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� Nitrate dual isotope biplot showed
mixing of nitrate sources.

� Nitrate processes in the surface water
were derived from nitrification and
mixing.

� Bayesian mixing model: highest
contribution by manure and sewage.

� More atmospheric deposition
contribution in the reservoir than in
the river.
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Nitrate is one of the primary nutrients associated with sedimentation and fuels eutrophication in reser-
voir systems. In this study, water samples from Bukit Merah Reservoir (BMR) were analysed using a com-
bination of water chemistry, water stable isotopes (d2H–H2O and d18O–H2O) and nitrate stable isotopes
(d15N–NO3

� and d18O–NO3
�). The objective was to evaluate nitrate sources and processes in BMR, the old-

est man-made reservoir in Malaysia. The d15N–NO3
� values in the river and reservoir water samples were

in the range +0.4 to +14.9‰while the values of d18O–NO3
� were between �0.01 and +39.4‰, respectively.

The dual plots of d15N–NO3
� and d18O–NO3

� reflected mixing sources from atmospheric deposition (AD)
input, ammonium in fertilizer/rain, soil nitrogen, and manure and sewage (MS) as the sources of nitrate
in the surface water of BMR. Nitrate stable isotopes suggested that BMR undergoes processes such as
nitrification and mixing. Denitrification and assimilation were not prevalent in the system. The
Bayesian mixing model highlighted the dominance of MS sources in the system while AD contributed
more proportion in the reservoir during both seasons than in the river. The use of d13C, d15N, and C:N
ratios enabled the identification of terrestrial sources of the organic matter in the sediment, enhancing
the understanding of sedimentation associated with nutrients previously reported in BMR. Overall, the
nitrate sources and processes should be considered in decision-making in the management of the reser-
voir for irrigation, Arowana fish culture and domestic water supply.

� 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Reservoirs are highly dynamic systems, closely linked to the ter-
restrial ecosystem and flowing water (Ling et al., 2017). An increas-
ing number of rivers have been gradually transformed into
reservoirs, driven by expanding human demands for additional
water sources for domestic and drinking water supplies, irrigation
and agricultural requirements (Thornton et al., 1996; Pinto-Coelho
et al., 2010; Padedda et al., 2017; Winton et al., 2019). Any human
alterations in the upstream ecosystem and changes in water level
may proactively affect the condition of a reservoir (Zorzal-
Almeida et al., 2018), resulting in a shorter retention time, which
in turn may affect nutrient cycling and phytoplankton production
(Hou et al., 2013). Moreover, reservoirs are also vulnerable to
accelerated eutrophication and implicated with issues such as
habitat fragmentation, alteration of the physical and chemical
quality of the released water (Winton et al., 2019) and siltation
issues (Pinto-Coelho et al., 2010).

Typically, small or medium-sized reservoirs in Asia are shallow
in depth, eutrophic and the major sources of nutrients are
allochthonous (Hwang et al., 2002; Hwang et al., 2003; Mamun
and An, 2017). Tropical reservoirs are in areas with high tempera-
tures and humidity throughout the year, with cyanobacteria, algae,
phytoplankton or floating macrophytes thriving due to the high
sunlight exposure in equatorial regions (Dobson and Frid, 2009;
Winton et al., 2019). Littoral communities typically dominate shal-
low reservoirs as the water depth is generally shallow enough to
support sufficient underwater light for the growth of submerged
macrophytes (Dobson and Frid, 2009) and substantial nutrient
exchange may occur between the sediment and water, induced
by wind mixing (Ansari et al., 2011; Sharip et al., 2018).

In eutrophic reservoirs, cyanobacterial blooms frequently occur,
and the growth of phytoplankton in the reservoir waterbodies is
triggered by the presence of nitrogen and phosphorus (Mamun
and An, 2017; Moal et al., 2019). Excessive levels of nutrients (N
and P) cause eutrophication in reservoirs across the globe, includ-
ing America (Jacobson et al., 2017), Europe (Padedda et al., 2017)
and Asia (Chen et al., 2019). Out of all nitrogen species, nitrate is
the dominant form causing eutrophication in aquatic ecosystems,
and methemoglobinemia in infants (Kendall et al., 2007). Thereby,
it is crucial to identify the sources and transformations of nitrate
for effective water quality management.

Quantitative contributions of the nitrate sources can be done
using the basic mass balance approach based on two isotopes
and three sources using the three-equation model (Moore and
Semmens, 2008; Jackson et al., 2009; Parnell et al., 2010). The
Bayesian mixing model implemented in the software package SIAR
(Stable Isotope Analysis in R) is used to estimate the possible pro-
portional source contribution to a mixture using the Markov chain,
Monte Carlo with Metropolis–Hastings and prior distribution of
source contribution using the Dirichlet distribution (Jackson
et al., 2009). SIAR accounts for uncertainties in tempo-spatial vari-
abilities as well as isotopic fractionations, concentration depen-
dence and large number of sources (Moore and Semmens, 2008;
Parnell et al., 2010). Initial applications of this model stemmed
from quantifying the food sources in the diet of organisms and
has been successfully applied in other environmental applications
in aquatic systems (Yue et al., 2015; Matiatos, 2016; Wang et al.,
2016; Zhang et al., 2018; Li et al., 2019).

Being the oldest man-made reservoir in Malaysia, beginning
operation in 1906, Bukit Merah Reservoir (BMR) has experienced
eutrophication as part of the ageing process associated with
increasing productivity (Ismail and Najib, 2011; Hasan et al.,
2011; Sharip et al., 2014; Zakeyuddin et al., 2016; Najib et al.,
2017). Over 60% of nitrate and 30% of nitrite that entered the reser-
voir are retained in the sediment and most of the nutrients came
from the Kurau River, the major inlet to the reservoir (Ismail and
Najib, 2011; Talib et al., 2016). Apart from eutrophication, BMR is
also experiencing severe sedimentation problems as a result of
sediments, silts and organic matter accumulations that are filling
up the reservoir (Hidzrami, 2010; Ismail et al., 2010; Hasan et al.,
2011; Sharip et al., 2014; Najib et al., 2017). Accelerated productiv-
ity in the reservoir is also triggered by existing sand mining activ-
ities at the upstream end of the Kurau River, the expansion of
agriculture and small-scale farming, and land use alterations from
unplanned development activities surrounding the BMR water
catchment (Hasan et al., 2011).

In this study, our sampling design involves combining the use of
water quality, nutrient concentrations, stable isotope ratios of
nitrate, hydrogen and oxygen in water samples and the Bayesian
mixing model to identify and quantify the sources of nitrate and
N transformation processes in the study area. Furthermore, this
information can also provide information about the sources of
water and the biogeochemical and ecosystem processes that con-
trol productivity and nutrient enrichment. In addition, a combina-
tion of d13C, d15N and C:N ratios of the sediments were also
concurrently used to differentiate between aquatic and terrestrial
derived sources from sediments (Rogers, 2013). Knowing this
could enhance our understanding of the sedimentation conditions
previously reported that bring the nutrients into BMR (Ismail and
Najib, 2011; Talib et al., 2016). It is crucial to assess the current
condition of the reservoir to determine its longevity and sustain-
ability, considering its important ecosystem services to both
humans and nature. This effort is in line with the United Nations
Environment Program sustainable development goals (UNEP,
2016) covering clean water and sanitation and life below water.

BMR is an interesting case because its N is derived primarily
from diffuse sources such as atmospheric deposition, soil runoff,
sedimentation and land use changes from unplanned develop-
ment, conversion of forest into oil palm plantations, and mixed
small-scale farming (Ismail and Najib, 2011; Zakeyuddin et al.,
2016; Najib et al., 2017). Additionally, it is located in a tropical
monsoon climate where aquatic biogeochemistry has not been as
well studied as in temperate regions and its flow regime has been
altered by humans for both irrigation and drinking water supply
(Hidzrami, 2010; Hasan et al., 2011; Ismail and Najib, 2011;
Sharip et al., 2014; Talib et al., 2016).

To our knowledge, the application of nitrate dual-stable iso-
topes in a tropical shallow man-made reservoir has not been doc-
umented. Thus, the objective of this study was to determine the
variation of nitrate stable isotopes, to evaluate the sources of N
in BMR and to quantify the contribution of the local sources from
the study area using the Bayesian mixing model. This study is a
first attempt to incorporate the stable isotopes monitoring tool
that has the potential to greatly enhance our ability to manage
our reservoir ecosystem.

2. Material and methods

2.1. Study area and sampling stations

BMR was built in 1902 in Perak, the northern state of Peninsular
Malaysia, with a capacity of 70 million m3 (Hidzrami, 2010). The
reservoir has been divided into two sections; the northern part
and the southern part, by a railway-line with a distance of
4.7 km. The length of the reservoir is 13.8 km, the width 4.5 km
and the residence time is 33 days. The average depth is 2.5 m,
which classifies BMR as a shallow reservoir with well-mixed
waters (Sharip et al., 2018). BMR was built for the Kerian Irrigation
Scheme to provide the water supply for the irrigation for double



W. Fadhullah et al. / Science of the Total Environment 700 (2020) 134517 3
cropping of about 24,000 ha of paddy fields in the Kerian district
and also to provide a domestic water supply to the population in
the Kerian and Larut Matang districts (Ismail and Najib, 2011).
BMR is multipurpose in that it also acts as a tool for flood and
drought control, serves as a tourism spot through the water theme
park (Bukit Merah Reservoir Laketown Resort) which was built in
the 1990s and is the water source used for Arowana fish culture
in the downstream area after the outlet from BMR (Zakeyuddin
et al., 2014). Major land use in this catchment (53.5%) covering
Kerian, Larut Matang and Selama district is forest (264.4 km2).
Oil palm plantations covered 23.77% of the area (117.28 km2)
while 7.7% is covered by rubber plantations (37.92 km2). The other
land uses are fruit orchards (1.63 km2), paddy (15.55 km2), mixed
agriculture (1.55 km2), and chicken and goat farming (10.21 km2)
(JPBD, 2017). Based on the land use data (Fig. 1), there are also
small and medium scale industries, including oil palm mill and
wood or rubber manufacturing industries (0.51 km2). Residential
areas comprising mainly of traditional Malay houses covered
45.49 km2 of the area (9.2%). Groundwater contribution was not
included in the study because the locals in the area mainly used
surface water as the source of domestic water supply.

2.2. Experimental design of sampling sites

We have selected ten sampling sites as a boundary that we set
focusing on N sources and processes from the upstream of the
main river, Kurau River system which flows to the inlet and the
outlet of the reservoir. The largest water sources into the reservoir,
Kurau River system (83.31 km2) feeds into the southern part of the
reservoir while Jelutong River (7.1 km2), which connects with
Merah River (4.25 km2) feeds to the northern part of the reservoir
Fig. 1. Map of the sampling
(Ismail and Najib, 2011). Our study did not cover Jelutong and
Merah River and the northern part of the reservoir since we want
to focus on the effect of the main river system, Kurau River into the
reservoir. Our selection was also based upon previous studies
which reported the unplanned development and sedimentation
originated from Kurau River (Ismail and Najib, 2011; Najib et al.,
2017). The upstream catchment of the reservoir is located at Batu
Kurau (St.1), which drains to the Kurau River (St.2). The Kurau
River then flows through the confluence (St. 3) with another river,
Ara River and the Kurau River mouth (St. 4) before it flows into the
reservoir. The main inlet into the southern part of BMR is through
the Kurau River mouth (St. 4), while the outlet of the water occurs
through the Selinsing Dam (St. 9) and the Watergate (St. 7). For
every sampling expedition, a total of four sampling sites were
selected for the river, labelled as Batu Kurau (St. 1), Kurau River
(St. 2), Confluence (St. 3) and Kurau River mouth (St. 4) while
another six sampling sites were selected within the reservoir (rail-
way, midpoint 1, Watergate, midpoint 2, Selinsing Dam, and Orang
Utan Island, labelled as St. 5–10, respectively). St. 11 is the location
for goat manure collection. We have designed our experiments to
cover horizontal water sampling using a grab sampling technique.
Details of the sampling sites and other descriptions are provided in
Table S1.

2.3. Water quality, nitrogen and chlorophyll a concentration

Physico-chemical parameters (temperature, pH, dissolved oxy-
gen (DO), total dissolved solids (TDS), electrical conductivity
(EC)) were obtained in situ with the use of a YSI 556 MPS multi-
probe meter (USA). The water samples were collected within 10–
30 cm of the water surface of the river and the reservoir in August
sites in the study area.
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2016 and March 2017 (dry seasons) and Dec 2016 and October
2017 (wet seasons). After collection, the samples were kept below
4 �C to prevent significant degradation during storage. Only surface
water was sampled because the reservoir is well-mixed, influenced
by wind-driven motion. This wind-induced factor consistently
mixed the water column between the surface and the bottom
water (Sharip et al., 2018). The depth of the reservoir during the
wet season was 2.8 ± 0.5 m and 2.5 ± 0.5 m in the dry season
(N = 12). The shallowness of the reservoir water, and wind mixing
result in no vertical stratification of the water during the study
period.

All the analyses were conducted according to standard methods
(ISONITRATE, 2009; HACH, 2015). Inorganic nitrogen concentra-
tions (NO3-N, NO2-N and NH3-N) and phosphate were analysed
using a HACH DR 2800 spectrophotometer.

The chlorophyll a analysis was conducted following the method
by Adams (1990). A volume of 250 mL of water samples was fil-
tered with 0.45 mm cellulose nitrate membrane filters and added
with 2.0 mL MgCO3 during the final phase of the filtering process.
The filter paper used was placed in a homogeniser glass and a vol-
ume of 2 to 3 mL of 90% acetone was added for the grinding pro-
cess. It was ground for 1 min at 500 rpm to separate the
chlorophyll pigment from the filter paper. The extraction was
transferred into a centrifuge tube and allowed to stand in the dark
for 10 min followed by centrifuging for 15 min under 4000 rpm.
The supernatant was poured into a cuvette and the absorbance
was read for the wavelength of 750 nm, 664 nm, 647 nm and
630 nm, respectively.

2.4. Total nitrogen (TN) and total phosphorus (TP) concentrations in
the water samples

TN analysis (0–64 mg/L N) was determined using the Persulfate
Digestion Method of Test N TubeTM vials (Method 10072) while TP
(0.06–3.50 mg/L) was determined using PhosVer3 with the Acid
Persulfate Digestion Method with Test ‘N TubeTM Vials (Method
8190). Samples were analysed using a HACH DR2800 spectropho-
tometer and COD reactor. The difference between total nitrogen
(TN) and dissolved inorganic nitrogen (DIN) (NO3

�-N, NO2
�-N, and

NH4
+-N) was used to determine dissolved organic nitrogen (DON).

Similarly, the difference between total phosphorus (TP) and PO4
3�

was determined as dissolved organic phosphate (DOP).

2.5. Nitrate and water stable isotope analyses in water samples and
isotopic calculation

Fieldwork collection and sample preparation adopted the stan-
dard guidelines by IAEA CRP F32007 and ISONITRATE manual. The
water samples for d15N–NO3

� and d18O–NO3
� were collected and fil-

tered in situ with a 0.22 mm PES Sartorius syringe filter, stored in
acid-cleaned HDPE bottles and shipped to States Key Laboratory
of Environmental Geochemistry, Institute of Geochemistry, Chi-
nese Academy of Sciences. The d15N–NO3

� and d18O–NO3
� of each

water sample were analysed using the bacterial denitrification
method (Sigman et al., 2001a,b; Casciotti et al. 2002; McIlvin and
Casciotti 2011; Yue et al., 2014; Li et al., 2019). First, the bacterial
strains, Pseudomonas chlororaphis subsp. aureofaciens ATCC 13985
were cultured and grown on tryptic soy broth (TSB) for 7 days.
The cells were concentrated by 5-fold, which was then split into
3 mL aliquots of 20 mL headspace vials. Once all the vials were
subsequently sealed and capped, they were purged for at least
3 h with high-purity N2 gas to ensure anaerobic conditions. After
that, the water samples were injected into the sample vials with
a volume equivalent to 20–50 nmol of NO3

� to allow complete con-
version of NO3

� to nitrous oxide (N2O). They were cultured over-
night and the sample vials were injected with 0.1–0.2 mL of
10 mol/L NaOH the next day to remove any CO2 gas and to stop
any microbial activity (Casciotti et al., 2002).

The cultured denitrifier, P. aureofaciens was used for transfor-
mation of NO3

� to N2O because this denitrifier lacks the N2O reduc-
tase enzyme (an enzyme that reduces N2O to N2). This
characteristic allows conversion of NO3

� and NO2
� into N2O but

not to N2. Hence, it can be used for simultaneous d15N and d18O
analyses. The d15N and d18O of N2O produced were analysed using
a Trace Gas Pre-concentrator unit (Isoprime Ltd., Cheadle Hulme,
Cheadle, UK) coupled to an isotope ratio mass spectrometer (Iso-
Prime, GV, UK). Four international standards were used; IAEA-N3
(4.7 ± 0.3‰, 25.6 ± 0.5‰), USGS-32 (180 ± 0.5‰, 25.7 ± 0.4‰),
USGS-34 (�1.8 ± 0.2‰, �27.9 ± 0.4‰) and USGS-35 (2.7 ± 0.3‰,
57.5 ± 0.4‰) to calibrate the measured sample data after blank cor-
rection as proposed by Casciotti et al. (2002). All experimental ref-
erence materials were treated in an identical manner as the filtered
water samples. Each sample was measured in duplicate and the
standard error was 0.5‰ for d15N–NO3

� and 1‰ for d18O–NO3
�.

The standard error was high for d18O–NO3
� due to larger volumes

of water and lower concentration of bacteria were available than
the normal water samples. Despite this issue, good standard cali-
bration linearities were achieved (R2 = 0.9954 for d15N and
R2 = 0.9999 for d18O) at low nitrate-N amount (5 nmol), which
deemed the data acceptable.

Water stable isotope analyses, d18O–H2O and d2H–H2O, were
measured using a Picarro L2140-I isotope water analyser at the
Institute of the Surface-Earth System Science Research, Tianjin
University, China. About 200 mL of surface water sample, rainwater
sample or standard reference water was loaded into 300 mL vials
and placed in a PAL autosampler tray. The d2H and d18O were mea-
sured six times for each vial from a 2 mL water injection, but the
final value was the average of last four measurements to ensure
between-sample memory effect was corrected. The recommended
procedure to minimise between-sample memory is to ignore the
first 3–4 results out of 8 injections per sample vial (Wassenaar
et al., 2014). For calibration purposes and to overcome drift, three
standards were measured for every seven samples (ranging from
�96.4 to �9.5‰ for d2H and from �13.1 to �2.8‰ for d18Owater).
Placement of a maximum of 5–10 samples was recommended
between groupings of water standards to minimise drift effects
(Wassenaar et al., 2014). The d2H–H2O and d18O–H2O analyses
had a precision of 1‰ and 0.2‰, respectively. All stable isotope
ratios were expressed in per mil (‰) deviations as follows:

‰ð Þ ¼ Rsample=Rstandard
� �� 1
� � ð1Þ

where, Rsample and Rstandard are 15N/14N or 18O/16O or 18O/16O or
2H/1H ratios of the samples and standards, respectively. The ratio
of 15N/14N reference is atmospheric N (AIR) while values of 2H/1H
and 18O/16O reference are Vienna Standard Mean Ocean Water
(VSMOW).
2.6. Theoretical nitrification calculation

During nitrification process (NH4
+ oxidised to NO3

�) in surface
water, the d18O-NO3 is a function of the amount of oxygen coming
from the water molecule in nitrate (Andersson and Hooper, 1983;
Xu et al., 2016). Hence, there is a relation between d18O-NO3 with
the isotopic composition of the water (d18O-H2O). The variation
range of 18O offers useful information to identify nitrates derived
from microbial nitrification as the mechanism is mediated by sev-
eral different kinds of autotrophic bacteria (Kendall, 1998; Xu
et al., 2016). The d18O value for nitrate formed through nitrification
is expected to range between �5 and +15‰, including the soil
nitrogen and ammonium from sewage and manure (Kendall
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et al., 2007). In theory, the d18O–NO3 can be interpreted as a mix-
ture of two oxygen atoms from H2O and one oxygen atom from
atmospheric O2 (Andersson and Hooper, 1983; Böttcher et al.,
1990; Kendall 1998). d18O–O2 value was assumed to be O atoms
of ambient O2; therefore the d18O of the atmosphere (+23.5‰)
was used (Böttcher et al., 1990; Yue et al., 2014; Wang et al.,
2016). Thus, the expected d18O value of NO3

� can be calculated as
follows:

d18O� NO3 ¼ 2=3 d18O�H2O
� �þ 1=3 d18O� O2

� � ð2Þ

where, d18O–H2O and d18O–O2 were assumed to be O atoms of
ambient H2O and O2, respectively.
2.7. Bayesian mixing model

The Bayesian SIAR model was used to estimate the proportional
contribution of the NO3-N sources in aquatic systems following the
method in Parnell et al. (2010, 2013). To estimate the contributions
of different NO3

� sources, nitrate is assumed to be sourced from
atmospheric deposition (AD), soil nitrogen (SN), synthetic nitrogen
fertilizer (SNF), and manure and sewage (MS). Nitrate fertilizer
(NF) was not considered a source due to its unlikely use by locals.
Isotopic values of NO3

�-N source end members were defined
through field collection of these sources within the study area.
After collection, all samples were put in an icebox for transporta-
tion to the laboratory. End member isotopic compositions of AD
were collected from the surface of the reservoir during the sam-
pling campaign in 2017 (March and Oct 2017; N = 5, d15N-
NO3

� = �0.44 ± 1.69‰, d18O-NO3
� = +60.86 ± 2.89‰).

The samples of AD were collected using a tube dip-in water col-
lector with pressure equilibration. This approach eliminates the
need for paraffin oil (IAEA, 2014). This dip-in sampler consists of
a tube leading from the funnel to the bottom of the sample accu-
mulation bottle (>10 L high density polyethylene (HDPE) bottle).
The funnel was closed with a ping pong ball to seal the collector
bottle against evaporation and debris. When rainfall accumulates,
the ball floats and opens the funnel. After the rain event, the ball
returns to its original position (IAEA, 2014). During the collection
period, the AD samples were stored in tightly capped HDPE bottles.
AD samples from the accumulation bottle were transferred to
30 mL HDPE bottles with inlay caps for shipment. AD samples were
shipped to Tianjin University, China for water stable isotope anal-
yses using the same method as surface water samples as described
in Section 2.5. AD samples for nitrate dual-stable isotopes, d15N-
NO3

� and d18O-NO3
� were shipped to State Key Laboratory of Envi-

ronmental Geochemistry, Chinese Academy of Sciences, Guiyang
China and analysed using the same method as surface water sam-
ples described under Section 2.5.

Approximately 1 kg of composite soil samples (SN) pooled from
three randomly selected points in the forested area of St. 1 in Batu
Kurau was collected using a plastic scoop within 10 cm of the soil
surface. The soil samples were prepared based on the procedure
outlined by Rock et al. (2011). The soil samples were oven-dried
for 24 h at 80 �C until the samples were considered fully dried
and ground by using mortar and pestle. About 25 mL of 2 M potas-
sium chloride (KCl) was added into 5 g of soil samples in a 100 mL
beaker. This mixture was placed horizontally on a reciprocation
shaker for 70 reciprocations per minute for 1 h (Rock et al.,
2011). The soil-KCl suspension was then filtered using the What-
man filter paper.

SNF samples (urea fertilizer) were provided by local suppliers
while goat manure (MS) samples were collected from the national
Boer goat farm, which is located 5 km away from the confluence
within the Pondok Tanjung area (St. 11 in Fig. 1). Both samples
were prepared based on Heaton et al. (2012) method. SNFs were
obtained from a freshly opened bag and both samples were ground
into powder using a mortar and pestle. The samples were oven-
dried at 80 �C for 24 h and slurred with deionised water on a sha-
ker table and later filtered using Whatman filter paper.

SN, SNF and MS samples were sent to International Atomic
Energy Agency, Vienna for d15N-TN analysis. Mineralisation and
subsequent nitrification of these end members usually produce
NO3

� which retains (within a few per mil) the N isotope of the
d15N-TN (Kendall et al., 2007). The d18O values of NO3

� nitrified
from SN, SNF and MS were calculated using the isotopic composi-
tion of water and O2 (see Section 2.6) since the d18O-NO3

� reflects
the d18O of the H2O after the interaction of the source with the
water molecules. Denitrification was not the prominent process
in the surface water in the study area. This assumption was based
on DO and isotopic plots, which we have explained in the Results
and Discussion section (Section 3). To minimise uncertainty, the
isotopic composition of each potential source used the local
sources collected within the study area. However, since only one
sample was obtained for SNF and MS sources, therefore we have
also incorporated values from the literature as shown in Table S3
to consider the mean and standard deviation of data distribution
for each source. The study area was also divided based on seasons
(wet and dry) and the system (river and reservoir) to determine the
sources. The model was run for 200 000 iterations, a burn in of 50
000 and a thinning of 15. The SIAR model was expressed as
follows:

Xij ¼ RPk Sjk þ Cjk
� �þjk

Sjk N � ljk;x2
jk

� �

cjk N � kjk; s2jk
� �

eij N 0;r2
j

� �
ð3Þ

where Xij is the isotope value j of the mixture i, in which i = 1, 2, 3, N
and j = 1, 2, 3, J; Sjk is the source value k on the isotope j (k = 1, 2, 3, K)
and is normally distributedwithmean mjk and standarddeviationx2

j,k;

Pk is the proportion of source k, which needs to be estimated by the
SIAR model; Cjk is the fractionation factor for isotope j on source k
and is normally distributed with mean kjk and standard deviation s2

jk; andejk is the residual error representing the additional unquantified
variation between individual mixtures and is normally distributed
with mean 0 and standard deviation r2 (Jackson et al., 2009; Parnell
et al., 2010; Wang et al., 2016).

2.8. Sediment d13C, d15N and C:N ratio procedures

Surface sediment samples were collected using plastic scoops in
the river and an Ekman grab sampler in the reservoir. Sediments
were collected at the same sites as the water samples (Fig. 1),
but only five out of ten data sets were presented in the Results
and Discussion (Section 3) due to non-detected TN values in some
of the samples. The sediment samples analysed for d13C were acid
fumigated following the steps by Harris et al. (2001). Prior to stable
isotope analysis, �2.0 mg of a sample was weighed into small tin
capsules (8 � 5 mm) in duplicates. These samples were then folded
and compressed before being loaded into an auto-sampler for the
analysis of stable carbon and nitrogen isotopic composition (d13C
and d15N) using Flash 2000 elemental analyser (ThermoScientific,
Waltham, MA) coupled to a Delta V Advantage isotope ratio mass
spectrometer (Thermo, Milan, Italy) at the Analytical Biochemistry
Research Centre (ABrC), University Sains Malaysia. Raw isotope
ratios from the analysis were then normalised to the international
scales using USGS-40 (d13C = �26.39‰ and d15N = �4.52‰), USGS-
41 (d13C = 37.63‰ and d15N = 47.57‰) and urea with known iso-
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tope values of d13C = �37.32‰ and d15N = �0.45‰ (IVA-
Analysentechnik GmbH & Co., Germany) to make up a three-
point calibration line for normalisation. All the certified reference
materials were weighed at about 0.5 mg each and were assayed
with the unknown samples in a batch run. Casein was used as a
quality control material to correct for drift and was measured for
every 12 samples with known values of d13C = �20.36‰ and
d15N = 5.83‰.

The typical precision for the duplicated samples was ± 0.3‰ for
d13C and ±0.2‰ for d15N. Variations in stable isotope ratios were
reported as parts per thousand (‰) deviations from internationally
accepted standards which are Vienna Pee Dee Belemnite (VPDB)
for carbon and atmospheric nitrogen (AIR) for nitrogen, in the delta
(d) notation.

The carbon/nitrogen (C:N) ratios were determined from the cal-
culation of molar ratios of total organic C and total N. A Perkin
Elmer 2400 Series II CHN Elemental Analyzer instrument was used
to determine the abundance of carbon and nitrogen concentrations
in the sediment samples.
2.9. Statistical analysis

Normality test was conducted using skewness, kurtosis,
Kolmogorov-Smirnov, Shapiro Wilk test, histogram and Q-Q plots
using SPSS v24.0 and GraphPad Prism 8. Majority of the data were
normally distributed; therefore, we have used the parametric tests
for statistical analysis. Comparisons of water quality and nitrogen
concentrations between the seasons (dry and wet) and the systems
(river and reservoir) were conducted using paired T-test because
the experimental design included the use of the same sites for each
period of sampling. Pearson’s correlation analysis was performed
to determine the degree of association between water quality vari-
ables and nutrient concentrations in the river and reservoir during
each season.
3. Results and discussion

3.1. Water quality and nitrogen concentrations in the river and
reservoir during dry and wet seasons

The water quality and nitrogen concentrations of the river and
reservoir water samples in the study area are summarised in
Table S2. The NO3-N concentrations at all sampling sites ranged
from 0.01 to 0.49 mg/L with an average of 0.13 ± 0.10 mg/L in the
dry season (August 2016 and October 2017) and 0.17 ± 0.12 mg/L
in the wet season (December 2016 and March 2017). No significant
difference was detected between the two seasons (Paired T-test,
N = 39, p > 0.05; Fig. S1). NO3–N concentrations were found to be
higher in the river (0.21 ± 0.04 mg/L) than in the reservoir
(0.10 ± 0.08 mg/L) but the concentrations were well below the
limit set for class IIA under the National Water Quality Standards
for Malaysia (NWQSM), 7 mg/L suitable for use as water supply
requiring conventional treatment. The NO3-N concentrations were
also well below class IV of the NWQSM, which is suitable for irri-
gation. Therefore, the NO3-N concentrations indicated that the
source of water flowing from the river to the reservoir was suitable
to be used for domestic water supply and irrigation at the down-
stream part, which fits the main purpose of the creation of BMR.
The other nitrogen contents, NO2-N, NH3-N and TN were not signif-
icantly different between seasons and between the river and reser-
voir (Paired T-test, N = 39, p > 0.05).

Meanwhile, Chlorophyll a (Chl a) was significantly different
between seasons (Paired T-test; t (9) = 3.332, p = 0.0088). Chl a
concentration in the river was the lowest during the dry season
(N = 8, 1.07 ± 1.6 mg/L) while the highest chl a was detected in
the wet season in the reservoir (N = 12, 20.30 ± 13.18 mg/L). This
pattern suggests that the dry season in the river has the lowest
phytoplankton biomass whilst the highest was detected during
the wet season. Our finding is consistent with a previous study
reporting that Chlorophyta was more abundant in the wet season
compared to the dry season in BMR (Sharip and Yusoff, 2017).
The water temperature was 26.90 ± 2.72 �C from the dry seasons
in the river and 26.50 ± 1.99 �C during the wet seasons in the river.
Meanwhile, the water temperature was 30.71 ± 0.91 �C in the
reservoir during the dry season and 30.73 ± 1.22 �C in the wet sea-
son (Fig. S4c). The temperature was higher in the reservoir during
both seasons compared to the lower temperatures in the river dur-
ing both seasons, which potentially affect the growing regime of
phytoplankton. The difference in temperature between river and
reservoir could be related to the larger surface area of the reservoir
(20.69 km2) compared to the river (1.98 km2) which permits direct
sunlight to the reservoir.

The Chl a concentration in this study during the dry season in
the river (N = 8, 1.07 ± 1.6 mg/L), wet season in the river (N = 8,
9.97 ± 9.96 mg/L), dry season in the reservoir (N = 11,
10.43 ± 2.76 mg/L) and wet season in the reservoir (N = 12,
20.30 ± 13.18 mg/L) were used as proxy indicators of algae
(Mamun and An, 2017). Our previous publication has used the
trophic state index (TSI) (Carlson, 1977) to determine the eutrophic
condition of BMR (Yaccob et al., 2017). The TSI value for Chl a in
BMR was within the range of 14.8–68.16 mg/L, which falls under
eutrophic condition (Carlson, 1977). This condition is characterised
by the presence of algal scums and macrophyte, and dominated by
the blue-green algae in the waterbodies (Carlson, 1977). In BMR,
the surface waterbodies were covered by macrophytes, Hanguana
malayana (Bakong) near to St. 4 and St. 10 during our sampling
expedition (Table S2) and was reported covering certain parts of
BMR by previous studies (Hasan et al., 2011; Najib et al., 2017).
Our findings were also in agreement with other previous studies
by Najib et al. (2017) and Sharip and Yusoff (2017), which have
reported the eutrophic status of BMR. Cyanobacterial bloom was
also reported to possibly affecting the reservoir in the dry season
(Sharip and Yusoff, 2017). However, based on observation, the
appearance of the water was brownish instead of greenish, the
green masked by the sediments (Sharip and Yusoff, 2017).

pH was significantly different between seasons (Paired T-test,
N = 39, t(9) = 9.548, p < 0.0001). DO was also significantly different
between seasons (Paired T-test, N = 39, t(9) = 6.767, p < 0.0001). pH
and DO play an important role in determining the nitrogen species
(Libes, 2009). DO was negatively correlated with NO3-N in the river
(N = 16, r = �0.534, p < 0.05). In the dry season, other nitrogen spe-
cies, NO2-N and NH3-N, were also correlated with pH (N = 19,
r = 0.656, p < 0.05 and r = 0.601, respectively). Meanwhile, in the
wet season, NO2-N was negatively correlated with DO, whereas
NH3-N was negatively correlated with DO (N = 19, r = �0.588,
p < 0.05) and pH (r = �0.509, p < 0.05). In low oxygen conditions,
the reduced forms of nitrogen, NO2-N and NH3-N, dominate
(Galloway et al., 2004).

3.2. Total nitrogen (TN), dissolved inorganic nitrogen (DIN) and
dissolved organic nitrogen (DON) ratios in the river and reservoir
during wet and dry seasons

TN is the sum of DIN (NO3-N, NO2-N and NH4-N) and organic
nitrogen. The TN in surface water ranged between 1 and 64 mg/L,
with an average of 19.40 ± 22.55 mg/L in the wet season (Fig. S1d
and Table S2). NO3-N occupied the largest proportion of TIN (total
inorganic nitrogen) in both dry and wet seasons in the river and
reservoir except for during the dry seasons in the reservoir
(Table 1). NO2-N is easily oxidised to NO3-N due to the fast conver-
sion by nitrobacteria, leaving low NO2-N concentrations (Wang



Table 1
Ratios between NO3-N, NO2-N, NH3-N, DIN, DON, TN, PO4

3�, DOP and TP in dry and wet seasons in the river and reservoir.

NO3-N/TN (%) NO2-N/TN (%) NH3-N/TN (%) DIN/TN (%) DON/TN (%) PO4
3�/TP (%) DOP/TP (%)

Dry Season- River 4.47 0.055 2.73 7.26 92.74 17.69 82.31
Dry season- Reservoir 0.35 0.009 0.9 1.26 98.74 40.48 59.52
Wet season-River 1.19 0.018 0.44 1.65 98.35 12.16 87.84
Wet season-Reservoir 0.69 0.009 0.59 1.29 98.71 29.6 70.4
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et al., 2016). Therefore, the proportion of nitrite in TIN was the low-
est, accounting for <0.055%. NH3-N was found to be a high propor-
tion of TIN in the reservoir during the dry seasons in the reservoir
compared to NO3-N. Lower concentrations of NH3-N during the
wet season could possibly be due to the dilution effect of rainfall.
Our findings are in parallel with a eutrophic tropical reservoir in
Brazil (Dellamano-Oliveira et al., 2008) showing lower nitrogen
concentrations during wet seasons.

DIN only occupied up to 7.26% whereas DON largely occupied
BMR to about 98.74% (Table 1). This finding is in parallel with
the results of experimental studies showing that DON may consti-
tute up to >85% TN in river and lake waters, with an average of 40–
50% TN (Kroeger et al., 2006). This DON will flow out of the reser-
voir (BMR) through the water gate to the irrigation canal for paddy
plantations and eventually to the Kurau estuary and the coastal
zone. One plausible effect of the high TN dominated by DON in
BMR is the probability of causing coastal eutrophication as DON
is a bioavailable form of N and can be used by phytoplankton
which may contribute to the growth of primary producers as
shown from bioassay studies (Bronk et al., 2007). High concentra-
tions of DON in surface waters of both rivers and reservoirs in dry
and wet seasons could be related to the humus-rich black soil and
the sandy soil which are carried by the Kurau River and are depos-
ited into the reservoir (BMR). In rivers, the majority of DON is
derived from terrestrial leaching and run-off and consists mainly
of humic substances (Bronk et al., 2007).

3.3. TP and phosphate concentrations in the river and reservoir during
wet and dry seasons

TP in this study ranged between 0.06 and 2.04 mg/L (N = 30,
mean = 0.33 ± 0.46 mg/L; Table 1). No significant differences were
found between TP in the dry season and the wet season, and
between the river and reservoir water (Paired T-test, p > 0.05,
Fig. S3). TP values were within the range reported from the previ-
ous study by Talib et al., (2016). A study by Oliveira et al. (2014)
also reported high TP concentrations, exceeding 0.1 mg/L, in both
wet and dry seasons in the tropical eutrophic Apipucos reservoir
in Brazil. A total of 11.32 tonnes of TP (60.3% of the total TP load
input) was recorded from the Kurau River in 2008–2009 (Najib
et al., 2017) and phosphate were associated with sediment input
from the Kurau River (Ismail and Najib, 2011). Major land use
changes associated with uncontrolled development and land activ-
ities were reported by Hasan et al. (2011), from the year 1965 to
1998, and these changes affected BMR throughout the years. Out
of the different types of phosphorus, DOP clearly dominates the
system in both wet and dry seasons (Table 1) due to the cumula-
tive effects of the sedimentation inputs which flowed from the
river into the reservoir. In wet seasons, this input can be explained
by the allochthonous nutrients carried by the rain.

3.4. Source analyses of sediment organic matter d13C, d15N and C:N
ratio in sediment samples

The C:N ratio was calculated from only five samples (due to
non-detected TN values) from the river sediments (Batu Kurau)
and another four from samples from the sediments within the
reservoir (Table S4). Nevertheless, from these five representative
samples, the values of d13C and the C:N ratios fell within the C3 ter-
restrial plants derived (d13C of �32 to �22‰) and C:N ratio of +8 to
>+25‰ (Rogers, 2013). Algae is highly likely to be an important
source to the sediment organic matter because of the shallow
and eutrophic condition of BMR. But, the range of C:N ratio from
the sediments in the reservoir (15.73–25.67), suggested that the
sediments mainly consisted of C3 terrestrial plants. Algae sources
are within the range of 5 to 8 (Rogers, 2013), which was lower than
the C:N ratio of the sediments in BMR. The highest C:N ratio
(43.17) was observed at Batu Kurau, a forested area, indicating that
organic matter in the aquatic system derived mostly from land
plants (Meyers, 2003). The C:N ratios of terrestrial plants are in
the ranges 175–400 for wood, 20–50 for tree leaves, and 25–80
for grass and herbaceous plants (Hedges et al., 1986). Although
only five representative samples were analysed, our results point
towards grass and leaves of terrestrial plants as the sources
imprinting the sediments within BMR. BMR is surrounded by ripar-
ian vegetation, Bakong (Hanguana malayana), forests and palm oil
plantations, so these seem likely sources of organic matter to the
sediments.

3.5. Isotopic composition of water

The d18O–H2O and d2H–H2O values of surface water samples
from the river and the reservoir showed isotopic values ranging
from �7.48 to �5.4‰ (N = 30, mean = �6.43‰) and from �44.67
to �30.23‰ (N = 30, mean = �37.69‰), respectively. The d18O–
H2O in rainwater samples ranged from �10.72 to +1.14‰ (N = 6,
average = �5.28‰) while the d2H–H2O ranged from �73.13 to
+4.61‰ (N = 6, average = �28.79‰). The d18O–H2O and d2H–H2O
values from river water, reservoir water, and rainwater are plotted
in Fig. 2 along with the Local Meteoric Water Line (LMWL)
obtained as a courtesy of IAEA’s GNIP project. The LMWL of
d18O–H2O and d2H–H2O in river water, d2H = 6.47x + 4.74,
R2 = 0.796, in reservoir water (d2H = 6.61x + 4.30, R2 = 0.812) and
in rainwater (d2H = 8.15x + 14.23, R2 = 0.996) were compared with
the LMWL for Malaysia with d2H = 7.43x + 8.14, R2 = 0.895 (Fig. 2).
As shown in Fig. 2, the majority of the isotopic values of water from
the river, reservoir and rainwater agreed well with the LMWL, sug-
gesting that the source of water in the area was primarily derived
from rain and there was noticeable evaporation of water in the
water catchment (Wang et al., 2015).

d18O–H2O appears to be more enriched in the reservoir during
the wet seasons than in the river in both seasons and in the reser-
voir in the dry season. Significant variability in the water isotope
values was found between seasons (Paired T-test; t(9) = 7.112,
p < 0.0001; Fig. S4a). This factor corresponds to higher rainfall
amounts during the wet season (672.5 mm), much higher than
the dry season (195 mm). No significant differences in d18O–H2O
were found between river water and reservoir water (N = 20,
p > 0.05).

Similar patterns were observed for the d2H-H2O in the river and
reservoir during both wet and dry seasons (Fig. S4b). Significant
differences were found in d2H-H2O between seasons (Paired T-
test; t(9) = 7.112, p < 0.0001). The water temperature was
26.90 ± 2.72 �C from the dry seasons in the river and
26.50 ± 1.99 �C during the wet seasons in the river (Fig. S4c). Mean-
while, the water temperature was 30.71 ± 0.91 �C in the reservoir



Fig. 2. A d18O–d2H relationship of surface water in river, reservoir and rainwater of
BMR and Local Meteoric Water Line (LMWL) of IAEA.

Fig. 3. d18O-NO3
� versus d15N-NO3

� values from river and reservoir water samples
during dry and wet seasons embedded with the range of values reported in
literature, as indicated by the coloured boxes representing atmospheric deposition
(AD), synthetic nitrogen fertilizer (SNF), soil nitrogen (SN) and manure and sewage
(MS) end members.
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during the dry season and 30.73 ± 1.22 �C in the wet season
(Fig. S4c). The difference between the seasons could be related to
the temperature difference in the river and reservoir. At the same
time, the rainfall amount also shows likely impact to the d2H-H2O
patterns.
3.6. Identification of nitrate sources and processes in BMR using the
dual isotope bi-plot and mixing model

A dual isotope bi-plot approach (d15N–NO3
� and d18O–NO3

�) was
adopted to qualitatively identify predominant NO3

� sources in BMR
based on the dry and wet seasons in the river and reservoir water
as shown in Fig. 3. The d15N–NO3

� in the surface water of the river
and reservoir was found to range from �0.07 to +11.45‰ (N = 38,
mean = 4.90‰). The average d15N–NO3

� in the dry season was
4.39 ± 2.31‰ (N = 19) whereas the average for the wet season
was 5.40 ± 2.94‰ (N = 19). The d18O–NO3

� in the river and reservoir
water samples varied between �0.29 and +39.40‰ (Fig. 3), which
fall within the nitrification values in the literature (�5 to +15‰;
Kendall et al., 2007) and mixing from fractionation processes
(Kendall et al., 2007). The d18O–NO3

� values of more than the max-
imum nitrification values of +15‰ (Kendall, 1998; Kendall et al.,
2007) may also suggest AD as an important nitrate source. Various
fractionation processes may alter the initial composition of NO3

�

before or after mixing (Kendall, 1998). Other factors may include
isotopic fractionation during NO3

� formation caused by thunder-
storms, the isotopic signature of the reactive oxygen in the atmo-
sphere that combines with NOx to form NO3

� and any isotopic
fractionation during reactions in the atmosphere (Kendall, 1998;
Pardo et al., 2004; Xue et al., 2009). The d15N–NO3

� and d18O–
NO3

� values of water samples in the dry season were not signifi-
cantly different from those in the wet season and were also not sig-
nificantly different between the river and reservoir (Paired T-test;
p > 0.05).

By referring to the wet and dry season in the reservoir and one
sample in the river during the wet season, samples with low d15N–
NO3

� (near +0‰) and high d18O–NO3
� data points (>+25‰) may

imply mixing with AD or fractionation processes affecting the
nitrate sources. The d18O–NO3

� can be used to distinguish nitrate
from nitrate fertilizers (NF) and atmospheric deposition (AD)
sources due to the distinctive values compared to the overlapping
N isotopic values (Kendall et al., 2007). The d18O–NO3
� from NF is

close to that of molecular oxygen in the atmosphere with values
around +23 ± 3‰ whereas in the atmospheric deposition, the
d18O–NO3

� is generally enriched from >+50 to +94‰ (Michalski
et al., 2015). Our samples did not fall within the range of NF as
the d18O–NO3

� was more than +25‰. Furthermore, in Malaysia,
the main fertilizers used are urea, ammonium sulphate, ammo-
nium nitrate, ammonium phosphate and NPK compound fertilizers
(FAO, 2004), therefore NF was eliminated as a potential nitrate
source. The high d18O–NO3

� data points (>+25‰) in our samples
were in fact, much lower than the typical values for AD but higher
than the range of NF. We interpreted this as mixing with AD
sources and fractionation processes affecting the system. Apart
from that, a few of our samples with d15N–NO3

� of more than
+5‰ and d18O–NO3

� data points between +18 to +26‰ also did
not fell within the region of NF and AD. Therefore, fractionation
process is responsible for the nitrate content in these samples,
more so in the reservoir than the river (Fig. 3).

On the other hand, all samples during the dry season in the river
suggested overlapping sources between synthetic nitrogen fertil-
izer (SNF), soil nitrogen (SN), and manure and sewage (MS). Some
of the water samples during the dry season in the reservoir, and
during the wet season in the river and reservoir also fell within
these boxes (Fig. 3). The d15N–NO3

� range for manure and sewage
in the literature is between +4 and +19‰ and +5 to +25, respec-
tively and d18O–NO3

� of between �10 and +15‰ (Xue et al.,
2009; Xu et al. 2016). The d15N–NO3

� range for SN is +0 to +8‰
and SNF ranges from �4 to +6.9‰, which clearly overlaps
(Kendall et al., 2007). When referring to the literature for the local
manure-N range, we could not find any other reported studies
from Malaysia, therefore, we have opted from the literature com-
piled by Xue et al. (2009) and Xu et al. (2016).

Therefore, to ascertain how much nitrate was proportioned by
these sources, we have calculated the quantitative contribution
using the Bayesian mixing model in SIAR. In order to obtain the iso-
topic fractionation factor of each of the sources, Li et al. (2019)
have proposed the use of the isotopic fractionation factor for den-
itrification from the linear regression of d15N–NO3

� and ln(NO3-N).
In our study, since denitrification can be interpreted as absent, the
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isotopic fractionation factor is therefore considered 0 (Zhang et al.,
2018). Overall, the SIAR model outputs reflected the contributions
of different nitrate sources at a specific sampling period, but it is
expected that this may change on a temporal basis. As shown in
Table 2, the results showed that 37% was contributed by MS, fol-
lowed by 31% from SNF and 28% from SN in the river during the
dry season, which clarifies the overlapping range in the qualitative
assessments in Fig. 3. During the wet season, 37% was contributed
by MS in the river and 31% by SN with a lesser proportion by SNF
(18%). Meanwhile, during the dry season in the reservoir, the dif-
ference between proportional contribution of nitrate sources was
small, 26% by SN, 25% MS, 24% SNF and 23% AD. This proportion
explains the overlapping pattern observed in Fig. 3 for SN, MS
and SNF while the spread of the isotopic composition above these
sources pointed out towards AD contribution. MS contributed the
largest proportion in the reservoir during the wet season (33%), fol-
lowed by AD (29%) and 25% of SN. The mixing model pointed out
that MS was the dominant nitrate sources during the dry and
wet season in the river and reservoir except for in the reservoir
during dry seasons. MS sources might be due to the presence of
residential areas (45.49 km2), and the presence of the national Boer
goat farm (9.94 km2; St.11 in Fig. 1) and chicken farming in the
area (2.61 km2). Spatial factors such as land use type including res-
idential areas and agricultural farmland affect the nitrate concen-
tration in the water catchment (Xu et al., 2016).

Interestingly, AD contribution was observed in the reservoir
during both seasons albeit the dominant source of MS (Table 2
and Fig. 6). This result highlighted that rainfall contributed as a sig-
nificant factor affecting the nitrate sources in the reservoir but
with a smaller contribution to the river in the dry (3.5%) and wet
seasons (13%). AD contribution during the dry season in the reser-
voir implies that occasional rainy days (19 days) with lesser
amount (195 mm) in the dry season compared to the wet season
(38 rainy days and 672.5 mm of rainfall) also impacted the nitrate
sources. However, the wet seasons in the river area seem to sug-
gest increasing N sources in SN (31%) due to leaching from SNF
inputs compared to the dry season (Table 2). Water discharges data
from previous existing studies in the study area were reported
within the range of 6.6–65.7 m3/s (average discharge of 27.2 m3/
s) in the year 2008–2009 (Ismail et al., 2010; Najib et al., 2017)
and 13 m3/s in the year 2016 (Sharip et al., 2018). In the previous
study by Najib et al., (2017), higher water discharge was recorded
in BMR from September to December 2008 during the north-east
monsoon compared to the other months. Hypothetically, the
higher water discharge consistent with the higher rainfall amount
from the previous study may also imply the possibility of higher
water discharge due to the wet season in our study. Water dis-
charge is influenced by rainfall and local topography of the area
(Sani et al., 2012). Higher gradient at St. 1 (118 m) and St. 2, 3
and 4 in the river (23 m) relative to the reservoir (9 m) also sup-
ports the likely event of higher water discharge due to the eleva-
tion factor, which subsequently diluted the NO3-N concentrations
in the reservoir.
Table 2
Mean values of source contribution using SIAR.

System and season Sources

AD SN MS SNF

River
Dry 3.5 28 37 31
Wet 13 31 37 18
Reservoir
Dry 23 26 25 24
Wet 29 25 33 12
SN contributed approximately the same percentage in all
groups (25–31% in Table 2 and Fig. 6), consistent with the findings
by Ismail and Najib (2011), Talib et al., (2016) and Najib et al.,
(2017) which reported sedimentation associated with nutrient
inputs in BMR. Sedimentation factor can be inferred as one of the
processes responsible for nitrate based on sediment retained in
the system with a total of 43053 t/year (Ismail and Najib 2011).
Sediment retention would mean that the combination of nutrient
additions coming from streams, rivers and recirculation of nutri-
ents from the bottom can increase the productivity of the reservoir
(Najib et al., 2017).

The total loading of the nitrate input in BMR was 47.14 t/year
and the output was 17.31 t/year, resulting in net retention of
29.83 t/year of nitrate in the year 2008 (Ismail and Najib, 2011).
Nitrogen retention in the system may occur due to three factors,
assimilation by vegetation, denitrification, and sedimentation
(Qiu et al., 2019). To find out whether the system (river and reser-
voir) during the dry and wet seasons in the study area was affected
by assimilation processes by autotrophic organisms, we have plot-
ted the Chl a, NO3-N and d15N-NO3

� concentrations (Fig. S2). Chl a
concentration in the river during the dry season was not signifi-
cantly correlated with NO3-N (N = 8, r = 0.290, p = 0.486) and
d15N-NO3

� (N = 8, r = 0.246, p = 0.556) which suggests no assimila-
tion taking place. Similarly, chl a during the wet season in the river
was also not significantly correlated with NO3-N (r = 0.224,
p = 0.629) and d15N-NO3

� (r = �0.2664, p = 0.568). Overall, the pat-
tern between Chl a, NO3-N and d15N-NO3

� concentrations in the
river during the dry season (Fig. S2a, b and c) suggests lower phy-
toplankton biomass compared to the wet season but both seasons
could not point out towards assimilation process in the river.
Meanwhile, the highest chl a was detected in the wet season in
the reservoir (Fig. S2a), suggesting that rainfall inputs have
increased the phytoplankton growth and the NO3-N concentrations
in the wet season compared to the dry season (Fig. S2a and b). Dur-
ing surface runoff, due to higher rainfall inputs in the wet season,
soil nitrate (which is enriched in d15N-NO3

�) is likely to enter the
reservoir, increasing NO3

� concentration and favouring phytoplank-
ton growth. On the other hand, d15N-NO3

� in the reservoir was
more enriched in the wet season than the dry season, which sug-
gests assimilation process was also taking place as autotrophic
organisms preferably uptake the 14N, enriching the d15N-NO3

�. By
referring to the ratio of d15N-NO3

� to d18O–NO3
�, assimilation pro-

cess is typically shown by the 1:1 relationship (Fry, 2006). This
relationship is not shown in our samples (Fig. 4a). No significant
negative relationship was also found between chl a, NO3-N and
d15N-NO3

� in both dry and wet seasons in the reservoir (p > 0.05).
Although the pattern did not support assimilation as the dominant
process, the fact that there are certain indicators of assimilation
may imply that we cannot completely rule out the assimilation
process. Assimilation process can be co-occurring with other pro-
cesses overlapping at the same time.

Although the d15N–NO3
� and d18O–NO3

� values depend mainly
on their sources, biologically mediated processes such as denitrifi-
cation are also important factors causing the nitrogen and oxygen
isotopes to fractionate, leaving heavier isotopes behind (Kendall
et al., 2007). To ascertain whether denitrification was responsible
for the nitrate content in the study area, we have plotted the rela-
tionships between isotopic plots and other parameters such as DO
and NO3-N concentrations analysed in this study. Negative rela-
tionships were observed between d15N-NO3

� and d18O-NO3� in
the river and reservoir during wet season and in the reservoir dur-
ing dry season (Fig. 4a). This relationship suggested that denitrifi-
cation did not occur as denitrification results in the enrichment of
both d15N-NO3

� and d18O-NO3� (Yue et al., 2014; Wang et al., 2016;
Li et al., 2019). Denitrifiers prefer the lighter isotopes (14N and 16O)
leaving behind the heavier 15N and 18O isotopes, thus enriching the



Fig. 4. a d18O-NO3
� versus d15N-NO3

� values from river and reservoir water samples
during dry and wet seasons. b. d15N-NO3

� versus NO3-N from river and reservoir
water samples during dry and wet seasons. c. d15N-NO3

� versus ln NO3-N from river
and reservoir water samples during dry and wet seasons d. DO versus NO3-N from
river and reservoir water samples during dry and wet seasons. All plots showing
denitrification was not the major process affecting NO3

� in the system. e. d15N-NO3
�

versus 1/NO3-N shows mixing processes.
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substrate. On the other hand, positive relationship in the river dur-
ing the dry season could suggest potential denitrification
(y = 0.27 � +3.05, R2 = 0.002) but this is not significant. The plot
of d15N-NO3

� and NO3-N, and d15N-NO3
� and ln NO3-N was nega-

tively correlated in the river during the dry season (Fig. 4b and
c), which suggests denitrification as not the main N transformation
process. This factor is also supported by the DO concentrations in
Fig. 4d and Table S2. Denitrification in the surface water can be
assumed as not the main process in the study area since the lowest
DO concentration was 3.73 mg/L. The denitrification process
requires anaerobic conditions (Yevenes et al., 2016) where DO con-
centrations could not be higher than 2 mg/L (Rivett et al., 2008); to
be exact, <0.5 mg/L (ISONITRATE, 2009). In contrast, the linear
trend between d15N–NO3

� and inverse nitrate concentration (1/
NO3-N) indicate mixing of nitrate sources (Fig. 4e). Mixing of
nitrate sources from 2 or more sources can result in parallel
increase of both d15N–NO3

� and NO3
� concentration and results in

a straight line on the Keeling plot (Kendall, 1998).
Apart from denitrification, the d15N–NO3

� and d18O–NO3
� also

can be affected by nitrification process. Using the theoretical nitri-
fication concept in Eq. (2), the d18O value in the atmosphere of
+23.5, and the d18O values in the water of �7.48 to �5.40‰ in
the river and reservoir; the range of d18O–NO3

� derived from nitri-
fication was within +2.85 to +4.23‰. The d18O–NO3

� of water sam-
ples from the river and some from the reservoir, fell around the
theoretical value (Kendall, 1998), which suggests nitrification
was occurring in the river and reservoir during both the dry and
wet seasons (Fig. 5). By referring to the d18O–NO3

� found in other
studies (�5 to +15‰ in Kendall et al., 2007), the d18O–NO3

� values
derived from nitrification in this study were within the literature
values. In our results, many of the water samples from the reser-
voir had d18O–NO3

� values on the upper limit of the theoretical
nitrification values and values higher than the d18O in air
(+23.5‰, Kendall, 1998), implying that the d18O–NO3

� may come
from atmospheric nitrate (Kendall, 1998; Kendall et al., 2007) or
mixing processes among other sources and AD. The wet deposition
contribution from atmospheric nitrate can display the oxygen iso-
tope of mixing NO3

� lower than the wet deposition contribution but
higher than theoretical nitrification. In the meantime, we could
only hypothesise that due to the higher temperature in the tropics,
d18O-NO3

� values of microbial nitrate are expected to be more
Fig. 5. d18O-H2O versus d18O-NO3
� in water samples from river and reservoir during

the dry and wet season. Three lines represent the theory line in different condition.



Fig. 6. Boxplots of mixing model proportions for each group, categorised by source.
a. Manure and sewage, b. Atmospheric deposition, c. Soil nitrogen, d. Synthetic
Nitrogen Fertilizer. Group 1 (dry season-river), group 2-wet season-river, group 3-
dry season-reservoir and group 4-wet season-reservoir.
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enriched due to several reasons. Firstly, higher temperature stimu-
lates microbial respiration or respiratory oxygen consumption
(Kendall 1998; Xu et al., 2016) which may consequently change
d18O–O2 value from the atmospheric oxygen of (+23.5‰). Secondly,
evaporation process may cause d18O enrichment of the soil-water
available to nitrifiers (Snider et al., 2010), therefore the use of
d18O-H2O of precipitation, surface water or groundwater may to
a certain extent reflect the d18O of water available to nitrifiers
(Spoelstra et al., 2007).

SNF contributed the least proportion in the reservoir during the
wet season, potentially diluted by AD in the wet season. Nitrate
from SNF used by private owners in oil palm plantations surround-
ing the Kurau River may leach into the river water through terres-
trial run-off. The absence of canopy cover along the Kurau River
(Mohammad et al., 2018) and the presence of sand mining activi-
ties in the Kurau River upstream of BMR further exacerbate river
bank erosion, river bed degradation, river buffer zone encroach-
ment and deterioration of river water quality (Teo and Noh,
2017). Therefore, to control nutrients carried by soil and run-off
into BMR, the installation of filters, particularly in areas of sand
mining activity, within the Kurau River is necessary to reduce
soil-associated nutrient inputs. Additionally, the planting of ripar-
ian vegetation is required to act as a buffer to nutrients associated
with run-off from terrestrial areas.

As a whole, the output of SIAR is acceptable and concurrent
with the qualitative contribution presented in Fig. 3. Although
our results provided important information for controlling nitrate
concentrations in the reservoir, they have some limitations. Firstly,
only the main river and the middle area of the reservoir were
investigated in this study. Therefore, further research is necessary
to understand the spatial variation of NO3

� sources in the tropical
reservoir. Secondly, the manure and SNFs sources incorporated val-
ues based on other relevant studies together with our local data,
which may cause uncertainty of the proportions. Thirdly, the calcu-
lated results have some uncertainties due to ignoring fractionation
during the calculations (Kendall et al., 2007; Yue et al., 2015;
Matiatos 2016; Zhang et al., 2018).

In the absence of denitrification affecting the d15N–NO3
� and

d18O–NO3
� in the study area, high NO3

� concentrations were
expected in the system since there was no loss of N. However,
the system was dominated by low NO3

� concentrations in the study
area. Therefore, what might have caused the low NO3

� in the study
area? One factor was due to the dilution effect by rainfall during
the dry and wet seasons in the reservoir as explained previously.
The dynamic process of nitrogen transformation in the river was
not explained by either denitrification, assimilation or rainfall
effect. One plausible explanation would be that not one single bio-
logical process, but mixing processes were influencing the nitrate
dynamics in the system. The low NO3

� concentrations in our system
could also be caused by low NH4

+ concentrations from the low rate
of organic nitrogen to NH4

+ conversion. Ammonification or organic
nitrogen decomposition hydrolyses organic nitrogen compounds
into ammonium and is known as N mineralization (Xia et al.,
2018). Thus, mineralization can be highlighted as one of the pro-
cesses regulating the system.
4. Conclusions

In the present study, nitrate stable isotopes (d15N–NO3
� and

d18O–NO3
�) and the water chemistry of river and reservoir water

were evaluated to determine nitrate sources and processes within
a shallow tropical reservoir system. A Bayesian mixing model in
SIAR was used to estimate the proportional contribution of nitrate
sources in samples collected from the study area. The qualitative
plot of nitrate stable isotopes showed that nitrate sources in the
river and reservoir were from mixing of AD, SNF, SN and MS
sources. The trend of inverse NO3-N concentration and d15N–NO3

�

plot also supported that mixing was the dominant process affect-
ing NO3

� sources in the system. The water system in the study area
was dominated by DON. In the presence of oxygen in the surface
water, nitrification occurs, and it can be concluded that denitrifica-
tion did not affect the nitrate isotopic composition. The relation-
ship between chl a, NO3-N concentration and d15N–NO3

� could
not point out clear assimilation process in the system, potentially
due to the mixing and overlapping nitrate sources. The results from
the SIAR model showed that the dominant nitrate sources in the
river and reservoir during the wet and dry season was contributed
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mostly from MS. This information suggests that this N source
should be reduced to minimise the nutrients impact to BMR. The
emerging AD contribution in the reservoir during both seasons
using SIAR, highlighted that AD impacted the reservoir more than
the river. d13C and the C:N ratio of the sediments showed C3 terres-
trial plants imprints, corresponding to run-off from the land to the
water.

To complete the N cycle, diurnal sampling should be conducted
to account for daytime and night-time effects on N concentrations
and the denitrification process which depends on DO concentra-
tions and is influenced by sunlight. Overall, the results obtained
in this study provided important information for tropical reservoir
water management and nitrate pollution control in a shallow trop-
ical reservoir system.
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