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Abstract This study investigated the long-term stream
water quality trends of nine catchments in Hong Kong
with different levels of urbanization using monthly wa-
ter quality data for a 30-year period at annual and
seasonal (wet and dry) scales. Raw data were modeled
using redundancy analysis and Mann—Kendall test. On-
ly one river showed a clear difference of water quality
responses between the upstream and downstream mon-
itoring stations. Nevertheless, in general, water quality
of monitoring stations that had built areas less than 40%
showed improving trends, whereas their downstream
counterparts with built areas more than 70% showed
deterioration trends for some parameters. Majority of
water quality trends were season-independent. Out of
the variables that were indicative of a long-term deteri-
oration trend, total solids, total suspended solids, turbid-
ity and electrical conductivity (all surrogates of sedi-
ment load of the river) were prominent. Nitrate concen-
tration demonstrated an increasing trend for most
streams, whereas phosphates a decreasing trend. This
study concluded that the main source of pollution could
be the surface runoft (nonpoint sources), not the waste-
water inputs (point sources). Stream discharge was in-
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creasing and decreasing in the downstream and up-
stream stations, respectively. This could be attributed
to the increase in imperviousness in the downstream and
water extraction in the upstream. The downstream dis-
charge increment with time would also support the fact
that contamination was due to surface runoff. This study
provides evidence that the Hong Kong legislative con-
trol actions on point source pollution work well, but not
on nonpoint source pollution.
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1 Introduction

River health is an important aspect in ecosystem service.
Nevertheless, with urbanization and economic develop-
ment, rivers have been regulated for the flood convey-
ance. Therefore, in many urban areas, it is a common
sight to see straight and/or hard-material-lined rivers
(Pinto et al. 2013; Gomes et al. 2014). The urbanization
results increase in the impervious area of the catchment.
These two changes alone would significantly change the
river hydrosystem. The increase in catchment impervi-
ousness would negatively impact stream water quality,
as runoff (i.e. nonpoint sources) brings high levels of
nutrients and sediments (Angelidis et al. 1995; Walsh
2000). Also, increase in population in a catchment
would result in some of its wastewaters to be discharged
into streams via expedient connections (i.e. via point
sources). Therefore, popular perception is urbanization
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results poor river water quality (Walsh et al. 2005; in
sensu Cai et al. 2011; Glinska-Lewczuk et al. 2016), yet
some see a rare chance of improved water quality
(USGS 2020). These rare improvements could be due
to two reasons. Firstly, the strict legislation imposed in
urban areas, unlike in rural areas, may result in near
elimination of untreated wastewater discharges. Second-
ly, in some urban areas due to restrictions on private
vehicles and simultaneous increase in electric public
transport, it has been seen in reduction of hydrocarbon
deposits on the catchment (Parrish et al. 2011).

This study aimed at studying temporal variations of
river water quality for a relatively long time scale (about
30 years). It should be noted, studies of temporal vari-
ation of stream water quality, often surrogated with
stream flow rate and spans a few years, are not rare
(Mouri et al. 2011), but identifying trends for a relatively
longer duration (e.g. for a few decades) is not common
(Tavakol et al. 2017). In this regard, Hong Kong pro-
vides a unique opportunity to investigate the variations
in long-term water quality trends due to its comprehen-
sive water quality monitoring program. It was started in
1986 covering almost all major streams and rivers (EPD
2018). There are many spatiotemporal water quality
studies done in Hong Kong for relatively longer (more
than 2 years) periods. As an example, Yung et al. (2001)
studied water quality trends in Port Shelter water quality
zone referring a 10-year data set. Xu et al. (2010) consid-
ered a 21-year data set; however, it only considered the
Deep Bay area coastal waters. Zhou et al. (2007) analyzed
the streams of the entire new territories, but only consid-
ered a 4-year period. The studies by Yung et al. (2001),
Zhou et al. (2007) and Xu et al. (2010) are rather repre-
sentatives of the common spatiotemporal extent of stud-
ies in Hong Kong, and it was conspicuous that the past
studies in Hong Kong were done either for a relatively
small area and/or for a shorter duration.

The streams and rivers in Hong Kong are relatively
short, however, in many cases include more than two
monitoring stations along its stream course, ultimately
providing past data, not only in the urbanized part of the
river but also in the rural and/or forested upstream.
Urban or heavily built areas usually exist in the mid to
downstream of the river, where the terrain is flat and
close to the sea. This is particularly true for small sea
front or island-type regions such as Hong Kong. Long-
term trend of water quality in streams reveals informa-
tion about chemical and biological changes and varia-
tions due to manmade and/or seasonal factors. Specific

@ Springer

objectives were firstly to compare and contrast upstream
and downstream water quality variations for their tem-
poral trends. The second objective was to identify the
underlying pollution sources and exploration of catch-
ment land use in that regard.

2 Materials and Methods
2.1 Study Area

Hong Kong topography is rugged, comprising predom-
inately volcanic rocks with granite intrusions, and the
vegetation comprises a combination of broad-leaved
secondary forests, shrub lands and mountain-topped
grasslands (Gomes et al. 2014). It has contrasting wet
and dry seasons, where more than 80% of the mean
annual rainfall occurs during the hot, humid wet season
between May and September (Gomes et al. 2014).

As per 2016 data, the total built-up (urban) areas was
about 25% of the total land area, and over 50% was
shrub land and woodland. Grassland accounts for 17%,
and agriculture was about 5% (Lands Department, Hong
Kong 2018). The urban areas of Hong Kong, which
continues to be the densest in high-income world, host
50% of its total population and is located close to the
coastal low-lying flat areas. This meant the downstream
course of streams and rivers flow through urban areas,
whereas the upstream course flow through the country
side (rural areas). Hong Kong rural areas contain large
extents of forests and grasslands. The geology of Hong
Kong is dominated by granite and volcanic rocks, and in
total accounts for about 75% of the area.

2.2 Methodology

This study is based on the statistical and time series
analyses of monthly water quality observations (one
observation per month) available from Environmental
Protection Department (EPD), Hong Kong, for the pe-
riod from 1986 to 2015. Water quality observations by
EPD covers almost all rivers for a wide range of param-
eters. This study shows results of 16 monitoring stations
ofnine river networks (Fig. 1). All rivers had at least one
upstream and one downstream monitoring station, ex-
cept Tin Sum and Siu Lek Yuen nullahs. These two
were selected due to low built area fraction (< 30%) and
will be considered as reference catchments. The highest
built area fraction of 80% was observed in downstream
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Fig. 1 Study streams and sampling locations. US (upstream), DS (downstream). Table 1 gives stream codes

monitoring station of Mui Wo River. Therefore, this
study had considered monitoring stations corresponding
to a wide range (20 to 80%) of built area fraction. Even
though all 83 monitoring stations were considered in the
preliminary analyses, it was decided to incorporate only
16 as it was evident that they reasonably reflect the
status quo.

The water quality parameters considered in this study
included stream discharge, nitrate-nitrogen, phosphate,
total suspended solids (TSS), total solids (TS), turbidity
and electrical conductivity (EC). All data were taken
from Environmental Protection Department’s online da-
ta base (https://www.epd.gov.hk/epd/epic/english/data
river monitoring.html). In general, all months had data.
Nevertheless, there were a few cases of missing data,
and the average of the immediate before and after
months were considered. Also, if a variable was shown
below the level of detection, it was considered as 0 (e.g.
if nitrate-nitrogen < 0.002 mg/L, then it was considered
as 0 mg/L). It should be noted that the number of outliers
were small relative to the number of observations (less
than 2% in many cases) (data not shown) and also such
outliers was the case in all monitoring stations. There-
fore, outliers will be assumed uninfluential of the out-
comes of this study. Land use maps constructed by
Lands Department were used to identify the land use.

Table 1 shows the selected rivers, monitoring stations,
the percent built area and the geology (in terms of the
dominant rock type) of the contributing catchment as at
2016. The net built area fraction (that is built area as
seen aerially) of past years is assumed to be more or less
the same or to be proportionate with the values between
different catchments as of 2016.

2.3 Data Analysis

Multivariate statistical techniques are effective for cate-
gorizing, interpreting, and representing raw river water
quality data (Wang et al. 2014). Here, data were
modeled using redundancy analysis (RDA). RDA was
selected based on the short gradient length (less than 4)
of response variables (Ter Braak & Smilauer 2002). In
RDA, water quality variables were treated as response
variables, whereas time was considered as the explana-
tory variable. The sampling month was numbered,
starting from one (i.e. 1986 January was assigned
one). RDA analyses were done by centering and stan-
dardizing the explanatory variable. Scaling focused on
explanatory variable correlations with the water quality
variables, and explanatory variable scores were divided
by standard deviation. A log transformation (y'=log
(A.y+C); A=10 and C=1) was used to reduce the
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Table 1 Studied streams, upstream and downstream sampling locations and the land use split of the respective contributing catchment (i.e.

catchment above the station)

River Upstream Downstream
Code Built Major rock type (%) Code Built area (%) Major rock type (%)
area (%)
Mui Wo River MW US 40 Volcanic (100) MW DS 80 Volcanic (20), granite (80)
Ho Chung River PR US 50 Volcanic (90), granite (10) PR DS 70 Volcanic (100)
Tseng Lan JRUS 60 Volcanic (50), granite (50) JR DS 70 Volcanic (50), granite (50)
Shue Stream
Yuen Long Creek YL US 50 Volcanic (40), granite (35), YL DS 80 Volcanic (30), granite (20),
superficial deposits (25) superficial deposits (50)
Tin Shui Wai Nullah TSR US 60 Granite (100) TSRDS 70 Granite (70), superficial
deposits (20), metamorphic
rocks (10)
Tuen Mun River TN US 70 Granite (70), superficial TN DS 70 Volcanic (20), granite (60),
deposits (30) metamorphic rocks (20)
Kai Tak River KNUS 50 Granite (100) KNDS 50 Granite (50), superficial
deposits (25), reclaimed
land (25)
Tin Sum Nullah TR R1 30 Granite (100) - -
Siu Lek Yuen Nullah TR R2 20 Granite (100) - -

skewness. Conditional and marginal effects of explana-
tory variables on response variables were assessed using
a Monte Carlo permutation test (with automatic variable
selection), which was done using the reduced model
from CANOCO for Windows (Gomes and Asaeda
2009). The angle between two variables indicates the
strength of correlation (the smaller the angle, strong
positive correlation; closer to 180°, strong negative cor-
relation). The length of the variable arrow indicates the
strength of the variable. In addition, water quality re-
sponse curves against time was drawn using LOESS
smoother method incorporating local linear option and
also generalized linear model with a quadratic fit. This
was done to recheck the decision of using the linear
multivariate method. RDA and response curves of water
quality parameters were generated by Canoco 4.5.

One of the main objectives of trend analysis in water
quality studies is to find increase or decrease of a water
quality parameter within the time period of interest
(Naddafi 2007). The Mann—Kendall method is a non-
parametric test for detecting trends in long-term data.
Instead of comparing the data values itself, this test
compares the relative magnitude of a sample (Gilbert
1987). There are couple of advantages of this method:
(1) this method does not require data to conform a
particular distribution; (2) it is insensitive to abrupt
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breaks as a result of inhomogeneous time series
(Jaagus 2006). Also, Mann—Kendall test can state
whether the trend is statistically significant or not. Since
the Mann—Kendall test is a non-parametric test, it means
that the test can be carried out whether or not the dataset
is normally distributed and it will not be impacted
heavily by outliers. This test has been executed in MS
excel using “XLSTAT” tool (Dawood 2017) and will be
used to cross-validate the results of RDA.

Being a linear methods RDA and Mann-Kendall test
would not properly capture unimodal or quadratic re-
sponses against time. Therefore, overall trend would
hinder any intermediate variations. Figure 2a, b show
the water quality response curves derived by generalized
linear models with linear and unimodal fits respectively
for Mui Wo River for EC. As per Fig. 2b, it was clear
that even though the overall increment in EC was true,
there was a decreasing trend after the mid 1990 for the
downstream station. This was the case for a few vari-
ables (especially EC, TSS and TS) in a few stations.
Which curve would best fit has to be decided based on F
(ratio between sample means to variation within the
samples), P (probability) and standard error of regres-
sion, and in the given example (Fig. 2a, b), the linear
model gave the better fit, validating our decision on
selecting the linear method, RDA based on the short
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Fig.2 a LOESS smoother linear and b generalized linear model quadratic curves for the variation of electrical conductivity of upstream and

downstream stations of Mui Wo River

gradient length. For some cases (less than 20%), it was
otherwise (data not shown). Nevertheless, the predic-
tions made by linear methods such as RDA and Mann—
Kendall seemed to be adequate and representative of the
overall spatiotemporal trends.

3 Results

3.1 Summary of Water Quality and Stream Discharge
Variations

Table 2 summarizes the average, standard deviation
from the average, minimum, and maximum observa-
tions of water quality parameters and the stream dis-
charge of different stations for the study period. These
values are important as it will show the shape of the
underline spatiotemporal variations. All variables at all
monitoring stations showed a large spread indicating
temporal (seasonal, that is within year and/or long-term)
variations. Also, the upstream monitoring station
showed a better water quality than the downstream with
respect to the average values, and in many cases the
differences were significant too (¢ test; P < 0.05). How-
ever, no downstream monitoring station, unless it had a
similar built fraction as the upstream station or it is
spatially close to the upstream station (e.g. Kai Tak
River), showed a statistically significant (¢ test;
P <0.05) better water quality for any variable. This to
a certain extent indicated that urbanization leads to poor

water quality. However, this kind of snapshot results
(Table 2) would not show the temporal trajectory, as it is
possible to show a poor water quality in terms of aver-
age values, yet the same parameters may show improv-
ing trends. This is particularly true for discharge. As an
example, average values showed the downstream dis-
charges to be several folds more than the upstream, yet
no indication whether dischargers are in increasing or
decreasing trends.

3.2 Temporal Trends of Water Quality and Stream Flow

In many stations, irrespective being upstream or down-
stream, the correlations water quality parameters made
with time indicated that for a large number of parame-
ters, the water quality seemed to be improving with time
(Fig. 3). Nevertheless, in all stations at least a single
water quality parameter indicated a deterioration. Mui
Wo was the only stream, where upstream and down-
stream monitoring stations, showed opposite trends for
water quality (the upstream station showed an improve-
ment) (Fig. 3a). Then, the two reference stations (Tim
Sum Nullah and Siu Lek Yuen) also showed improve-
ments (Fig. 3h, i). One similarity among the upstream
station of Mui Wo and two reference stations were the
low urbanization (less than 40%). The catchments of all
other stations irrespective of being upstream or down-
stream were urbanized with at least of 50% built areas.
The correlations observed in RDA plots had a good
agreement with Mann—Kendall results (Table 3).
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S % - e There was a contrasting difference with respect to
> < - g stream discharge: many downstream stations showed a
El2ed3&si=aldd positive correlation with time, whereas negative corre-
lations in upstream stations (Fig. 3). This was more
. o = obvious when the difference between urbanized frac-
= = = g - tions of upstream and downstream catchments were
E g i § = E § bt E large (e.g. Mui Wo and Ho Chung) (Fig. 3a, b). It was
only Tuen Mun River (Fig. 3f) showed increasing trend
a for discharge in both upstream and downstream stations
&z (Fig. 3f).
S 2  z_s
2122z § © 2 a £ § 33 ”ll"lhe Impact of Season on Water Quality and Stream
Discharge
§ Figure 4 shows the strength of correlations of discharge,
g % _ g s nitrate and phosphate made with time in RDA bi-pl(?ts
E 2lsnasy 5 < g\ ; E ; drawn separately for dry and wet seasons for the entire
study period. Same as for the annual scale, the trends
= were not uniform. In addition, the strength of correla-
§ tions seemed to be independent of the season. Indepen-
& = _ dency from season was more obvious in downstream
S § § ) monitoring stations. However, for many cases, down-
2legsxrsBdcs 2 § stream discharges were increasing. This we attribute to
the increase in impervious cover with time (aerial pho-
tographs and satellite images validated our claim; data
& ) %) not shown). Increased impervious cover of a catchment
< % o 8 S’ S makes abstraction losses (evaporation and infiltration)
E18|2=33282835% - i i i
play a minor role in governing the discharge (Gomes
et al. 2019). Nitrate variations too proved season had no
a; 7 ™ major impact on strength of correlations, and was the
wlaonm % - _ 2 =3 = - S case for upstream as well as downstream stations. Also,
Aleas s avnn = a other than with catchments with urban land use less than
40%, the upstream stations showed a strong negative
R o e correlation between nitrate and time. However, phos-
o - é §f S @ S phate variation was independent from season as well as
2lg8lsdgds,.,2085 % monitoring station’s spatial location.
s 3.4 Identification of Water Quality and Discharge
< 5 @ Trends in Lowest and Highest Quartiles of Urbanization
N = o = =
18| Ss%2d g g § g . g Figure 5 shows strength of correlations of discharge,
nitrate-nitrogen, phosphate, TSS, TS and turbidity made
with time at different seasons. In Fig. 5 a catchment was
2 taken as a rural if the built area fraction was less than
é % 40% (this included the catchments within the lowest
§ g _ a 25% of the built area fraction, i.e. the first quartile); if
ol o § = ] it was more than 70% (this included the catchments
= g § £ e within the highest 25% of the built area fraction, i.e.
el s = £ £ the third quartile) was taken as an urban catchment.
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Table 3 Mann—Kendall results (Kendall tau co-efficient): increasing trend (+); decreasing (—) trend. Other than bold-italics, all are

significant at P < (0.05 (see Table 1 for monitoring station code details)

Monitoring station — Discharge  Nitrate  Phosphate  Total solids  Total suspended solids  Electrical conductivity — Turbidity
MW US -0.14 -047  —0.68 -0.21 -0.21 —0.06 —-0.19
MW DS 0.18 0.12 -0.16 0.12 -0.05 0.17 —-0.10
PR US -043 040 -0.24 0.00 —0.06 0.19 —0.04
PR DS 0.23 -021 -0.10 0.00 0.08 0.10 0.06
JRUS 0.14 034 031 -0.20 -0.29 -0.05 -0.31
JR DS 0.02 0.09 -0.29 -0.24 -0.38 -0.18 -0.30
YL US 0.07 022 -0.58 -0.33 -045 -0.21 —0.47
YL DS —-0.15 0.08  —0.60 -045 -0.32 -0.32 -0.39
TSR US -0.01 0.09 -032 0.28 0.21 0.25 0.26
TSR DS 0.02 -022 -0.32 0.27 0.41 0.00 0.32
TN US 0.13 020 -0.28 -0.52 -0.54 -0.18 -0.57
TN DS 0.02 021 045 0.04 -0.44 0.20 -0.38
KN US -0.35 025 -035 0.48 -048 0.21 -0.40
KNDS 0.60 0.02 044 0.60 -0.60 0.52 -0.56
TR R1 0.02 -033 -0.38 0.48 -0.52 0.03 -043
TR R2 -0.01 0.09 -032 -0.28 -0.21 -0.25 -0.26

Catchments with built area fraction between 40 and 70%
were not considered, as we wanted to explore the effect
of urbanization clearly. It was conspicuous that catch-
ments’ water quality responses were different between
rural and urban. However, no impact was observed
based on the season with phosphates being the only
exception. Phosphates showed decreases with time in
both types of catchments. Irrespective of the season,
rural catchments produced lower discharge with time;
nevertheless, water quality seemed to be improving also
(all correlations were moderately strong). Urban catch-
ments produced more discharge (on average showed
strong positive correlations) and also more contaminat-
ed water (on average a weak positive correlation for
nitrate and moderately strong correlations for solid-
related parameters).

4 Discussion

4.1 Water Quality Parameters that Should Be
with Concern and Sources of Pollution

Considering the large number of negative or weak pos-
itive correlations between water quality parameters and
time, it is reasonable to state, in general, that the water
quality was improving. However, a deterioration

@ Springer

signature for downstream monitoring stations were not-
ed for all sediment-related parameters (TS, TSS, turbid-
ity and EC) and also for nitrate nitrogen. Increasing
trend of sediment load in downstream monitoring sta-
tions which are more urbanized strengthen the fact that
urbanization increases the pollutant load (Walsh 2000).

Even though phosphate showed a decreasing trend in
many cases, nitrate did not give a unique trend; howev-
er, the majority of the cases showed increments. Oppo-
site trends were rather unexpected as nitrates and phos-
phorus present together in point and as well as nonpoint
pollution sources (Morrison et al. 2001). One reason
could be phosphorus to be in a speciation other than
phosphates (e.g. in biologically unavailable forms). In
this regard, point sources such as wastewater inputs
could not be the main source where major composition
of phosphorus is in the form of phosphate (Duefias et al.
2003). Nevertheless, we do not exclude the possibility
of expedient wastewater releases and also intentional
and unintentional breach from sewerages. Even if phos-
phates enter the stream, alga and/or plants would quick-
ly consume those for their metabolism. It should be
noted unlike nitrates, phosphates are limited in aquatic
ecosystems (Gomes and Asaeda 2009) and also depend
on the geographic conditions. In rural catchments, phos-
phates will assimilate into stream bed sediment and
plants (Miller et al. 2011; Gomes et al. 2019) and this
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Fig. 3 (continued)

is impossible in streams of urban areas as many of them
are entirely concrete-lined. However, phosphates can
easily get bound to sediment of the water column
(Smith et al. 1987; Thodsen et al. 2019). This could be
the case in urban areas considering the increasing trends
of EC, TSS, TS, and turbidity (all are surrogates of the
sediment load).

It is understood standard factors depicted in the hy-
drological cycle such as surface runoff, ground water
flow and rainfall may not able to fully explain the sedi-
ment yield to streams, but the episodic events (Imaizumi

and Sidle 2007). One such episodic event we attribute to
the sediment input is surface and airborne runoff across
construction sites (Russell et al. 2019). Legislative frame-
works are in full force in Hong Kong to control sediment
sources such as construction sites. Nevertheless, indirect
and/or unexpected escape of sediments seemed to be the
case (in sensu Sobota et al. 2015).

Another reason to attribute stream pollution of urban-
ized catchments to nonpoint sources is strict government
control and availability of wastewater management infra-
structure. This may not be the case for upstream stations
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Fig.4 Strength of correlation a discharge, b nitrate-nitrogen and ¢
phosphate made with time in wet and dry seasons in upstream
(US) and downstream (DS) monitoring stations. Correlations were

of rural catchments, and expedient wastewater dis-
chargers are possible (Gomes et al. 2014). However,
improving water quality trends indicate government con-
trol to a certain extent is working well.

4.2 Stream Flow Generation, Contamination and Water

Quality

Several upstream sections showed a negative trend in
stream discharge with time. It is common the first order

@ Springer

calculated from redundancy analysis bi-plots for different scenar-
ios based on the season and location of the monitoring station as
upstream and downstream

catchments in Hong Kong to have catch water structures
(drains and dams) to collect and transport water to drink-
ing water treatment plants (Gomes et al. 2017). Such,
completely cut stream flow generated in large number of
low order streams (perennial as well as ephemeral
streams) reaching the higher order perennial reaches. This
could be more problematic during the dry season, where
rainfall is scarce. During the wet season, this was not
apparent due to the heavy rainfall-induced catchment
runoff and the spillage of catchwater structures.
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phosphate, d total suspended solids, e total solids and f turbidity
made with time in rural and urban catchments. Rural: upstream
station of Mui Wo river, Tin Sum Nullah amd Siu Lek Yuen

Less built area fraction of catchments of upstream
monitoring stations resulted in mobilization of a low
pollutant load to stream via surface runoff. The veg-
etated surfaces that are abundant in upstream rural
areas seemed trapped contaminants (Thodsen et al.
2019). The opposite have had happened in down-
stream stations where surface runoff brought high
loads of pollutants as results of nitrogen deposits
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Nullan, where built area fraction <40%; and urban: downstream
stations of Mui Wo river and Tin Shui Wai Nullah, where built
area > 70%)

due to vehicular traffic in urban impervious catch-
ments (Sobota et al. 2015).

Impacts of climate change may have an impact on
stream flow generation. Because of climate change, the
dry season get drier, whereas the wet season get wetter
(more rainfall). However, more rainfall seemed to be a
reason of poor water quality in downstream areas, as it
had mobilized nutrients and sediments to streams.
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4.3 Management Implications

Clear, opposite trends were evident when the extremely
rural and extremely urbanized catchments were ana-
lyzed. Therefore, management strategies should be
based on catchment land use. It is conspicuous that the
nonpoint source pollution such as urban runoff may
hinder the government to achieve the goal of clean
rivers. Therefore, attention should be paid to prevent
nonpoint source pollution and reduce contamination of
rivers. In this regard, studies should be carried out to
identify the surface runoff pollutant paths. Knowing the
source and path would help in developing proper con-
taminant reduction plans.

Infrastructure development (new, expansion and re-
pair of existing infrastructure) is common and in an
increasing trend in urban centers obviously more than
rural areas due to increasing demand for housing. Also,
the government strategy of keeping 60% green space in
Hong Kong worked well for the upstream stations, but
ever increasing concentration of urbanization by way of
vertical constructions needs a careful look with respect
to water quality.

Furthermore, the study proved the fact that water
quality trends are different in upstream and downstream
monitoring stations. Therefore, reduction of monitoring
stations as shown by past studies (e.g. Wang et al. 2014;
Tanos et al. 2015) is not applicable to Hong Kong.

5 Conclusions and Recommendations

This study analyzed the temporal variations of Hong
Kong water quality data for a 30-year period. The catch-
ments with built area fraction less than 40% and more
than70% gave opposite trends for many water quality
parameters and stream discharge, elucidating urbaniza-
tion has a moderately negative impact. The study indi-
cated point source inputs to the streams are probably on
decline, but the pollutants via catchment runoff are on
the rise. More investigations on why sediment supply is
on the increasing trend are needed. Maybe stricter envi-
ronmental standards should be imposed on micro-level
activities such as road sweeping and sediment traps in
storm water networks. The increasing sediment supply
could be due to undefined sources (local and/or regional
airborne particle transport) or from less apparent sedi-
ment paths. Therefore, sediment budget/balance studies
are recommended to check the sediment pathways (e.g.

@ Springer

is it via drains? or over banks with the surface runoff) for
remedial action.

Acknowledgements This research was funded by the Research
Grants Council Fund of Hong Kong (Project number:
PolyU152161/14E) and the Environment and Conservation Fund,
Hong Kong (Project number: 39/2011).

References

Angelidis, M. O., Markantonatos, P. G., & Bacalis, N. C. (1995).
Impact of human activities on the quality of river water: the
case of Evrotas River catchment basin, Greece.
Environmental Monitoring and Assessment, 35(2), 137-153.

Cai, M., Schwartz, J. S., Robinson, R. B., Moore, S. E., & Kulp,
M. A. (2011). Long-term annual and seasonal patterns of
acidic deposition and stream water quality in a Great
Smoky Mountains high-elevation watershed. Water, Air, &
Soil Pollution, 219(1-4), 547-562.

Dawood, M. (2017). Spatio-statistical analysis of temperature
fluctuation using Mann—Kendall and Sen’s slope approach.
Climate Dynamics, 48(3—4), 783-797.

Duenas, J. F., Alonso, J. R., Rey, A. F., & Ferrer, A. S. (2003).
Characterisation of phosphorous forms in wastewater treat-
ment plants. Journal of Hazardous Materials, 97(1-3), 193—
205.

Gilbert, R. O. (1987). Statistical methods for environmental pol-
lution monitoring. Wiley.

Glinska-Lewczuk, K., Gotas, 1., Koc, J., Gotkowska-Plachta, A.,
Harnisz, M., & Rochwerger, A. (2016). The impact of urban
areas on the water quality gradient along a lowland river.
Environmental Monitoring and Assessment, 188(11), 624.

Gomes, P. LA, & Asaeda, T. (2009). Spatial and temporal hetero-
geneity of Eragrostis curvula in the downstream flood mead-
ow of a regulated river. Annales de Limnologie-International
Journal of Limnology 45 (3), 181-193.

Gomes, P. I. A., Wai, O. W. H., Kularatne, R. K. A., Priyankara, T.
D. P., Anojika, K. G. M. S., & Kumari, G. M. N. R. (2014).
Relationships between disturbance representative riparian
and non-riparian herbaceous indicators (biomass and diver-
sity) and lotic water quality: applicability of herb intensive
strategies on rehabilitation of lotic waters. Water, Air, & Soil
Pollution, 225(9), 1-18. https://doi.org/10.1007/s11270-014-
2060-4.

Gomes, P. I. A., Fernando, B. A. V. W., & Dehini, G. K. (2019).
Assessment of pollution sources, fate of pollutants, and po-
tential instream interventions to mitigate pollution of earthen
canals of urban to rural-urban fringe. Water, Air, & Soil
Pollution, 230(11), 262.

Gomes, P.1. A, Wai, O. W. H, & Yan, X. F. (2017). Eco-hydraulic
evaluation of herbaceous ecosystems below headwater dams
without a base flow: Observing below dam reaches as new
stream sources. Ecohydrology, 10(1), el774.

Hirsch, R. M., Alexander, R. B., & Smith, R. A. (1991). Selection
of methods for the detection and estimation of trends in water
quality. Water Resources Research, 27(5), 803—-813.


https://doi.org/10.1007/s11270-014-2060-4
https://doi.org/10.1007/s11270-014-2060-4

Water Air Soil Pollut (2020) 231: 378

Page 15 of 15 378

Hurlbert, S. H. (1984). Pseudoreplication and the design of eco-
logical field experiments. Ecological Monographs, 54(2),
187-211.

Imaizumi, F., & Sidle, R. C. (2007). Linkage of sediment supply
and transport processes in Miyagawa Dam catchment, Japan.
Journal of Geophysical Research: Earth Surface, 112(F3).

Jaagus, J. (2006). Climatic changes in Estonia during the second
half of the 20th century in relationship with changes in large-
scale atmospheric circulation. Theoretical and Applied
Climatology, 83(1-4), 77-88.

Lands Department, Hong Kong (2018) https://www.landsd.gov.
hk/ Accessed 12 Jan 2018.

Miller, J. D., Schoonover, J. E., Williard, K. W., & Hwang, C. R.
(2011). Whole catchment land cover effects on water quality
in the lower Kaskaskia River watershed. Water, Air, & Soil
Pollution, 221(1-4), 337.

Morrison, G., Fatoki, O. S., Persson, L., & Ekberg, A. (2001).
Assessment of the impact of point source pollution from the
Keiskammahoek Sewage Treatment Plant on the Keiskamma
River-pH, electrical conductivity, oxygen-demanding sub-
stance (COD) and nutrients. Water SA, 27(4), 475-480.

Mouri, G., Takizawa, S., & Oki, T. (2011). Spatial and temporal
variation in nutrient parameters in stream water in a rural-
urban catchment, Shikoku, Japan: effects of land cover and
human impact. Journal of Environmental Management,
92(7), 1837-1848.

Naddafi, K., Honari, H., & Ahmadi, M. (2007). Water quality
trend analysis for the Karoon River in Iran. Environmental
monitoring and assessment, 134(1-3), 305-312.

Parrish, D. D., Singh, H. B., Molina, L., & Madronich, S. (2011).
Air quality progress in North American megacities: a review.
Atmospheric Environment, 45(39), 7015-7025.

Pinto, U., Maheshwari, B. L., & Ollerton, R. L. (2013). Analysis
of long-term water quality for effective river health monitor-
ing in peri-urban landscapes—a case study of the
Hawkesbury—Nepean river system in NSW, Australia.
Environmental Monitoring and Assessment, 185(6), 4551—
4569.

Russell, K. L., Vietz, G. J., & Fletcher, T. D. (2019). Urban
sediment supply to streams from hillslope sources. Science
of the Total Environment, 653, 684-697.

Smith, R. A., Alexander, R. B., & Wolman, M. G. (1987). Water-
quality trends in the nation’s rivers. Science, 235(4796),
1607-1615.

Sobota, D. J., Compton, J. E., McCrackin, M. L., & Singh, S.
(2015). Cost of reactive nitrogen release from human activ-
ities to the environment in the United States. Environmental
Research Letters, 10(2), 025006.

Tanos, P., Kovécs, J., Kovacs, S., Anda, A., & Hatvani, 1. G.
(2015). Optimization of the monitoring network on the River
Tisza (Central Europe, Hungary) using combined cluster and

discriminant analysis, taking seasonality into account.
Environmental Monitoring and Assessment, 187(9), 575.

Tavakol, M., Arjmandi, R., Shayeghi, M., Monavari, S. M., &
Karbassi, A. (2017). Developing an environmental water
quality monitoring program for Haraz River in Northern
Iran. Environmental Monitoring and Assessment, 189(8),
410.

Ter Braak, C. J. F., & Smilauer, P. (2002). CANOCO Reference
Manual and CanoDraw for Windows User’s Guide (4.5).
Ithaka, NY: Microcomputer Power.

Thodsen, H., Rasmussen, J. J., Kronvang, B., Andersen, H. E.,
Nielsen, A., & Larsen, S. E. (2019). Suspended matter and
associated contaminants in Danish streams: a national analy-
sis. Journal of Soils and Sediments, 1-15.

USGS (2020) https://www.usgs.gov/special-topic/water-science-
school/science/urbanization-and-water-quality ?qt-science
center_objects=0#qt-science center objects. Accessed 20
May 20203

Van den Brink, P. J., & Ter Braak, C. J. (1999). Principal response
curves: analysis of time-dependent multivariate responses of
biological community to stress. Environmental Toxicology
and Chemistry, 18(2), 138-148.

Walsh, C. J., Roy, A. H., Feminella, J. W., Cottingham, P. D.,
Groffman, P. M., & Morgan, R. P. (2005). The urban stream
syndrome: current knowledge and the search for a cure.
Journal of the North American Benthological Society,
24(3), 706-723.

Wang, Y. B, Liu, C. W., Liao, P. Y., & Lee, J. J. (2014). Spatial
pattern assessment of river water quality: implications of
reducing the number of monitoring stations and chemical
parameters. Environmental Monitoring and Assessment,
186(3), 1781-1792.

Xu, J., Yin, K., Lee, J. H., Liu, H., Ho, A. Y., Yuan, X., &
Harrison, P. J. (2010). Long-term and seasonal changes in
nutrients, phytoplankton biomass, and dissolved oxygen in
Deep Bay, Hong Kong. Estuaries and Coasts, 33(2), 399—
416.

Yung, Y. K., Wong, C. K., Yau, K., & Qian, P. Y. (2001). Long-
term changes in water quality and phytoplankton character-
istics in Port Shelter, Hong Kong, from 1988-1998. Marine
Pollution Bulletin, 42(10), 981-992.

Zhou, F., Liu, Y., & Guo, H. (2007). Application of multivariate
statistical methods to water quality assessment of the water-
courses in Northwestern New Territories, Hong Kong.
Environmental Monitoring and Assessment, 132(1-3), 1-13.

Publisher’'s Note  Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://www.landsd.gov.hk/
https://www.landsd.gov.hk/
https://www.usgs.gov/special-topic/water-science-school/science/urbanization-and-water-quality?qt-science_center_objects=0
https://www.usgs.gov/special-topic/water-science-school/science/urbanization-and-water-quality?qt-science_center_objects=0
https://www.usgs.gov/special-topic/water-science-school/science/urbanization-and-water-quality?qt-science_center_objects=0

	Investigation...
	Abstract
	Introduction
	Materials and Methods
	Study Area
	Methodology
	Data Analysis

	Results
	Summary of Water Quality and Stream Discharge Variations
	Temporal Trends of Water Quality and Stream Flow
	The Impact of Season on Water Quality and Stream Discharge
	Identification of Water Quality and Discharge Trends in Lowest and Highest Quartiles of Urbanization

	Discussion
	Water Quality Parameters that Should Be with Concern and Sources of Pollution
	Stream Flow Generation, Contamination and Water Quality
	Management Implications

	Conclusions and Recommendations
	References

	Untitled
	Untitled

