004; Shrestha and
Kazama, 2007). The overall aim of this processing is to reduce the num-
ber of variables by combining the shared information in closely related
variables and to produce more interpretable factors than PCA alone pro-
vides. The results in this study were interpreted using the loadings (i.e.
coefficients of correlation between water quality/catchment character-
istics and VFs) and scores (i.e., representing the relationship between
samples and VFs).

We used a two-step PCA/FA on the transformed time-averaged water
quality and catchment characteristics separately. The first PCA/FA was
solely on the mean water quality constituents at each site. The second
PCA/FA was on the catchment characteristics. We used K-means clus-
tering method (see MacQueen (1967) and Hartigan and Wong (1979))
to assess the relationships between two PCA/FA scores, in order to
quantitatively evaluate the relevance between features in two lower di-
mensional subspace (i.e., water quality and catchment characteristics).
Several applications (e.g., remote sensing image classification, machine
learning and pattern recognition) of PCA together with K-means cluster-
ing methods are given in Zha et al. (2002), Ng et al. (2002), Ding and
He (2004) and Celik (2009).

Spearman's rank correlation coefficients (Spearman, 2010) between
the scores defined by individual VFs from the two PCA/FAs were then
calculated, aiming to identify the subset of catchment characteristics
that led to the spatial homogeneity/heterogeneity in a group of average
water quality responses. Based on the groups from the cluster analysis,
we then examined the correlation between VFs scores (i.e., different wa-
ter quality constituents with similar processes in catchments) in water
quality and specific catchment characteristics, to further investigate the
key natural and anthropogenic controls on spatial variability.

Similar to the cluster analysis, all the time-averaged transformed
mean water quality variables and catchment characteristics were stan-
dardised to a mean of 0 and standard deviation of 1, and the analyses
(i.e., PCA/FA and K-means clustering) were performed in MATLAB ver-
sion R2017b (MATLAB and Statistics Toolbox, 2017).

3. Results

3.1. Cluster analysis

The cluster analyses of both the water quality and catchment char-
acteristics suggested that the 32 sites can be grouped into two clusters
(Fig. S-3a & b). There is good agreement between the two cluster analy-
sis results (Fig. 3). Specifically, 8 out of the 32 sites are characterised as
Cluster one in both analyses (blue round dots in Fig. 3), and 20 out of 32
sites are identified as Cluster two in both analyses (red triangles in Fig.
3). The clustering results differ for only 4 sites (blue triangles and red
round dots in Fig. 3). The unusual sites might reflect the substantial con-
trast in specific land use between catchments. For example, 105107A at
Normanby River in the Cape York region has considerable banana cul-
tivation and associated fertiliser application, compared to other catch-
ments (Howley et al., 2013). This strong agreement between the two
cluster analyses indicates that the large-scale water quality spatial pat-
tern is strongly associated with spatial pattern of catchment characteris-
tics. In the following description, the cluster analysis refers to the cluster
analysis of water quality responses.

Most of the Cluster one sites are located in the northern region of the
Great Barrier Reef catchments. Here, climate (e.g., rainfall in particu-
lar), and land use patterns (e.g., fertiliser use on sugar cane) differ from
the southern region where most Cluster two sites are situated. Cluster
one sites have higher amounts of rainfall (Fig. S-5) and more frequent
runoff events. In addition, the area of sugar cane proportionally greater
in the catchments of these sites (Fig. S-4), compared with the southern
monitoring sites. Cluster two sites are drier with grazing the strongly
dominant land use (Davis et al., 2016).

The median values of average concentrations for Cluster one were
lower than those of Cluster two sites except for NOX (Fig. 4). All water
quality constituents except for NOx and EC, are statistically significantly
different between the two clusters (two-sample t-test, p<0.05).

3.2. Two-step PCA/FA

3.2.1. PCA/FA loadings
The PCA/FA of water quality shows that the first 4 VFs (eigenvalues

>1 before rotation), explain 90.7% of the total variance in time-aver-
aged water quality (Table 3). In the following discussion, the loadings
are classified as ‘strong’ (absolute loading above 0.75, red in Table 3),
‘moderate’ (absolute loading of 0.5–0.75, green) and ‘weak’ (absolute
loading below 0.5, black) (Liu et al., 2003). A second PCA/FA was con-
ducted, in order to link the factors in Table 3 to the catchment charac-
teristics (land use, topography, geology, climatic and hydrological data).
The first five VFs (eigenvalue>1) together account for 86.2% of the
variance in original data set (Table 4).

It is useful to examine the key contributors to each VF. VF1 largely
represents particulate constituents. VF2 represents most dissolved con-
stituents. VF3 represents NOx. VF4 represents dissolved forms of phos-
phorus. The picture for the catchment characteristics is less clear due
to strong interactions. VF1 (Table 4) is strongly dependent on sev-
eral land uses (conservation, sugar and grazing), topography (slope
and stream density), climate (annual rainfall) and soils (nitrogen fertil-
ity). High scores on VF1 are for coastal catchments with steep topog-
raphy, dense stream networks, high rainfalls and relatively high sugar
and conservation land uses. Sites with low values of VF1 scores tend
to be more inland catchments with opposite characteristics. This illus-
trates the interactions between climate, topography and chosen land
uses. VF2 picks up intensive land uses which tend to also be on less
erodible soil. VF3 relates primarily to soil clay content and VF4 to dry-
land cropping, which correlates negatively with average temperature
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Fig. 3. Locations of the monitoring sites classified by results of the two cluster analyses. Colour of the markers indicate cluster analysis result of water quality (blue=Cluster one,
red=Cluster two). Shape of the markers indicate cluster analysis result of catchment characteristics (round=Cluster one, triangle=Cluster two). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(Table S-8). VF5 relates to sugar cane, which tends to be in high runoff
catchments.

3.2.2. Relationships between the PCA/FA scores
To relate the spatial variability in water quality to catchment char-

acteristics, the scores from two the PCA/FA results are investigated.
Similar to the result for cluster analysis, the result of K-means cluster-
ing analysis of the two reduced dimensional datasets shows that, wa-
ter quality-based clusters can be reproduced by catchment characteris-
tics-based clusters (an overall 84.4% of matching rate in Table 5).

The correlation between scores at each site for different VFs (Table
6) shows that most correlation coefficients are low (ρ<0.4), but there
are statistically significant pairings. For instance, the scores of ‘Par-
ticulate constituents’ VF1 has a negative correlation with the scores
on ‘Mixed effect’ VF1 in the catchment characteristics (ρ=−0.61,
p<0.01). Furthermore, Fig. S-6 shows that the separation of the two
clusters identified in the water quality cluster analysis (red and blue
dots) aligns with the variation in the catchment characteristic VF

scores (Fig. S-6a). VF1 in the catchment characteristics PCA/FA re-
sults represented the largest variability in catchment characteristics, and
most of the Cluster one sites are located in the positive domain, defined
by VF1 in catchment characteristics (Fig. S-6a). While the majority of
Cluster two sites are in the negative domain of scores on the VF1 in
catchment characteristics.

Fig. 5 shows the relationships between score on ‘Particulate con-
stituent’ VF1 and specific catchment characteristics identified based on
Tables 4 and 6. Fig. 6 shows similar plots for ‘Dissolved nitrogen’ VF2.
Together VF1 and VF2 represent the majority of variability (65.8%)
in the time-averaged water quality. Spearman's rank correlation coeffi-
cients between scores and catchment characteristics are shown for all
sites (black), Cluster one (blue) and Cluster two (red) sites in Figs. 5 and
6. These show that, a stronger relationship is evident between ‘Partic-
ulate constituent’ VF1 and catchment characteristics when considering
all sites together, while, individual clusters exhibit higher correlations
between ‘Dissolved nitrogen’ VF2 scores and catchment characteristics
(except for annual runoff Fig. 6a).
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Fig. 4. Comparisons between the two clusters of time-averaged water quality constituent concentration. The horizontal bars from the top to bottom indicate upper whisker, upper quartile,
median, lower quartile and lower whisker, respectively. The plus mark indicates the outliers.

Table 3
Rotated component loadings (varimax) (Abdi, 2003) derived from PCA/FA of mean concentrations of water quality constituents.

Note. VF=varifactor (rotated components using varimax method).
Strong loadings in bold and red; moderate loadings in bold and green.

4. Discussion

4.1. Spatial pattern in water quality responses

There are strong patterns in time-averaged water quality responses.
Cluster analysis reveals that monitoring sites can be grouped based on
similarity in their average water quality for each of the 9 constituents
considered (Figs. 3, 4 and S-3a). Cluster one sites have lower aver-
age concentrations of all constituents except NOX (Fig. 4), with most
of these sites are located in the northern region, where the converse is
true for the Cluster two sites. This spatial pattern is evident when eval-
uating the spatial distribution of VFs scores defined in PCA/FA on wa-
ter quality (Fig. 7). Sites with high ‘Particulate constituents’ VF1 scores
(Fig. 7a) are mostly Cluster two sites. The spatial patterns of ‘Dissolved
nitrogen’ VF2 and ‘Dissolved phosphorus’ VF4 scores are not as evi-
dent as VF1, and the average scores of the Cluster two sites for these
two VFs are higher than those of Cluster one sites (Table S-10). The

‘NOx’ VF3 score is higher for the Cluster one sites and several sites in
the Fitzroy (Fig. 7d).

The spatial pattern in water quality is strongly linked to catchment
characteristics, as the cluster analyses using water quality and catch-
ment characteristics largely agree (Fig. 3). Cluster one sites are mainly
located in coastal catchments in the Wet Tropics region with high an-
nual rainfall and streamflow that is likely to dilute concentrations. These
catchments have a mix of conservation, grazing, sugar cane and other
intensive land uses (Fig. S-4). In contrast, Cluster two sites are domi-
nated by grazing land with small amounts of conservation, sugar and
rain-fed extensive cropping. Cluster one sites are much wetter (i.e.,
higher annual rainfall) than the Cluster two sites. Topography (Fig.
S-5) tends to show a clear difference between the two clusters (t-test,
p<0.05).

VF1 for catchment characteristics is most strongly related to cluster
analysis on water quality (Table 6 and Fig. S-6a). This indicates that
there is a mix of spatial catchment characteristics controlling spatial
variability in water quality. There are both mechanistic links and cross-
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Table 4
Rotated component loading (varimax) derived from PCA/FA of catchment characteristics.

Note. VF=varifactor (rotated components using varimax method).
Strong loadings in bold and red; moderate loadings in bold and green.

Table 5
Classification matrix for K-means clustering analysis of scores from two PCA/FA.

Clusters assigned by scores of 5
catchment characteristics VFs

%
matching

Clusters assigned by scores
of 4 water quality VFs

Cluster one Cluster two

Cluster one 92.3% 12 1
Cluster two 78.9% 4 15
% overall matching 84.4%

correlation between catchment characteristics (Table S-8) (Arheimer
and Liden, 2000; Lintern et al., 2018). Further discussion of the associ-
ation between water quality and catchment characteristics is provided
later in the discussion.

4.2. Groups of constituents with similar time-averaged spatial behaviours

The 9 constituents can be divided into four groups with distinct
time-averaged spatial patterns of constituent concentrations according

to the PCA/FA analysis (Table 3), indicating that there are constituents
with common behaviour. The separation of the four groups of con-
stituents indicates that there are systematic differences in the source,
processing and/or transport of these constituents compared with the
other constituent groups.

VF1, representing the largest proportion of variability (38%), has
strong positive loadings on TSS, PN and PP, which are all particulate.
Although it is a dissolved compound, FRP has a medium positive load-
ing. This might be caused by in-stream release of inorganic phosphorus
from sediments to which they were bound before entering the streams
(Gardolinski et al., 2004; Haygarth and Jarvis, 2002). VF2 (27.8% of to-
tal variability), has strong positive loadings on dissolved nitrogen (NH4
and DON, but excluding NOX), and salinity (EC). This may be associ-
ated with hydrological transport processes (Hrachowitz et al., 2016),
including discharge between surface water and groundwater for EC,
and in-stream biogeochemical processes (e.g., nutrient cycling) for dis-
solved forms of nitrogen (Dawson et al., 2001; Mulholland and Hill,
1997). VF3 and VF4 explain 12.7% and 12.2% of observed variability
in time-averaged water quality, respectively. NOX and DOP are strongly
loaded on these two factors, respectively. The importance of NOx in

Table 6
Spearman's rank correlation between scores on VFs defined by the two PCA/FA.

PCA/FA for water quality

‘Particulate constituents’ VF1 ‘Dissolved nitrogen’ VF2 ‘NOx’ VF3 ‘Dissolved phosphorus’ VF4

PCA/FA for catchment characteristics ‘Mixed effect’ VF1 −0.61⁎⁎ −0.18 0.43⁎⁎ −0.21
‘Intensive uses’ VF2 −0.02 −0.32 −0.02 −0.36⁎

‘Soil clay’ VF3 0.12 −0.07 0.05 −0.15
‘Temperature’ VF4 0.16 0.34 0.14 −0.01
‘Runoff’ VF5 −0.08 −0.45⁎⁎ −0.28 0.05

Note. VF=varifactor (rotated components using varimax method).
⁎ p<0.05.

⁎⁎ p<0.01.
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Fig. 5. Relationship between score on ‘Particulate constituent’ VF1 in water quality and (a) percentage of grazing, (b) catchment average annual rainfall, (c) catchment average slope.
Different colours indicate sites in two clusters: blue=Cluster one and red=Cluster two. ρ indicates the Spearman's rank correlation coefficient. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Relationship between score on “Dissolved nitrogen” VF2 in water quality and (a) annual runoff, (b) annual temperature, (c) percentage of sugar cane land use. Different colours
indicate sites in two clusters: blue=Cluster one and red=Cluster two. ρ indicates the Spearman's rank correlation coefficient (note: black=all sites, blue=Cluster one and red=Cluster
two). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the results reflects the effect of particular land uses (discussed in Section
4.3.3, Oxidised nitrogen).

4.3. Examining the association between water quality spatial variability
and catchment characteristics

Five factors were identified in the second PCA/FA (Table 4) that ex-
plain about 86% of the variability in catchment characteristics and that
reduce the 16 inter-related catchment characteristics to five indepen-
dent factors. The characteristics with strong loadings on VF1 (explain-
ing 38.3% of variance) are land uses, topography, and climate and hy-
drology. The strong cross-correlation between different catchment char-
acteristics (Table S-8) explains these diversity of catchment characteris-
tics included in this latent factor. For example, flatter, drier more inland
catchments are dominated by grazing (slope and grazing: ρ=−0.89,
p<0.01) and the physiographic characteristics have strongly influenced
the land use.

4.3.1. Sediments and particulate nutrients
The strong association between ‘Particulate constituents’ water qual-

ity factor and the ‘Mixed effect’ catchment characteristic factor re-
veals a combined effect of land use and various physiographic prop-
erties on sediments and particulate nutrients, in particular the graz-
ing land use (Table 6). Given the range of important characteristics in
the ‘Mixed effect’ factor, there is likely to be multiple factors influenc-
ing the spatial variation in sediment concentration. The positive rela-
tionship between the percentage of grazing and the score on ‘Particu-
late constituent’ VF1 (Fig. 5a) may be explained by the fact that the
high proportion of cattle grazing tends to result in a higher rate of soil
erosion, leading to an increase suspend sediment sourced from gully,
streambank and hillslope erosions (Liu et al., 2017; McKergow et al.,

2005; Turner et al., 2012). Rainfall erosivity is an important driver of
erosion but annual rainfall (and erosivity) is lower in the catchments
with higher sediment concentrations (Fig. 5b). In the drier catchments,
events are typically separated by long dry periods, resulting in highly
ephemeral flow and sporadic runoff events with higher peak sediment
concentrations during the ‘first-flush’ in dry-tropical rivers (Davis et al.,
2016; Packett et al., 2009). This counter-intuitive relationship with spa-
tial rainfall and the ‘first-flush’ effect suggests that lower vegetation
cover interacting with rainfall events may be the important influencing
processes, rather than rainfall erosivity.

All else being equal, high topographic slope is expected to lead to
greater erosion by any surface flows and better delivery to stream, al-
though high slope should also preference subsurface flow over surface
flow. Counterintuitively, the data (Fig. 5c) shows a negative relationship
between the ‘Particulate constituent’ VF1 score and catchment slope.
This unexpected effect of slope could be explained by the correlations
with other catchment characteristics, rather than being a causal factor
in the spatial variation of sediment concentrations. For example, most
of the flat catchments (Cluster two sites) are inland catchments, where
a large proportion of grazing land might act as a source of sediment.
This finding is supported by a regional study in Fitzroy River catchment,
which found that the high fine sediment concentrations during the event
were closely associated with a high percentage of rainfall on cropping
(Packett et al., 2009).

4.3.2. Dissolved nitrogen and salinity
The ‘Dissolved nitrogen’ score (VF2) correlates with both the

‘Runoff’ (VF5) and ‘Temperature’ (VF4) factors (Table 6). Catchment
climate and hydroclimatic characteristics, such as annual runoff (Fig.
6a) and annual temperature (Fig. 6b), have considerable contributions
to these two VFs. Previous studies showed that these catchment charac
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Fig. 7. Spatial distribution of water quality VF scores: (a) ‘Particulate constituents’ VF1 score; (b) ‘Dissolved nitrogen’ VF2 score; (c) ‘NOx’ VF3 score; (d) ‘Dissolved phosphorus’ VF4
score.

teristics could influence the mobilisation and transport of dissloved ni-
trogen and EC (e.g., mineralistaion of organic matter or desorption form
particulates, and transportation of EC in the sub-surface flow pathway)
(Donnelly et al., 2011; Fritz and Anderson, 2013; Lintern et al., 2018).
Indeed, we found a significant and negative correlation for both mean
annual runoff and temperature with DON and NH4 and EC (Table S-9).

There is a negative correlation between annual runoff and VF2
scores (Fig. 6a), and the difference in the level of the VF2 scores for the
two clusters suggests contrasting hydrologic behaviours (e.g., hydrolog-
ical variability) of the streams. The comparison of flow duration curves
(daily flow depth in mm calculated from daily discharge data obtained
from the Department of Natural Resources, Mines and Energy, Water
Monitoring Information Portal, Fig. 8a) show that the majority of the
Cluster one sites (i.e., blue curves in Fig. 8a) feature perennial char-
acteristics with less variability in daily streamflow compared with the
Cluster two sites (i.e., red curves in Fig. 8a). The Cluster two sites with
higher coefficient of variation of daily flow depth than Cluster one sites
(Fig. 8b). This indicates that the perennial Cluster one streams are in
areas with higher runoff coefficients and thus more leaching. As a re

sult, dissolved nitrogen and EC could be transported more broadly
across the catchment, thus lowering the average concentrations. In con-
trast, the majority of streams of the Cluster two sites are ephemeral
rivers (i.e., red curves in Fig. 8a and red dots in Fig. 8b), and the more
variable with longer low flow period may lead to a changing source of
surface runoff, by providing more groundwater with high salinity that
differs chemically from stream water (Moore et al., 2008).

Interestingly, the relationships between scores on ‘Dissolved nitro-
gen’ VF2 in water quality and annual temperature (Fig. 6b) differ be-
tween the two clusters (significantly different according to 10,000 boot-
strap testing on the test statistic - difference in two correlation coef-
ficients, and the 95% confident interval is away from 0). The posi-
tive effect of temperature on ‘Dissolved nitrogen’ VF2 for the Clus-
ter one sites (blue scatters in Fig. 6b, ρ=0.60) score is likely due to
the cross-correlation between climate and land uses in different catch-
ments. Higher annual temperature favours sugar cane growth, leading
to an increase in scores on ‘Dissolved nitrogen’ VF2 when annual tem-
perature is higher. In contrast, the negative relationship between an-
nual temperature and scores on ‘Dissolved nitrogen’ VF2 for cluster two
sites (ρ=−0.34) land use and cover have an impact on dissolved ni
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Fig. 8. Impact of hydrological variability on ‘Dissolved nitrogen’ VF2, (a) Comparison of flow duration curves of 32 Great Barrier Reef water quality monitoring sites. (b) Relationship
between VF2 scores and coefficient of variation of daily flow depth for each site. (Note: different colours indicate sites in two clusters: blue=Cluster one and red=Cluster two). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

trogen in runoff. For example, Brigalow Belt regions (e.g., Fitzroy and
Burdekin), where these is a broad-scale inclusion of virgin brigalow
woodland into agricultural uses (e.g., pasture legumes), has been identi-
fied as a major source of dissolved organic nitrogen (Allen et al., 2016;
Elledge and Thornton, 2012, 2017). Sugar cane (Cluster two sites, blue
dots in Fig. 6c) where excessive fertiliser might be applied, is another ni-
trogen contributor associated with NH4 (Davis et al., 2016). In addition,
it is argued that higher temperatures could favour denitrifying bacteria,
thus reducing the level of ammonium nitrogen in the catchments (Smith
et al., 1997).

4.3.3. Oxidised nitrogen
A distinct constituent, NOX, identified in the final VF in water qual-

ity, appears to be linked to ‘Mixed effect’ VF1 of catchment character-
istics PCA/FA (Table 6, ρ=0.43). While this is also true of the partic-
ulates, the direction of correlation is opposite. Table 4 and Table S-9
show that sugar cane followed by stream density and annual rainfall are
the three main characteristics positively correlated with the spatial vari-
ability in NOX. This result is not unexpected as Biggs et al. (2013) and
Mitchell et al. (2005) have previously shown that for catchments in the
Mackay-Whitsunday region, the majority of NOX losses from the catch-
ment occur via deep drainage and runoff derived coupled with sugar
cane plantations, where high nitrogenous fertilisers are applied. Regions
such as the Wet Tropics and Mackay-Whitsunday, have a high propor-
tion of sugar cane and horticultural cropping (> 8% of the catchment
area). This further suggests that nitrogenous fertilisers are an important
source of NOX in these catchments (Azizian et al., 2015; Mitchell et al.,
2005; Reddy et al., 1989). The positive correlation between ‘Oxidised
nitrogen’ VF3 score and stream density (ρ=0.44) and annual rainfall
(ρ=0.38) indicates that NOX might be transported where stream net-
works are well-developed in relatively wet catchments, reducing the res-
idence time of NOX and thus resulting in a higher riverine oxidised ni-
trogen concentration (Edwards and Withers, 2008; Liu et al., 2017).

4.3.4. Dissolved phosphorus
Table 6 shows that the ‘Dissolved organic phosphorus’ VF4 score

(Table 3) is significantly and negatively correlated to ‘Intensive uses’
VF2 score (Table 4) in the second PCA/FA (ρ=−0.36). A negative cor-
relation between DOP and these two land use categories (i.e., inten-
sive and irrigated land uses) is also found (Table S-9). In contrast, other
studies (Chantigny, 2003; Kroon et al., 2012; Mattsson et al., 2005;
Palviainen et al., 2016) showed that dissolved phosphorus concentra

tion was positively correlated with catchments with a higher proportion
of cropping agriculture (non-point source), sewage treatment plants or
industrial discharges (point source). The contrasting results might be ex-
plained by the scale of monitored catchments in this study being so large
that the input of DOP associated with the specific land uses (e.g., source
from animal waste) might not be detectable (Hunter and Walton, 2008).
In addition, the biogeochemical cycling and associated transport of dis-
solved phosphorus (e.g., DOP) might lead to the spatial heterogeneity
in ‘Dissolved organic phosphorus’ VF4 score (Fig. 7c) (Robson, 2014;
Vadas et al., 2005).

4.4. Management practice implications

Over the past decade, the Reef Water Quality Protection Plan (Brodie
et al., 2013) led to the introduction of specific regulations and incen-
tives for the adoption of the improved management practices in the
Great Barrier Reef catchments (Waters et al., 2014). Farmer has been
encouraged to implement these to minimise the risk of fine sediments
and nutrients inputs to the Great Barrier Reef marine ecosystem
(Thorburn et al., 2013).

The original water management plan was based on a range of lines
evidence that suggested large grazing catchments were targets in re-
ducing sediments (e.g., protection from soil erosion processes) and key
management practices were adopted to control DIN exported from sugar
cane land use (Stephen Lewis et al., 2014; Waters et al., 2014). The
monitoring data analysed here were collected to further understand
loads and patterns of loads at the catchment-basin scale. Our results are
consistent with the current understanding developed at smaller scales
that shows land use and management practices are important factors
affecting the spatial variability in water quality responses (Brodie et
al., 2017; Hunter and Walton, 2008; Lynam et al., 2010; Thorburn et
al., 2013). Grazing land use has a strong association with spatial vari-
ation in sediments and particulate nutrients across the Great Barrier
Reef catchments, with particulates being identified as a key source of
impact on the Great Barrier Reef aquatic environment. A continued
concentration on management of sediments in the large grazing catch-
ments is supported by our results. In addition, there is a strong cor-
relation between the area of sugar cane and dissolved inorganic ni-
trogen concentrations. Again, our results support continued focus on
intensive agriculture, in particular sugar cane, in addressing NOX im-
pact on the Great Barrier Reef. Finally, catchment topographic char-
acteristics, interacting with land uses, might also influence these dif-
ferent types of constituents. In particular, the results suggest that fo
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cusing fertiliser management on catchments with high stream density
and annual rainfall (strong hydrologic connectivity) and sugar cane ac-
tivities might be worth more in-depth investigation to establish, if real
benefits could be achieved in reducing dissolved inorganic nitrogen in
streams.

Catchment climate and hydrology affect spatial variability in dis-
solved nitrogen species (except for NOX) and salinity. This is likely a
result of cross-correlation of these catchment characteristics and land
uses and catchment geology. We also found that the relationship of the
spatial pattern of the main dissolved constituents (e.g., dissolved nitro-
gen and EC) and catchment characteristics differs for the two clusters
of sites across the Great Barrier Reef catchments. A sound understand-
ing of the underlying reasons for the differences in these relationships
is necessary for effective water quality management policy-making. In-
deed, the hydrological variability, in-stream biogeochemical processes,
as well as sources from different land uses have been found to be sig-
nificant factors that can lead to varying behaviours of dissolved nitro-
gen and EC among two clusters of sites. This implies that there is not
a ‘one-size-fits-all’ approach to managing water quality throughout the
whole the Great Barrier Reef catchments. It should also be noted that
pesticides have been identified as important water quality parameters in
the context of the Great Barrier Reef catchments, but that they are ex-
cluded from this study.

5. Conclusions

This study applied multivariate statistical techniques to understand
the spatial variability in stream water quality in the Great Barrier Reef
catchments. We found that different catchment characteristics influ-
enced the magnitude of concentration in varying ways in the Great Bar-
rier Reef catchments. The influences of the key catchment characteris-
tics depended on clusters of sites and their impacts differed for different
constituents. Therefore, a comprehensive understanding of spatial vari-
ability and its association with catchment characteristics is likely to pro-
vide valuable information for catchment management make decisions
aiming to address the risks of land-derived constituents on the marine
aquatic ecosystem. It is important to note that water quality varies in
time, as well as space, and temporal drivers (e.g., discharge, spatial and
temporal differences in land use and management and cover, etc.) of
water quality variation in these catchments is the subject of ongoing in-
vestigation to improve our understanding of water quality dynamics.
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