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a b s t r a c t

The provision of water to meet the needs of an ever increasing urban population is a significant chal-
lenge. This is because urban receiving waters are constantly at risk from pollutant inputs via stormwater
runoff and wastewater discharge. This research study employed multiple approaches including principal
component analysis, Bayesian Networks (BNs) modelling and geospatial analysis to identify patterns in
the distributions of nutrients and metals in water and sediments in an urban river and the interactions
between the two phases. In both, water and sediments, nutrient concentrations/loads varied in the order
of total carbon (TC)> total nitrogen (TN)> total phosphorus (TP). The river sediments were found to
contain the highest crustal metal loads, while in water, the marine-related metals had the highest
concentrations. The BNs modelling of pollutant interactions between water and sediment phases indi-
cated that nitrogen is more likely to be transferred from water to sediment than the opposite, while
anthropogenic metals are more likely to be transferred from sediments to water. Further, geospatial
analysis showed that TN, crustal metals and anthropogenic metal loads in sediments increased from
upstream to downstream, while having a decreasing pattern in water. However, marine-related metals in
both, water and sediments had increasing concentrations/loads from upstream to downstream. These
spatial patterns are attributed to the interactions between water and sediment phases, sediment
transport along the river and seawater intrusion in the estuarine area. The study outcomes are expected
to contribute to enhancing the knowledge required for developing mitigation strategies to improve ur-
ban receiving water quality.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

As at 2015, 844 million people worldwide did not have access to
basic drinking water services, whilst 2.3 billion people did not have
access to basic sanitation facilities and 5.2 billion people were not
practicing basic hygiene (hand washing with soap and water).
Further, only 71% and 39% of the global population had access to
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safely managed drinking water services and sanitation services,
respectively (World Health Organization-United Nations Children's
Fund, 2017). Water resources is the common factor that plays the
key role in the provision of all of these services. Consequently,
effective management of water resources is crucial for achieving
the Sustainable Development Goals (SDG) set by the United Na-
tions, and in particular SDG 6: Ensure availability and sustainable
management of water and sanitation for all (UN, 2015).

However, the world is rapidly urbanising, increasing the extent
of the built environment and the spread of anthropogenic activities
common to urban areas that impact on the hydrology and water
quality of catchments. It is a challenging issue for cities to effec-
tively manage the limited water resources such as urban rivers for
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the provision of services to the growing population in order to
enhance urban liveability (McGrane, 2016; Wijesiri et al., 2018). In
urban areas, anthropogenic sources are primarily responsible for
generating substantial pollutant loads such as nutrients (primarily
from domestic and agricultural waste) (Carey et al., 2013) and
metals (primarily from industrial waste and vehicular traffic) (Liu
et al., 2018a). On the other hand, increased impervious surfaces
with uniform slopes generate rapid runoff during storms that
transports pollutants to urban rivers (Jacobson, 2011; Miller et al.,
2014). As such, these toxic pollutants could exert significant
health risks to the aquatic ecosystem, and in turn, humans
(Jayarathne et al., 2018; Ning et al., 2014; Smith et al., 1999).

Some of these pollutants remain suspended or dissolved in the
water column and some pollutants become adsorbed to bed sedi-
ments. Further, natural factors such as high intensity rainfall events,
currents and turbulence and anthropogenic factors such as water-
based transportation disturb the stability of urban rivers. This
would influence the interactions between pollutants in water and
sediment phases, altering the state of water quality (Deborde et al.,
2007; Marsalek et al., 2007).

Past research studies have investigated the origin and transport
of pollutants to river systems (e.g. Islam et al., 2015; Kiedrzy�nska
et al., 2014; Taylor and Owens, 2009; Yuan et al., 2014) and sub-
sequent pollutant transport along rivers via water and sediment
phases (e.g. Ani et al., 2009; Benedini and Tsakiris, 2013; Chalov
et al., 2015; Espinoza Villar et al., 2013; Markus et al., 2016;
McBride and Rutherford,1984; Peri�a~nez et al., 2013). However, only
limited research has been conducted on pollutant interactions be-
tween water and sediment phases. In fact, pollutants are likely to
exhibit complex behaviours such as adsorption and desorption
(Ciszewski and Grygar, 2016; Harrison et al., 2009; L�opez-Taraz�on
et al., 2016; Ma et al., 2016).

This research study aimed to understand the distribution and
interaction of nutrients (nitrogen and phosphorous) and metals
(crustal e from geogenic sources, anthropogenic e from human
activities andmarine-related e from the ocean) betweenwater and
sediment phases of a river located in a highly urbanised region. The
study initially investigated the patterns of concentrations/loads and
composition of nutrients and metals in river water and sediments,
and then statistical modelling of nutrient and metal transfer be-
tween water and sediment phases was undertaken by developing
relationships between the prevalence of nutrients and metals and
their influential factors. The statistical modelling enabled deter-
mining themore likely pathway of nutrients andmetal transfer (i.e.
water to sediments or sediments to water). Finally, the spatial
distribution of nutrients and metals were mapped using experi-
mental data and the outcomes of the statistical modelling along
with geospatial analysis. Spatial mapping was undertaken to
determine whether the nutrient and metal interactions between
sediment and water phases would have an impact on their distri-
butions from upstream to downstream (estuarine area) of the river.

It is important to note that although this study was undertaken
in Shenzhen River, China, the knowledge created is widely appli-
cable since this River is a typical river system influenced by a range
of urban land uses and anthropogenic activities. Further, sources
such as wastewater and stormwater discharge can contribute to
nutrients and metals in the river. However, this study investigated
the processes that occur after the nutrients and metals have been
discharged into the river. Hence, the contributions from different
sources were not accounted for as they could have an important
influence on quantity of pollutants which enter the river system,
but do not directly influence the mechanisms of nutrients and
metals transfer between water and sediment phases. The research
outcomes are expected to provide a step improvement in knowl-
edge on the dynamics of pollutants that can pose risks to urban
receiving waters. This will contribute to the formulation of effective
measures to improve urban water quality, and thereby to enhance
urban liveability.

2. Materials and methods

2.1. Study area

The study area was the Shenzhen River, which is located in
Shenzhen, South China. Shenzhen is a highly urbanised area and is
a megacity with a population of over 12 million. Shenzhen River
flows into Shenzhen Bay and is the natural border between Hong
Kong and mainland of China. The river length is 37 km and drains a
catchment area of 297 km2, including 172 km2 of Shenzhen and
125 km2 of Hong Kong. The Shenzhen River catchment encom-
passes a range of land use types, primarily, residential (Res), com-
mercial (Com), industrial (Ind), natural areas (GL) and agricultural
lands (CL). A total of 11 sampling points were selected along the
river spanning upstream/east (S1eS4), middle (S5eS7) and
downstream/west (S8eS11) sections to obtain a representative
cross-section of the waterway. The salinity of water was found to
increase from upstream to downstream, such that the lowest
salinity was 0.20‰ (S1eS4) and the highest salinity was 8.90‰ at
S11. The data on salinity at each sampling site can be found in
Table S1 in the Supplementary Information.

The percentages of each land use type accounting for the total
drainage area associated with each sampling point (land use frac-
tion) were used in the analysis as land use related parameters. The
data was extracted from a spatial database using ArcGIS software.
For identifying the land use fraction, the drainage area related to
each sampling point (550m� 550mwith the sampling point as the
centroid) was divided into a number of small grids (50m� 50m).
The five land use fractions were calculated for each gird. Land use
fractions for each sampling site was derived by the summation of
the Res, Com, Ind, GL and CL fractions for each gird cell, within the
total area of 550m� 550m representing each sampling site.
Relevant data in relation to the land use fractions for each sampling
site is provided in Table S1, while Fig. 1 shows the locations of the
sampling points.

2.2. Sediment and water sampling

Three sediments and three water samples were collected from
each of the selected sampling locations in October 2017. Sediment
samples were collected at 0e3 cm depth. Accordingly, a total of 33
sediment samples and 33 water samples were collected. The
sediment and water samples collected were stored in pre-cleaned
1 L glass jars and transported on ice to the laboratory and stored
at �20 �C until further analysis.

2.3. Laboratory analysis

Water samples were tested for typical physical parameters (pH,
electrical conductivity and temperature) in-situ, using a portable
water quality analyser (HQd, Hach). Water and sediment samples
were analysed for nutrients (carbon, nitrogen and phosphorus) and
twelve metals (Al, Mn, Fe, Ni, Cu, Zn, Ba, Pb, Na, Mg, K and Ca)
commonly present in the urban environment. Nutrient species
tested in the laboratory included total nitrogen (TN), total phos-
phorous (TP) and carbon (total carbon, TC and organic carbon, OC).
Metals were divided into crustal metals (Al, Mn, Fe), anthropogenic
metals (Ni, Cu, Zn, Ba, Pb), and marine-related metals (Na, Mg, K,
Ca). In addition to the source of origin, this classification of metals
also considered the variations in metal loads from the upstream to
the downstream of the river, which are generally similar for the



Fig. 1. Aerial view of sampling locations along the Shenzhen River.
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metals in each group (see Figures S1 e S3 in the Supplementary
Information). In addition to the total metal content in sediments,
weak acid extractable metal content was determined. Moreover,
the mineralogical composition of sediment samples was also ana-
lysed for the purpose of source identification.

The total metal content in water samples was determined by
digesting with concentrated HNO3 acid using a hot block digester
(SC154-Environmental Express) at 95 �C for 2 h, and followed by
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis
with Agilent 8800 Triple Quadrupole instrument together with
Agilent Multi-element Calibration Standard 2A and digested USGS
geological reference material W-2a (dolerite). The ICP-MS tech-
nique was also used to analyse the weak acid extractable metals in
the sediment samples, but were extracted using concentrated
HNO3 acid and tumbling at 100 rpm for 6 h in an end-over-end
tumbler and then centrifuging at 3500 rpm for 10min (Duodu
et al., 2017). The total metal content in sediment samples was
determined using X-ray Fluorescence (XRF) technique. In this re-
gard, the XRF was preferred over ICP-MS, because XRF is a non-
destructive method and it does not require sample dissolution or
digestion, avoiding potential inaccuracies due to incomplete
digestion. For this test, stable glass disks of each sediment sample
were prepared in an electric fluxer (The Ox Claisse), with powdered
samples initially subjected to loss-on-ignition (LOI) at 1050 �C, and
thenmelting andmixing the sample and flux in a platinum crucible
at 1100 �C, and then casting and cooling.

For water samples, TN and TC were analysed using Shimadzu
TOC-VCSH instrument. TP was analysed using Inductively Couple
Plasma-Optical Emission Spectroscopy (ICP-OES) with PerkinElmer
Optima 8300 dual view instrument. Quality control procedures
employed included the use of Choice Analytical Certified Reference
Materials (CRMs) and Initial Check Verification standards (ICVs).
For sediment samples, TN and TCwere analysed using LECO TruMac
CNS analyser after tumbling and centrifuging (similar to weak acid
extractable metals extraction) the samples with Milli-Q water. The
TP in sediments was analysed using XRF as reported for the total
metal analysis. The OC content in water samples was determined
using Shimadzu TOC-VCSH instrument. For sediment samples, LOI
method (Rayment and Lyons, 2011) was used together with high
temperature muffle furnace set at 550 �C. The mineralogical
composition of sediments was analysed using X-ray diffraction
(XRD) technique with PANalytical X'Pert Pro diffractometer.

For quality control and quality assurance purposes, a minimum
of 10% of all samples consisting of blank samples and replicates
were analysed. Additionally, two certified reference materials
(MESS-3 and STSD-1) were used for all sediment analyses (Duodu
et al., 2017).
2.4. Data analysis

Data analysis consisted of three steps. Step 1 was to characterise
nutrient and metal content in sediments (loads) and water (con-
centrations). Descriptive statistics (mean, standard deviation and
relative standard deviation) of nutrient and metal content in sed-
iments and water were analysed, followed by principal component
analysis (PCA). PCA was undertaken to identify the relationships
between pollutants (nutrients and metals) and surrounding land
uses. Step 2 was to investigate the interactions of nutrients and
metals between water and sediment phases. This was undertaken
by employing a Bayesian Networks (BNs) modelling approach. Step
3 was to develop spatial distribution maps of nutrients and metals
inwater and sediments along the Shenzhen River. This involved the
generation of data for unsampled points using geospatial analyses.
2.4.1. PCA analysis
PCA is an effective technique to explore correlations among

variables and objects (Kokot et al., 1998). It is a statistical procedure
that uses an orthogonal transformation to convert a set of obser-
vations of possibly correlated variables into a set of values of line-
arly uncorrelated variables called principal components. The first
principal component (PC) accounts for the highest possible vari-
ance (i.e. accounts for as much of the variability in the data as
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possible), and each succeeding component, in turn, has the highest
variance possible under the constraint that it is orthogonal to the
preceding component. The number of significant principal com-
ponents is selected using the Scree plot method (Adams, 1995).
Generally, a percentage of more than 60% explained by all the
principal components selected is considered as reliable in the
analysis of the informationwithin the dataset (Adams,1995). In this
study, PCA was conducted to investigate how surrounding land
uses influence nutrients and metals in river water and sediments.
2.4.2. Bayesian Networks (BNs) modelling
Bayesian Networks (BNs) are a graphical modelling approach. Its

strengths, such as visualisation of the process or system being
modelled, ability to incorporate both, qualitative and quantitative
data, and simple interpretation of modelling outcomes have
resulted in researchers employing this approach for understanding
a wide range of environmental processes and systems (Bonotto
et al., 2018; Howes et al., 2010; Liu et al., 2018b; Rigosi et al., 2015).

In BNs, the model structure is a Directed Acyclic Graph (DAG)
and its development relies on expert elicited knowledge. As such,
based on the current understanding of the process or system, a
number of relationships are formed among a selected set of random
variables. These random variables are the factors that best describe
the process or system. More importantly, the Markov Property of
BNs enables modelling a given randomvariable by only considering
its immediate parent variables (i.e. direct influential factors). As
such, complex processes or systems can be investigated without
suffering from the ‘curse of dimensionality’. Then, given the model
structure and measured (observed) data, BNs quantify the in-
terdependencies between random variables in terms of conditional
probabilities (for discrete variables) or conditional regression co-
efficients (for continuous variables). Scutari (2009) and Uusitalo
(2007) provide a comprehensive understanding of BNs modelling.

In this study, two BNs models were developed to describe nu-
trients (nitrogen and phosphorus) and metals transfer between
river water and sediments. As such, the model, which describes
pollutant transfer from water to sediment (Model 1), assumes that
there is no transfer from sediments to water. Similarly, the model
which describes pollutant transfer from sediment to water (Model
2), assumes that there is no transfer from water to sediments. The
factors (variables), which were considered to directly influence the
prevalence of nutrients and metals in river water and sediments,
included: five land use types (industrial, commercial, residential,
natural and agricultural lands), organic carbon in water and sedi-
ments and pH. With regards to metals, weak acid extractable
content was considered to be transferrable between the sediment
and water phases (Brady et al., 2014; Duodu et al., 2017; Modak
et al., 1992). All data were quantitative and are provided in
Table S1. It is important to note that the analyses discussed in the
following sections are based on the proposed BNs models. How-
ever, given the flexibility of BNs, the proposed model structure can
be further refined in the future if needed.
Table 1
Descriptive statistics of nutrient and metals in river water and sediments.

Phase Nutrients
TN TP

Sediments Mean (mg/g) 1.9 1.6
SD (mg/g) 0.86 0.58
RSD (%) 46 36

Water Mean (mg/L) 9.2 0.20
SD (mg/L) 2.6 0.10
RSD (%) 28 63

SD e standard deviation; RSD e relative standard deviation.
2.4.3. Geospatial mapping
To develop spatial distributions of nutrients and metals inwater

and sediments along the Shenzhen River, it was necessary to obtain
data from several locations other than the original sampling points.
Given the practical constraints associated with sampling a large
number of locations, the geospatial mapping utilised the outcomes
of BNs modelling which are discussed in Section 2.4.2. For this task,
land use datawere obtained at the mid-points between the original
sampling points. Then, the data for the other factors that influence
nutrient and metal prevalence in river water and sediments (ac-
cording to proposed BNs models in Section 2.4.2) were derived by
taking the average value of the nearest original sampling points.

Given the longitude and latitude of the original and interme-
diate locations, spatial (raster) maps were created to visualise the
variation in nutrient and metal prevalence in river water and sed-
iments. This study employed Kriging interpolation technique to
create the raster maps. The technique assumes that the variation of
a given factor on a surface can be mapped using the spatial corre-
lation obtained from distance and direction of associated sampling
points (Hou et al., 2017). Past studies have shown that this tech-
nique outperforms other interpolation techniques in the case of
water quality studies (Murphy et al., 2009).

3. Results and discussion

3.1. Characterisation of nutrients and metals in river water and
sediments

3.1.1. Profiles of nutrients and metals
Table 1 presents the descriptive statistics for nutrients, total

metals in water (concentrations) and weak acid extractable metals
in sediments (weak acid extractable metals were used rather than
total metals, because weak acid extractable forms are primarily
responsible for interactions betweenwater and sediments). In both,
water and sediments, TC amounts were the highest, followed by
TN, while TP was the lowest. The reason for comparing TC, TN and
TP was that they are necessary nutrients for aquatic plants, animals
and microorganisms. Additionally, they are important elements
which indicate water and sediment pollution and ecological health
of the river system. In the case of metals, their characteristics in
water and sediments are different. Themean loads of crustal metals
in sediments were 2.5 times higher than those of marine-related
metals, and both types of metal loads are higher than those of
anthropogenic metals by an order of ten. On the other hand,
marine-related metals in water show concentrations higher than
crustal and anthropogenic metals by an order of hundred.

The similar trend in nutrient content in water and sediments
(TC> TN> TP) could be attributed to their frequent transfer be-
tween the twomatrices. Past research studies have found that both,
water and sediments can be seen as a sink for nutrients and the
interchange of nutrients frequently occurs depending on the dis-
solved oxygen level in water and hypoxic/anoxic conditions in
sediments (Petranich et al., 2018). This could lead to relatively
Metals
TC Crustal Anthropogenic Marine-related
17 8.4 0.23 3.4
7.0 1.9 0.093 1.4
42 22 40 40
34 1.2 0.10 5.2� 102

4.8 1.1 0.10 5.2� 102

14 89 77 1.0� 102
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consistent trends in nutrient content (loads or concentrations) in
water and sediments, even though their sources could still be
different.

In the case of metals, the crustal metal loads were the highest in
sediments, while marine-related metal loads were the highest in
water. Soil is an important source of sediments. Accordingly, crustal
metals show the highest loads in sediments. This can also be sup-
ported by the mineral characteristics of sediments (see Table S3 in
the Supplementary Information). It can be noted that more than
75% of the mineral types at each sampling point are related to soils
in the natural environment. However, marine-related metals such
as Na and K are very soluble in water. This could lead to a large
amount of marine-related metals being present in water rather
than in sediments. The much higher concentration of marine-
related metals in water also suggest the significant contributions
of seawater to the river system. Shenzhen River flows to Shenzhen
Bay and hence, this river is strongly influenced by tides, which can
transport pollutants from the ocean to the river. Furthermore,
although anthropogenic metals show the lowest content in both,
water and sediments, these metals are toxic (e.g. Ni and Pb) and
should receive significant attention.

It is also noteworthy that metals in water show a higher relative
standard deviation (76.6%e100%), while the corresponding values
for nutrients in both, water (14.0%e63.4%) and sediments (36.0%e
45.6%) and metals in sediments (22.4%e40.4%) were lower. These
observations indicate that metal concentrations in water could be
very different among different locations compared to nutrients in
water/sediments and metals in sediments. This implies that metals
in water are more likely to be influenced by other factors such as
the surrounding environment (e.g. land use and tidal effect and
resulting changes to salinity).

3.1.2. Relationships between nutrients and metals in the river
system and surrounding environments

According to the nutrients and metals profiles discussed above,
metals in particular are influenced by the surrounding environment
since they are highly variable from upstream to downstream. In
order to further investigate the relationships between nutrients
andmetals in the river and surrounding environment, separate PCA
analysis was performed for water and sediments. Accordingly, four
matrices (8� 11 for each matrix) were created for water and sed-
iments, respectively. The 11 objects were the eleven sampling
points and the 8 variables included the three nutrient types (TN, TP
and TC) or the three metal types (crustal, anthropogenic and
marine-related) and the factions of the five land use types (indus-
trial, residential, commercial, natural and agriculture lands). Fig. 2
shows the resulting PCA biplots. It was found that the explana-
tory percentages by PC1 and PC2 were 75.08%, 72.18%, 62.9% and
69.2% for biplots of nutrients in sediments, nutrients in water,
metals in sediments and metals in water, respectively. This means
that the results of PCA are reliable.

It can be noted that nutrients andmetals inwater and sediments
show different relationships with land use in the surrounding
environment. According to Fig. 2a (nutrients in sediments), all three
nutrient types have a strong relationship with commercial land use
(as evident from the acute angle between nutrient vectors and
commercial vector), while other land uses do not indicate similar
relationships with nutrients. However, the three types of nutrients
inwater (Fig. 2b) are strongly related to agricultural land use where
fertiliser is extensively used (particularly when stormwater
washes-off the agricultural areas, discharging fertiliser into the
river), and residential land use, which is major source of domestic
wastewater discharge, compared to other land uses.

In terms of metals, anthropogenic metals in sediments (Fig. 2c)
are strongly related to commercial land use, while marine-related
metals are associated with natural land use. Crustal metals do not
indicate strong relationships with any of the five land use types.
This confirms that the crustal metals primarily originate from the
natural environment rather than from anthropogenic activities or
seawater. In water (Fig. 2d), the relationships between metals and
land use is difficult to interpret. As evident in Fig. 2d, the crustal
metal vector forms an acute angle with the commercial land use
vector; anthropogenic metal vector forms an acute angle with the
natural land use vector;marine-relatedmetal vector forms an acute
angle with the industrial land use vector. This suggests that other
sources may also significantly contribute to metals in water,
possibly the release of metals from sediments (internal sources
within the river system).

Interestingly, it was also found that objects (sampling sites) are
generally clustered according to their locations, such that S1eS4,
S5eS7 and S8eS11 are the eastern sites, middle sites and western
sites, respectively. It was noted that nutrients in water and sedi-
ments are more related to eastern sites andmiddle sites (Fig. 2a and
b) while marine-related metals in both, water and sediments are
closely related to the western sites (S8eS11) (Fig. 2c and d). These
observations would imply the influence of tidal effect and resulting
changes to salinity, since salinity influences pollutant behaviour in
the river system. For example, phosphorus has been found to have a
rapid desorption to water at low salinity (Deborde et al., 2007).
Accordingly, phosphorus has lower concentrations/loads in the
western sites. This is evident from the fact that TP vectors are
opposite to S8eS11 objects (located at estuary with high salinity,
see Table S1) in Fig. 2a and b.

3.2. Nutrients and metals transfer between water and sediment
phases

This section discusses in depth, the lesser known interactions
between nutrients, metals, water and sediments. It is important to
note that the study accounted for crustal, anthropogenic and
marine-relatedmetals, but only considered TN and TP in the case of
nutrients (TC was not considered in the interaction analysis while
OC was considered instead). The reasons being: (1) the OC content
in water and sediment was considered as a major influential factor
of metals adsorption to particulate matter; and (2) TN and TP are
the types of nutrients that are most widely investigated and their
impact on aquatic ecosystems is largely known.

Fig. 3 depicts the structure of the two BNs models proposed for
nutrient and metal transfer between water and sediment phases.
Firstly, it was necessary to ensure that the two models would
generate reliable information. The performance of each model was
evaluated using root mean squared error e RMSE (Table S4 in the
Supplementary Information) and variations of measured
(observed) and predicted concentrations of nutrients and metals
and residual concentrations (Figures S4 e S7 in the Supplementary
Information). Accordingly, it was evident that the BNs models
proposed were reliable only for some types of nutrients andmetals.
This is attributed to the fact that the study is largely dependent on
the current knowledge on nutrient and metal prevalence in urban
receiving waters. The fact that the proposed models do not accu-
rately describe the transfer of some types of nutrients and metals
implies that there could be several other factors that influence the
complex processes involved, which are hitherto not identified, and
thus requires further research.

Table S5 in the Supplementary Information provides the esti-
mated conditional regression coefficients for those variables (i.e.
types of nutrients and metals) for which the model performance
was satisfactory. The coefficients highlighted in grey specifically
provide information relating to potential interactions between
nutrients and metals in water and sediments.



Fig. 2. PCA biplots (a-nutrients in sediments; b-nutrients in water; c-metals in sediments; d-metals in water; Note: Res e residential; Com e commercial; Ind e industrial; CL e

crop land; GL e green land; ewestern sites; emiddle sites; eeastern sites). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Accordingly, Model 1 andModel 2 show that TN inwater and TN
in sediments have negative interdependencies. This implies the
potential transfer from one phase to the other. Moreover, as Model
1 coefficient (�1.10, see Table S5) significantly influences the
prevalence of TN (67.9% with respect to other variables), while
Model 2 coefficient (�0.120) only contributes 4.17%. Therefore, it is
likely that more nitrogen is transferred from water to sediment
than from sediment to water. As such, nutrients can accumulate in
sediments, which can be an effective sink for nitrogen discharged
into the river system. This confirms the potential of sediments to
act as a nitrogen sink as noted in past research such as by L�opez-
Taraz�on et al. (2016) and Harrison et al. (2009). It is possible to
reduce the risk of algal blooms in the water column if nitrogen can
be effectively fixed within sediments such as using nutrients fixing
microorganisms (Jabir et al., 2018). However, it is possible that ni-
trogen might still come back to the water if environmental condi-
tions in the sediments change such as pH and excessive bed erosion
due to flood flow (Asaeda et al., 2016).

In relation to metals, Model 1 and Model 2 show that total
anthropogenic metals (TAM) in water and weak acid extractable
anthropogenic metals (EAM) in sediments have positive in-
terdependencies. This implies the potential transfer from one phase
to the other given the high likelihood of weak acid extractable
metal fraction desorbing from sediments. Further, Model 1 coeffi-
cient (0.204) influences the prevalence of anthropogenic metals by
2.12% with respect to other variables, while Model 2 coefficient
(3.86) influences 8.96%, implying that anthropogenic metals in
sediments are more likely to transfer to the water phase. This
implies that river sediment is less likely to act as a sink for
anthropogenic metals that can be easily transported to the ocean.
This is also consistent with the observations by Ciszewski and
Grygar (2016) on the remobilisation of metals associated with
sediments, which can be triggered by flooding. As such, metals
generated through anthropogenic activities can be a significant
threat to the marine environment, particularly the ecosystem in an
estuarine area. Additionally, according to Model 2, marine-related
metals (TMM) in water and weak acid extractable marine-related
metals (EMM) in sediments also have positive interdependencies.
Although this indicates potential transfer of marine-related metals
between water and sediment phases, it is not possible to infer the
likely path of transfer (water to sediment or sediment to water),
because Model 1 did not produce satisfactory outcomes for EMM.

Moreover, the land use exert relatively limited influence on the
total metal load in sediments (TCM, TAM and TMM) compared to
the influence of organic carbon in sediments. In most cases,
particularly, residential, commercial and industrial land uses, exert
100 times less influence than organic carbon, while only agricul-
tural lands would exert an influence on TCM and TAM that is of
similar order as organic carbon. Given that organic carbon has a
positive relationship with total metal loads in sediments, it is
possible to conclude that organic complexation of metals very
likely occurs in river sediments, which is substantiated by the
outcomes of the study byMa et al. (2016). Moreover, it was noted in
Section 3.1.2 that weak acid extractable metals in sediments have
strong relationships with land use. As such, it is evident that weak
acid extractable metals are more related to land use, while total



Fig. 3. Graphical structure of the Bayesian Networks (BNs) model of nutrient and metal transfer between river water and sediments.
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metals are less related to land use. This highlights the significance
of anthropogenic activities in generating weak acid extractable
metals, which are more likely to undergo interactions between
water and sediment phases in the river.

3.3. Spatial distribution of nutrients and metals

Spatial maps were developed as shown in Fig. 4 and Figs. S8 e

S10 in the Supplementary Information, for the variables for which
the proposed BNs models showed satisfactory performance as
discussed in Section 3.2. It is important to note that Fig. 4a shows
nitrogen distribution in sediments based on the outcomes of Model
1; Fig. 4b and c show the nitrogen distribution in water based on
the outcomes of Model 1 and Model 2, respectively. Similarly,
Fig. S10a shows the distribution of marine-related metals in sedi-
ments based on the outcomes of Model 1; Fig. S10b and c show the
distributions of marine-related metals in water based on the out-
comes of Model 1 and Model 2, respectively.

As evident in Fig. 4, which shows nitrogen distributions along
the Shenzhen River, the highest loads in sediments are found near
the Shenzhen Bay (downstream) and the highest concentrations in
water are found in the upstream area. The increasing nitrogen
concentrations in sediments from upstream to downstream are
attributed to sediment transport along the river and accumulation
in the estuarine area. On the other hand, nitrogen discharged into
the river at the upstream could be diluted due to the tidal effects in
the estuarine area, thus resulting in low concentrations (Chalov
et al., 2015; Espinoza Villar et al., 2013). In fact, this observation is
also supported by the fact that nitrogen in water can be transferred
to sediments as noted in Section 3.2.

In regard to metals, crustal metals (Fig. S8) and anthropogenic
metals (Fig. S9) in sediments and water also show spatial distri-
butions similar to nitrogen. This is attributed to the same causes as
for nitrogen (i.e. accumulation of sediment in the estuarine area).
However, it was evident from BNs modelling in Section 3.2 that
anthropogenic metals in sediments can be transferred to water.
Although this outcome does not strongly support the spatial dis-
tribution of anthropogenic metals, it highlights the fact that the
increasing concentrations in sediments from upstream to down-
stream could be largely due to sediment transport.

Moreover, marine-related metals (Fig. S10) show distributions
different to crustal and anthropogenic metals, such that the con-
centrations in both, sediments and water would increase from the
upstream to the downstream estuarine area. Further, it is also
evident that unlike crustal and anthropogenic metals, marine-
related metals do not show large differences in the concentrations
between sediments and water. In fact, this can be identified as a
typical pattern, and shows how influential tidal effects can be, as the
tides bringwater with high concentrations of salts (Xue et al., 2009).

4. Conclusions

The research study investigated the distribution and interaction
of nutrients and metals between water and sediment phases in an



Fig. 4. Spatial distributions of nitrogen concentrations: (a) sediment e Model 1; (b) water e Model 1; (c) water e Model 2.
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urban river using innovative statistical and geospatial analyses. The
key outcomes of the study were:

� Metal concentrations in water can be very different at different
locations compared to nutrients in water/sediments and metals
in sediments. Metals inwater are more likely to be influenced by
the surrounding environment. As such, regulations may be
necessary to manage anthropogenic activities near urban rivers
in relation to the discharge of metallic waste into transport
media such as stormwater runoff.

� The Principal Component Analysis (PCA) undertaken confirmed
that commercial land use exerts the largest influence on TC, TN
and TP in sediments, while agricultural and residential land uses
contribute most to nutrients in water. Further, the results
confirmed that commercial land use primarily contribute
anthropogenic metals to sediments; natural lands located close
to the estuary (close to the sea) primarily contribute to marine-
related metals; and anthropogenic activities contribute crustal
metals relatively less than other land uses. Accordingly, the in-
fluence of land use on the prevalence of pollutants varies not
only between different pollutants types, but also betweenwater
and sediment phases.

� The Bayesian Networks (BNs) modelling confirmed that river
sediments can be an effective sink for nitrogen as it was found
that nitrogen in the river has higher tendency to be transferred
from water to sediments than from sediments to water. How-
ever, river sediments would not be an effective sink for
anthropogenic metals as they are likely to be transferred from
sediments to water. Therefore, the marine environments are
more likely to be polluted with anthropogenic metals.
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� The spatial analysis showed increasing loads from upstream to
downstream estuarine area for nitrogen, crustal metals and
anthropogenic metals in sediments. However, concentrations of
those pollutants inwater were found to decrease from upstream
to downstream along the river. Marine-related metals in both,
water and sediment phases showed increasing concentrations
towards the downstream. Accordingly, the behaviour' of nutri-
ents and metals in urban rivers are a combined effect of sedi-
ment transport, tidal effects in the estuarine area and
interactions between water and sediment phases.
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