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ABSTRACT. Spatial and temporal surveys were conducted to better understand the
physicochemical characteristics of the streams in Bukit Timah Nature Reserve (BTNR). A
total of 87 survey stations were selected along ten streams for an in-situ water quality study
conducted in June 2018. Temporal investigation, including in-situ and ex-situ samplings,
was conducted from late November 2017 to July 2018 for Fern Valley and Jungle Fall
streams. The in-situ physicochemical parameters included pH, Dissolved Oxygen (DO),
Conductivity, Oxidation-Reduction Potential (ORP), Total Dissolved Solids (TDS),
Turbidity, Salinity, and Temperature. Water samples were collected for further analysis of Total
Suspended Solids (TSS), anions, cations, elements, Total Organic Carbon (TOC), Total
Nitrogen (TN) and Total Phosphorus (TP). Water discharge was calculated as stream cross-
sectional area multiplied by water velocity. Groundwater samples (down to maximum
2 m) were collected at upstream and downstream locations in Fern Valley and Jungle Fall
catchments and analysed for water chemistry. Seventy-five soil samples (surface and
subsurface) were collected to investigate the hydrogeomorphic conditions of the catchments
in an attempt to understand the influence of hillslopes on water quality within the stream
channel. Physicochemical baselines of the streams in Bukit Timah Hill were established,
the data suggesting that stream temperature, TDS, salinity, the amount of TOC, TP, anions
and cations vary within their expected natural ranges. Some parameters including DO and
conductivity are slightly lower than expected, which may not be favorable for large aquatic
animals. Some issues needing further investigations include low stream pH in Jungle Fall and
Seraya streams as well as the significantly high concentration of Cd, Sb and Se in all streams.
Follow-up actions are recommended to further investigate the drivers and monitor the effect of
stream acidification, the causes and effects of high concentration of Cd, Sb and Se, as well as
possible stream rehabilitation measures leading to improvement of water quality.
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Introduction

The physicochemical characteristics of streams and the ways in which they function
are determining factors of aquatic ecosystem health (Dudgeon, 2011). Many aquatic
organisms in streams are affected by even small changes in water chemistry and
habitat (e.g., Bere & Tundisi, 2011). Physicochemical functions include the interaction
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of physical and chemical processes to create the basic water quality conditions of
the stream including physical parameters such as temperature, dissolved oxygen,
conductivity, pH, turbidity, and chemical parameters etc., as well as to facilitate
nutrient (e.g. organic carbon) transformation and transport cycles. These parameters
provide both direct and indirect indications of stream condition and the stream’s
ability to support biological communities. Understanding what is expected of these
parameters in a given stream, based on the reference conditions and what the stream
actually demonstrates, requires a comprehensive physicochemical stream assessment
(Harman et al., 2012).

Although the aquatic biodiversity in the streams of Bukit Timah Nature Reserve
(BTNR) has been comparatively well studied, the water quality of these streams has
never been thoroughly assessed. Available information on water quality of the area is
limited to a few parameters that have mostly been measured in-situ during biodiversity
surveys. In the past decade, several studies on water quality of streams in Bukit Timah
have all focused specifically on documenting stream acidification in Jungle Fall stream
(Phang, 2009; Huang, 2011; Ng et al., 2015b).

The objectives of this study were to provide an account of the
physicochemical characteristics of the streams in Bukit Timah hill through field and
laboratory investigation, together with the available up-to-date information including
published literature and unpublished student theses and internal reports; to compare
the baselines against benchmark references to evaluate the physicochemical functions
that the streams are currently performing; and to recommend steps forward.

Materials and Methods

Both spatial (Table 1) and temporal surveys were conducted in the attempt to better
understand the physicochemical characteristics of the streams. For the spatial
investigation, 87 survey sites were selected along ten surveyed streams for ex-situ
water quality studies (Table 1, Fig. 3-5 in Cai, 2019). Three sampling replicates were
conducted at each survey site, with the sampling period concentrated in the months
of May and June 2018 to minimise the effects of seasonal/temporal variability. The
month of May and June is regarded as the intermonsoon and beginning of the Southwest
Monsoon period, with rainfall slightly lower or close to monthly average for the year.
All sampling was conducted in fine weather conditions except for a few additional
samplings specifically taken to understand the impact of wet weather conditions.
The latter were not used to represent points for comparison. Water samples from 20
of the 87 sites (Table 2) were collected for ex-situ analysis. The points were chosen
corresponding to the at-a-reach stream channel morphology sampling (described by
Cai, 2019). The sampling sites were taken to represent water quality in the chosen
reach of the stream channel, without further distinguishing the influence of inflows
from side channels entering at intermediate positions between sampling points.
Temporal investigation, including in-situ and ex-situ samplings, was conducted from
late November 2017 to July 2018 for two streams, namely Fern Valley stream and



Water Quality of Streams in Bukit Timah Nature Reserve

Table 1. Physical parameters (means, n=3 readings per location per paramater) in various
streams in and adjacent to Bukit Timah Nature Reserve, Singapore. Sampling locations are
shown in Fig. 3-5 in Cai, 2019.

Site Temp. pH DO % DO EC TDS Salinity ORP  Turbidity
°C mg/L  pS/em mg/L  ppt mV  FNU
Fern Valley FV1 26.78 5.38 21.83 1.76 67.33 33.67 0.03 29.67 18.90
FVv2 26.68 5.57 20.27 1.63 78.33 51.33  0.04 42.70  20.50
FV3 26.61 5.67 18.00 1.45 69.00 34.00 0.03 40.37 18.65
Fv4 26.27 4.88 17.40 1.41 65.00 32.00 0.03 115.97 20.55
FV5 26.16 5.12 20.20 1.63 - - - 174.70 17.37
FV6 26.12 4.98 19.35 1.57 62.50 31.50  0.03 143.90 26.12
FV9 26.30 5.40 53.63 4.33 67.33 33.67 0.03 -22.10 16.30
Taban Valley TBI 2578 589 1793 145 1867 933 000  89.80 2280
TB2 26.42 5.06 19.23 1.55 68.00 33.67 0.03 190.97 24.03
TB4 26.39 4.47 20.30 1.64 73.33 36.33  0.03 259.47 18.23
TBS 26.13 4.44 18.43 1.50 69.00 34.67 0.03 256.77 23.07
Lasia Stream LS1 26.75 6.47 16.70 1.33 120.67  60.67  0.06 24.93  23.07
LS2 26.73 6.60 16.20 1.30 12733 63.67 0.06 20.10 2.59
LS3 26.60 5.41 16.07 1.29 51.00 2533  0.02 75.13  23.67
LS4 26.54 5.63 18.57 1.50 48.00 24.00 0.02 110.23 21.75
LS5 26.52 5.64 18.87 1.52 36.33 19.67 0.02 128.40 57.80
LS7 26.85 6.16 16.87 1.35 95.00 4733  0.04 28.53 22.23
LS8 26.95 6.24 17.33 1.37 101.00  50.67 0.05 4993 2237
LS9 26.70 5.70 17.37 1.40 106.33  53.00 0.05 70.57 2197
LS10 2692 5.82 17.43 1.40 85.33 42.67 0.04 81.23  23.20
LS12  26.45 4.49 19.40 1.57 17.67 9.00 0.01 251.50 22.13
LS13  26.45 5.22 16.27 1.31 51.67 25.67 0.02 135.00 22.35
LS16 2643 4.78 16.43 1.32 55.67 27.67  0.02 183.73 26.17
LS17  26.37 4.55 17.57 1.42 63.33 31.67 0.03 204.13 21.23
LSI18  26.26 4.47 17.40 1.40 80.67 40.00  0.04 21443 18.83
LS19  26.22 4.24 18.37 1.48 87.00 45.00 0.04 254.90 -
LS22  26.25 4.65 16.83 1.36 56.00 28.00 0.03 208.97 -
LS23  26.60 5.05 19.77 1.58 7.00 4.00 0.00 192.97 17.93
Catchment Stream ~ CS1 27.04 5.66 18.57 1.48 55.00 27.67  0.02 94.63 23.33
CS2 26.97 5.37 18.73 1.50 45.33 22.67 0.02 146.20 23.93

493
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Table 1. Continuation.

Site Temp pH DO % DO EC TDS Salinity ORP  Turbidity
°C mg/L  pS/em mg/L  ppt mV  FNU
g‘iﬁ”r;"e”’ cs3 2695 567 1750 140 4800 2567 002  106.03 22.67
Cs4 26.19 487 1890 153 3350 1650 0.02  139.10 69.47
Css 2634 497 1873 151 3533 1800 001  137.53 21.67
Cs6 2636 478 1843 149 5300 2633 002 15513 33.90
css 2633 481 1797 145 6333 3200 003  151.40 23.03
Cs9 2632 458 1813 147 6333 3167 003  168.80 -

CS10 2630 453 20.57 1.66 17.00 9.00 0.01 193.37 -

CS11 2629 444 1933 1.56 6.33 3.33 0.00 185.93 21.87
CS13 2636 434 16.73 1.35 76.00 37.67 0.03 176.37 23.10
CS15 2629 456  16.13 1.30 61.67 30.67 0.03 154.80 23.60
CS18 26.08 470  20.60 1.67 32.67 16.00  0.01 208.90 22.25
CS19 26.11 528 19.43 1.57 42.67 21.33  0.02 158.37 22.53
CS20 26.12 531 18.13 1.47 47.33 2333 0.02 149.00 23.80
CS22 26.15 5.08  16.57 1.34 74.33 3733 0.03 150.07 26.77
CS24 2620  4.65 18.00 1.46 54.67 27.67 0.03 177.20 21.30

Wallace Stream ~ W1(D) 27.04  6.01 40.27 3.21 74.67 37.00  0.03 -22.20 181.67
WI(W) 2599 6.17 7220 5.87 63.67 33.00 0.03 11.40 46.73

W16 26.67 512 4217 3.38 59.00 30.67  0.03 117.17 26.10
W18 2673 5.14  41.87 3.35 52.33 2633  0.02 119.20 25.00
W20 2650 471  43.00 3.46 61.33 30.67  0.03 150.10 31.30
W22 2629  4.65 51.80 4.18 69.00 3433 0.03 132.97 23.80
W25 2629 459 5793 4.68 23.00 11.50  0.01 147.73 24.05
Dairy Farm DF1(D) 27.17 6.77 40.70 3.24 154.00 77.00 0.07 -43.10 58.70

DF1(W) 2582 6.77  72.30 5.90 113.00 56.33  0.05 -7.37  24.67

DF4 26.65 6.02 2287 1.85 53.33 27.00  0.02 270 19.30
DF6 26.87 6.06  20.10 1.61 60.33 30.67 0.03 42.17  22.00
DF8 26.72 533 20.17 1.62 50.33 2533 0.02 190.50 24.70

DF10 26.89 533  21.13 1.69 18.00 8.67 0.01 151.70 31.20

DF13 26.57 447 2473 1.99 12.00 6.00 0.00 279.87 27.30

DF15 26.89 6.45 19.20 1.54 87.00 4333 0.04 -8.37 21.23
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Table 1. Continuation.

495

Site Temp. pH DO % DO EC TDS Salinity ORP  Turbidity
°’C mg/LL.  pS/cm  mg/L ppt mV FNU
Seraya Stream ~ SR2A 26.60 4.69 18.67 1.49 44.00 22.00 0.02 207.10 26.63
SR2B 26.90 497 1897 1.51 45.67 22.67 0.02 204.13 27.93
SR3 26.51 442 19.80 1.59 55.00 27.33 0.02 235.57 23.40
SR4 26.58 449 18.63 1.50 64.33 32.00 0.03 236.13 21.73
SR6 26.29 432 19.03 1.53 59.67 30.00 0.03 251.67 28.20
SR7 26.21 431 2143 1.72 15.33 9.33 0.01 266.63 28.45
Jungle Fall JF1 25.97 450 2540 2.06 49.33 24.67 0.02 184.20 18.50
JF2 25.95 452 2827 2.28 62.00 31.00 0.03 176.33 16.90
JF3 26.09 451 29.87 2.41 42.67 23.00 0.02 201.73 20.63
JF4 26.09 4.44 2890 2.33 52.00 25.67 0.02 197.33 26.80
JF5 26.13 456 31.73 2.55 - - - 232.83 2745
JF6 26.17 4.50  29.00 2.33 - - - 245.17 49.10
JF7 26.16 435 2783 2.24 57.67 28.67 0.03 290.00 29.75
Asas Stream AS1 26.96 6.48  66.50 533 170.67  85.67 0.08 -22.17 25.63
AS2 26.79 634  66.13 532 172.00  85.67 0.08 -30.87 22.60
AS4 26.81 6.46  67.03 5.39 157.67  80.67 0.07 -39.43  26.93
AS5 27.22 6.63 6543 522 194.00  97.00 0.09 -54.93 28.80
AS6 27.54 6.85  60.27 4.75 191.33  95.67 0.09 -89.73  29.17
AS7 27.80 7.06  38.90 3.08 276.33 138.00 0.13 -154.53 28.70
Rail Corridor RC1 26.48 6.66  28.97 2.34 116.33 58.00 0.05 26.60 22.70
RC3 26.36 5.60 27.10 2.19 52.00 26.00 0.02 7.40 -
RC5 26.14 481 2637 2.14 62.00 30.67 0.03 138.57 18.85
RC7 26.23 476  26.03 2.11 50.33 25.00 0.02 165.73 16.80
RC8 26.20 477 2440 1.98 66.00 33.33 0.03 173.73 1597
RC9 26.22 476  21.60 1.75 70.33 35.00 0.03 177.77 15.95
RC12 26.76 6.05 21.27 1.70 55.00 27.33 0.03 65.77  20.20
RC13 28.12 5.60 5413 4.24 49.33 26.00 0.02 -4.90  13.00
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Table 2. Water chemistry in streams within and adjacent to Bukit Timah Nature Reserve,
Singapore. Sample locations are abbreviated as given in Table 1. Units for TOC, TN, TP, Na®,
NH,*, K¥, Mg?*, Ca?*, Cl,, SO4* are mg/L. Units for the other parameters (concentrations of
elements) are pg/L. BDL: below detection limit.

Sample TOC TN TP Na* NHs K'  Mg¥ Ca®* Cr  SO& Al Ba Ca Cd

RC13 229 29 041 331 BDL 2.09 0.70 1.39 344 210 91 147 1263 29
RC9 0.28 1 025 092 0.0566 0.88 048 5.25 2.58 5.78 45 56 7384 29

CS1 1.30 08 04 235 0.0392 201 0.80 5.62 4.00 254 78 106 4742 27
CS10 3.13 41 071 376 0.0423 293 1.18 292 459 242 156 198 2086 30
CS20 43 023 383 BDL 323 138 3.01 390 3.03 158 195 2229 27
FV1 1.7 042 362 BDL 259 083 4.74 371 3.59 46 156 3690 29
FV9 3.1 029 194 BDL 1.88 0.73 2.05 352 0.74 55 187 1535 30
DF1 1.2 052 380 0.0168 225 0.76 433 351 341 63 93 3153 29
DF13 2.04 38 043 377 BDL 2.03 0.78 1.60 577 0.58 179 199 1101 27
SR1 2.18 34 056 218 0.0021 1.76 0.87 1.23 3.65 0.67 252 160 1345 28
SR6 2.47 38 033 1.67 00113 1.78 093 1.10 323 0.79 357 164 1316 30
JF2 2.59 3 036 198 BDL 136 0.70 1.04 373 1.06 447 114 1167 29
JF6 233 35 022 208 0.0025 151 0.82 1.08 384  0.65 570 121 1207 28
LS16 2.41 33 029 243 BDL 201 0.64 1.26 399 333 124 205 1699 29
LS9 0.77 29 041 378 BDL 233 090 1467 296 9.50 69 57 12910 30
LS12 222 21 043 1.19 BDL 095 0.5 2.97 1.61 135 115 47 827 27
TB1 0.74 38 051 1.77  0.0023 155 0.65 5.86 3.18 431 106 148 6592 30
WLI18 1.95 39 03 234 BDL 255 093 2.11 323 275 102 183 1498 27
AS7 4.06 22 022 877 02125 449 096 3350 821 1096 44 96 34200 30
ASI 1.83 2 056 412 0.0255 249 0.84 2070 3.80 13.55 40 79 17080 26

Sample Co Cr Cu Fe K Mg Mn Na Ni Pb Sb Se Sr Ti V Zn

RC13 27 44 29 50 2152 651 93 3794 22 45 42 62 44 33 46 52

RC9 27 42 30 67 309 395 51 1701 21 41 41 91 51 31 47 65
CS1 29 43 34 219 2117 718 68 3066 26 51 51 54 56 33 46 46
CS10 24 43 29 71 2950 1053 113 4030 28 36 39 93 55 30 48 54
CS20 28 41 24 85 3361 1244 54 4027 22 41 53 91 52 32 50 48
FV1 27 43 33 70 2736 724 54 4169 23 38 46 56 52 30 47 53
FV9 29 43 27 46 3536 900 34 4454 25 44 30 48 51 31 48 48
DF1 25 43 30 147 2213 561 67 4256 24 35 44 BDL 47 32 46 53
DF13 29 43 34 46 2619 872 116 5664 26 50 65 52 49 32 45 55
SR1 25 43 29 58 1874 1051 111 2817 25 60 38 93 50 32 46 49
SR6 26 44 28 66 2101 1357 123 2523 23 44 52 117 48 31 48 51
JF2 27 42 27 47 1363 881 76 2895 22 56 54 46 46 31 45 sl
JF6 26 43 30 76 1603 1085 82 2908 23 52 53 50 47 30 47 50
LS16 27 43 31 44 2415 769 93 3479 22 40 64 44 48 30 46 53
LS9 27 44 25 66 2038 767 47 3532 26 38 68 81 126 32 46 49
LS12 28 43 27 62 322 250 42 1066 25 52 50 41 37 31 45 46
TB1 27 43 29 105 2048 685 86 3077 27 43 43 65 53 30 48 66
WLI18 27 44 27 48 2847 839 109 2817 25 46 68 99 50 31 49 53
AS7 26 45 24 52 5311 827 395 10740 25 46 57 88 148 32 48 44

ASI 27 44 33 53 2202 640 102 4002 27 44 53 93 71 32 48 53
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Jungle Fall stream (Fig. 1-2), which are historically better studied and are
assumed to be more or less representative of the hydrogeomorphic characteristics of
streams in BTNR. The period of study took into account the seasonality of Singapore’s
intermonsoonal climate (Rahman & Tay, 1991) to cover wet and dry periods. In-situ
physicochemical parameters, including pH, Dissolved Oxygen (DO), Oxidation-
Reduction Potential (ORP), Total Dissolved Solids (TDS), Salinity, and Temperature
were recorded using a HANNA 9829 Multiparameter at each site.

To investigate the temporal variation of physicochemical parameters, regular
sampling was conducted in Fern Valley and Jungle Fall, at a total of five locations (two
in the upper and lower sections of Jungle Fall stream, and three in the upper, middle and
lower sections of Fern Valley stream) (Fig. 1). Water samples were collected at these
locations and brought back within a few hours to Geolab, Department of Geography,
National University of Singapore for further analysis of Total Suspended Solids (TSS),
anions, cations, elements, Total Organic Carbon (TOC), Total Nitrogen (TN) and
Total Phosphorus (TP). Approximately 600 ml of stream water was collected in a clean
acid-washed bottle at each site. In-situ stream velocity was measured using a HACH
FH950 flowmeter (Marsh-McBirney CO, USA), and water quality (Temperature, DO,
Conductivity, TDS, Salinity and pH) were measured using a YSI Professional Plus
Multiparameter Instrument. Water discharge was calculated as stream cross-sectional
area multiplied by stream velocity. Groundwater samples were collected from several
wells (down to maximum 2 m depth) at the upper and lower stream locations in Fern
Valley and Jungle Fall catchments and analysed for water chemistry.

Total Suspended Solids (TSS) were measured using EPA method 160.2 (US
EPA, 1983). It is the dry mass of suspended solids derived from one litre of water
and remaining on a clean filter paper, measured after drying in an oven at 60°C until
reaching constant mass (usually after 24h). For anions, cations and elemental analysis,
water samples were filtered through a 0.45 um-pore size filter paper (Whatman) Replace
with and either kept in a freezer (for anions and cations) or acidified and kept at 4°C
(for elements). No filtration is needed for Total Nitrogen (TN), Total Phosphorus (TP)
and Total Organic Carbon (TOC); instead, these samples were frozen until analysis.
Anions and cations were analysed by Dionex ICS-5000 (Thermo Fisher Scientific);
elements by Inductively Coupled Plasma Atomic Emission Spectroscopy 8300
(ICP-OES) (Perkin Elmer); Nitrogen and Phosphorus by Lico 690 Spectra
Colorimeter (Hach); and TOC by Vario Cube TOC analyser (Elementar).

In total, 75 soil samples (52 from Fern Valley and 23 from Jungle Fall
catchments), among them 65 from surface soils and ten from subsurface soils), were
collected (Fig. 2) to investigate the hydrogeomorphic conditions of the catchments
and to better understand the influence of hillslopes on the water quality of the stream
channels within them. The sampling strategy for surface soils was to cover as much
of the catchments’ area as possible taking into account physical constraints on
human access. Subsurface soils were collected near water stations (Fig. 1) at 1 m and
1.8 m depth. At each sampling location, approximately 300 g of soil was collected
using a stainless steel spade, or a soil auger for subsurface soils, and stored in a fresh
zip-lock bag. In between samplings, equipment was washed thoroughly with stream
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water. Analysed soil parameters were bulk density, particle size distribution, TOC, pH,
and elements.

Soil bulk density was determined using a 98 cm® aluminium cylinder (Bashour
& Sayegh, 2007). Samples were dried in an oven at 105°C until reaching constant
weight (usually after 24hrs). The bulk density was calculated as the ratio of soil dried
mass to volume of soil. Particle size distribution was determined from the ASTM
D422 (2016) standard test method which utilises a hydrometer and Stoke’s Law (Blake
& Steinhardt, 2008). Total Organic Carbon was determined using Vario Cube TOC
analyser (Elementar) following the removal of inorganic carbon via fumigation
(Harris et al., 2001). In the determination of soil moisture at field capacity, 30 g of
ground soil was placed in open silver-foil capsules (6 x 6 x 12 mm) and 50 pl of
deionised water was added to the capsule. To remove carbonates, the sample was
placed in a desiccator for acid fumigation (using 100 ml 37% HCI) for 6 hours
(Harris et al., 2001). The capsule (together with soil) was dried, weighed, packed and
analysed for TOC. Soil pH was measured with a pH meter (Orion 3 star) after the fine
grains (< 2 mm) had been mixed with water (soil/water ratio of 1:2.5) and shaken
for 2 hours (Van Reeuwijk, 1992). Element concentrations were analysed using the
microwave-assisted EPA 3051a method (US EPA, 2007). Pulverised samples of 0.5 £
0.001g were digested with 9 ml of 65% HNO, and 3 ml of 37% HCI in a microwave
digester (E = 1000W; temp = 180°C) for a total of 55 minutes (Milestone, 2009).
After cooling, the digested solutions were centrifuged at 2500 rpm for 10 minutes. The
supernatant was decanted and diluted five-fold for trace metal analysis and 100-fold
for macro element analyses, via ICP-OES.

Results and Discussion

1. Physicochemical baselines of streams in Bukit Timah

Results of the spatial survey are presented in Table 1. The ten streams originating in
BTNR range from only 250 to 1100 m in length (Cai, 2019), downstream of which
they flow into the concretised surface drainage system of urban Singapore and they
lie within an elevation of between 158 and 37 m above sea level (Cai, 2019). There
are few reports on the physicochemical characteristics of small lowland streams in the
Southeast Asian region, most studies having been either on large rivers, or on small
headwaters at considerable elevations. We are therefore forced to make comparisons
with some of the literature on Central and South American streams.

1.1 Temperature

1.1.1 General synopsis.

Temperature affects the metabolic rates and hence the growth and
development times of aquatic organisms. Each organism has its own range of
temperature within which it can survive. Other than the effects on organisms,
temperature also affects other properties of water such as DO, concentration
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Legend Legend
[JFern Valley boundary [JJungle Fall_boundary

Fig.1. Temporal water sampling stations in Fern Valley and Jungle Fall, Bukit Timah Nature
Reserve, Singapore.

@ Soil sampling location @ Soil sampling location
[JFern Valley boundary [JJungle Fall_boundary

Fig. 2. Soil sampling locations at Fern Valley, and Jungle Fall.
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of nutrients and the viscosity of the water. Warm water usually has low DO
and thus increases the rate of biochemical reactions in water bodies that
eventually affect the fate of pollutants. Tropical headwater stream
temperature in general is subject to diel fluctuation, following daily air
temperature variation (Dudgeon, 2011). Headwater streams usually have
lower water temperatures compared to larger rivers in the lowlands
(Ortiz-Zayas et al., 2005; Dudgeon, 2011).

1.1.2 BTNR streams.

Streams in Bukit Timah, although short, with a mean temperature of 26.55°C
(ranges 25.96 to 29.03°C), also follow this pattern as their upper reaches
always have lower temperatures than the lower reaches, except for Jungle Fall
and Asas streams (Table 1, Fig. 3). The temperature difference, however, is small,
probably due to the short distance between stream survey points. There is no
obvious temperature difference between the streams in BTNR. In general, their
water temperature varies within expected values of tropical low latitude, low elevation
streams in humid regions, which typically have a mean temperature of about 27°C,
and range from 25-29°C (Dudgeon, 2011: 9). The headwaters of streams at high-
er elevations and higher latitudes have lower temperatures than Bukit Timah
streams, for instance Rio Mameyes and Quebrada Prieta in Puerto Rico (mean daily
temperature ranges from 22 to 24°C and 20 to 24°C, respectively) (Crowl et al., 2001;
Ortiz-Zayas et al., 2005), Rio das Mortes catchment, Brazil (14.9°C to 19.1°C) (dos
Santos Rosa et al., 2013) and various streams in Puerto Rico (from 23.84 to 28.46°C)
(Burgos-Caraballo et al., 2014).

1.1.3 Fern Valley.

In Fern Valley, the stream temperature ranges from 24.6 to 26.4°C (Fig. 4). One outlier
reading gave a temperature of 27.7°C at the middle stream on February 6" 2018.
The readings were all taken in the morning and the two-degree range reflects natural
temperature variation in the survey period. On any given day, the temperature
difference between the upper and middle stream is negligible and not significant, but
both are cooler than the lower stream. This is in agreement with the aforementioned
temperature trend in tropical streams (Ortiz-Zayas, 1999; Dudgeon, 2011). The
differences in water temperature between the upper, middle and lower sites are too
small to expect any differences in biological activities, at least for temperature-
driven processes, which, in general, are doubled for every 10°C increase in
temperature (Caissie, 2006). There is no obvious trend of temperature within the
survey period. Interestingly, stream temperature is 1.5-2°C higher than the historical
data of 23-24.5°C measured in Bukit Timah by Douglas (1967).

1.1.4 Jungle Fall.

For Jungle Fall, spatial information was compared only between the upper and lower
parts of the stream. The stream temperatures range from 24.9 to 26.7°C (Fig. 5),
similar to those from Fern Valley. Both spatial and temporal surveys reveal
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Fig. 3. Temperature (Mean+SE) at various survey streams, Bukit Timah Nature Reserve,
Singapore.

significantly lower temperature in the lower than in the upper stream. There is no
obvious trend for temperature in Jungle Fall during the surveyed period. The
current temperatures are about 2°C higher than historical values of 23-24.5°C
(Douglas, 1967).

1.2. Oxidation-Reduction Potential (ORP)

1.2.1 General synopsis.

Oxidation reduction potential (ORP) measures water’s cleanliness and its
ability to break down contaminants. The ORP reading indicates the capability
of water either to release or accept electrons from chemical reactions. When
a system tends to accept electrons, it is an oxidising system, and release of
electrons indicates a reducing system. ORP values are used much like pH
values to determine water quality. Just as pH values indicate a system’s
relative state for receiving or donating hydrogen ions, ORP values
characterise a system’s relative state for gaining or losing electrons. ORP
values are affected by all oxidising and reducing agents, not just the acids and bases
that influence pH measurement.

1.2.2 BTNR streams.

The streams in BTNR display a wide range of ORP, from -65.28 mV (Asas stream) to
233.45 mV at Seraya stream and 218.23 mV at Jungle Fall stream (Table 1; Fig. 6).
The majority (n=6) of readings in the streams of BTNR are between 90 to 200 mV
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which indicates the occurrence of oxidising conditions. The ranges of ORP are lower
as compared to cool mountain streams in Wyoming, USA (Tronstad et al., 2016) where
“oxidation-reduction potential indicated that oxidising conditions occurred in most
streams (>200 mV)”; but much higher than those headwater streams of Yangtze River
which show ORP varying from -77.1 to -134.2 mV with an average of -88.88 mV,
indicating an anoxic water surface (Qu et al., 2015). With an average value of -65.28
mV, Asas stream seems to be very different from all the other streams and the stream
water shows reducing conditions.

1.3. Dissolved Oxygen (DO)

1.3.1 General synopsis.

DO depends on water temperature. The solubility of oxygen in water increases as
temperature decreases and concentrations can also change throughout the course of a
day based on respiration rates of algae. Concentrations below 5 mg/L may adversely
affect function and survival of biological communities, and below 2 mg/L can lead to
death of fish that are not adapted to such conditions. Saturated DO in tropical streams
is usually low, for example, saturated oxygen concentration ranges from 7.6 to 8.1
mg/L (mean 7.9 mg/L) for low latitude and elevation, humid zone streams (Dudgeon,
2011).

1.3.2 BTNR streams.

Bukit Timah streams have low DO, mostly less than 3 mg/L (or less than 30%
saturated). Some streams, however, have higher DO, ranging from 3.21 to 5.87
mg/L (Wallace stream) or 3.08 to 5.39 mg/L (Asas stream) (Table 1, Fig. 7).
Some sites along streams are abnormally high in DO such as at Fern Valley
upstream (FV9), Wallace stream (W 1 wet season), Dairy Farm (DF 1 wet season), Seraya
upstream (SR7) and Rail Corridor stream (RC13). These sites have specific conditions
leading to the high DO (e.g. either near an outlet/spring or reading taken under wet
conditions). Compared to other tropical streams, those in Bukit Timah have lower DO
than Agua Limpa (8.6 mg/L), Correias (9.0 mg/L) and Chaparrals (7.6 mg/L) which
are natural streams in an acidic, Fe and Mg rich, nutrient poor catchment in Brazil (dos
Santos Rosa et al., 2013). Other headwater streams, such as those in a humid tropical
and seasonal climate at Sao Francisco catchment, Brazil (Nova Ponte (DO 7.5+1.16
mg/L), Trés Marias (DO 7.7£2.9 mg/L), Volta Grande (DO 8.4+3.2 mg/L) and Sao
Simdo (DO 7.6+1.7 mg/L) (Ferreira et al., 2017), and the streams in the Turabo
watershed, Puerto Rico (DO from 4.36-8.10 mg/L) (Burgos-Caraballo et al., 2014)
also have higher DO than those from Bukit Timah. This suggests that streams in Bukit
Timah could be slightly unfavourable to some aquatic fauna, especially large fishes
(Fondriest Environmental, 2013).

1.3.3 Fern Valley.

In Fern Valley, from June to July 2018, the DO sensor malfunctioned, thus the
readings in these months were not reliable. Despite a large variation, from 15.4 to
53.9% saturation (or equivalent to 1.26 to 4.42 mg/L), the majority of readings in Fern
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Fig. 4. Fern Valley stream water temperature and 1-week rainfall data at two nearest rain gauge
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Fig. 5. Jungle Fall stream water temperature and 1-week rainfall data at two nearest rain gauge
stations (Clementi and Bukit Panjang).

Valley are lower than 40% saturation (Fig. 8). Again, this is expected for a low latitude,
low elevation, humid zone tropical stream (Dudgeon, 2011). DO evinced a decreasing
trend from 28 Nov 2017 to 13 Mar 2018 (except one reading on 16 Jan 2018). The
high reading on 16 Jan 2018 (during the temporal survey) and 16 June 2018 (during
the spatial survey at site FV9) could be an anomaly. Again, no significant differences
were observed between stream locations. Similar to other Bukit Timah streams, Fern
Valley had much lower DO compared to tropical headwaters globally.
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1.3.4 Jungle Fall.

Jungle Fall stream DO fluctuates from 12.4 to 53.1%, equivalent to 1.01 to 4.38 mg/L
(Fig. 9) and was again similar to readings from Fern Valley (Fig. 8) (omitting readings
in June and July for reasons explained previously). Our spatial survey results (25.4 to
31.73%) lie within the range of variation. It is worth noting that DO in Fern Valley and
Jungle Fall streams shows a similar pattern of decrease (Fig. 8-9) and both readings
are lower than in other tropical headwater streams. There is no clear difference in DO
between the two surveyed sites in Jungle Fall stream.

1.4. Conductivity

1.4.1 General synopsis.
Conductivity is an important parameter because it directly relates to the amounts of
dissolved ions in water (Davie, 2008).

1.4.2 BTNR streams.

Differing patterns of conductivity were evident in several of the streams at BTNR
(Table 1; Fig. 10). Conductivity in the Fern Valley stream was fairly constant.
Although small, the Taban stream has much lower conductivity at the outlet compared
to the other streams. The Wallace stream has an opposite trend in conductivity
measurements compared to Taban, the lowest conductivity being observed at the
upper stream. In the Rail Corridor stream, on the contrary, conductivity is highest at
the outlet. For the Dairy Farm stream, conductivity is high at its outlet and decreases
upstream. Conductivity in the Lasia stream is difficult to explain since it is high at
the upper stream and slightly lower at the confluence but becomes high again at
the outlet. Both Seraya and Asas streams have low conductivity downstream and
increase towards the headwaters. In the Catchment stream, in the southern tributary
conductivity increases upstream, whereas there is no obvious pattern for the northern
tributary. Compared to other tropical streams, Bukit Timah streams have much
lower conductivity than small, lowland streams in Costa Rica (mean 300 uS/cm, range
from 239-403 uS/cm) and Ecuadorian Eastern Cordillera (from 26 to 249 uS/cm)
(Dudgeon, 2011).

1.4.3 Fern Valley.

In Fern Valley Stream, conductivity was similar in samples from the upper and middle
reaches and in both it was significantly lower than in the lower reach of the stream
(Fig. 11). The values ranged from 48 to 56 uS/cm and are comparatively low in all
three sites in Fern Valley. Compared to results during the spatial survey (ranging from
62.50 to 78.33 uS/cm), conductivity data taken during the temporal survey is slightly
lower. Although much lower than in other tropical headwaters, Fern Valley stream’s
conductivity is comparable to that from tropical rivers in forested and lightly disturbed
agricultural areas (28 to 53 uS/cm) in Brazil (Bere & Tundisi, 2011). It is also
comparable to the upper part of the main stream at Springleaf — a site in Singapore that
acts as a buffer to Nee Soon freshwater swamp forest catchment, of high conservation
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importance — where conductivity ranges from 43 to 69 puS/cm (Y. Cai, unpublished
data). This result suggests that conditions in Fern Valley stream are natural and
probably reflect an undisturbed condition.

1.4.4 Jungle Fall.

Conductivity in Jungle Fall stream was in the range 51-67 puS/cm (Fig. 12), slightly
but significantly higher than the values from Fern Valley. Within the stream, the upper
reach has significantly higher conductivity and TDS than the lower reach. It is
evident that, like Fern Valley, Jungle Fall stream is relatively unpolluted given its low
conductivity in comparison with Springleaf and other tropical headwater catchments.

1.5. Total dissolved solids (TDS)

1.5.1 General synopsis.

Total dissolved solids (TDS) represent the total concentration of dissolved substances
in water and are made up of inorganic salts as well as a small amount of organic matter.
Some examples of inorganic solids are minerals like calcium, magnesium, chlorides
and nitrates. If there is a high concentration of dissolved salts in the water, many
forms of aquatic life will be affected. Total dissolved solids reflect similar patterns to
conductivity because they are interdependent (Walton, 1989; Thirumalini & Joseph,
2009). From a toxicological viewpoint, the higher the TDS is, the greater the chance
of the water being contaminated.

1.5.2 BTNR streams.

Despite low conductivity (Table 1; Fig. 13), TDS in the Bukit Timah streams ranges
from 1-139 mg/L, with an average of 36.35 mg/L, and is comparable to other tropical
streams such as Nova Ponte (TDS 15.2+11.8 mg/L), Trés Marias (TDS 41.1+£33.5
mg/L), Volta Grande (TDS 19.8+£23.9 mg/L) and Sado Simao (TDS 38.6+31.5 mg/L)
(Ferreira et al., 2017), and to Upper Araguari River Basins, Brazil, an area with mainly
metamorphic rock and agricultural land use (TDS 15.2+11.8 mg/L) (Ferreira et al.,
2014). TDS in Bukit Timah streams is much lower than in a series of headwater
streams in Turabo watershed, a catchment dominated by forest cover in its upper part,
in Puerto Rico (TDS from 76.6-353.8 mg/L) (Burgos-Caraballo et al., 2014). It is
interesting that TDS in Bukit Timah streams is lower than the world average TDS
of 100 mg/L (Meybeck, 1981). However, TDS in Asas stream is significantly higher
compared to all the other streams in BTNR, indicating its unhealthiness for aquatic
life.

1.5.3 Fern Valley.

The TDS levels in Fern Valley stream was in the range 29.9-35.7 mg/L (Fig. 14),
comparable to levels in the tropical headwater streams mentioned above but lower
than the global average TDS for rivers of 100 mg/L (Meybeck, 1981). Interestingly,
TDS readings for streams in Bukit Timah during the 1960s were similar (28.8
mg/L) (Douglas, 1967) to those found today. Fern Valley TDS is slightly lower than
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Fig. 8. Fern Valley stream water dissolved oxygen (DO) and 1-week rainfall data at two nearest
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Fig. 9. Jungle Fall stream water Dissolved Oxygen (DO) and 1-week rainfall data at two near-
est rain gauge stations (Clementi and Bukit Panjang).

Springleaf stream (40-80 mg/L) and Dermawan stream near Bukit Gombak
(~65-90 mg/L, unpublished data). Within-stream variation in TDS, like temperature
and conductivity, is significantly greater in the lower reach than it is in the middle
and upper reaches.
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Fig. 11. Fern Valley stream water conductivity and 1-week rainfall data at two nearest rain
gauge stations (Clementi and Bukit Panjang).
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Fig. 12. Jungle Fall stream water conductivity and 1-week rainfall data at two nearest rain
gauge stations (Clementi and Bukit Panjang).
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Fig. 13. Total Dissolved solids (TDS) (Mean=SE) at various survey streams
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1.5.4 Jungle Fall.

TDS values in Jungle Fall stream was in the range 32.5-42.9 mg/L (Fig. 15), slightly
but significantly higher than those from Fern Valley. TDS in the upper reach is higher
than in the lower reach, which is opposite to the situation in Fern Valley stream.

1.6. Turbidity and total suspended solids (TSS)

1.6.1 General synopsis.

Turbidity gives an indication of the clarity of water and is influenced by the amount of
suspended materials in the water column. It is the measure of how suspended particles
in water will affect its clarity. Aquatic animals are generally not directly affected by
high turbidity but by the environmental changes that are linked to turbidity such as
reduced dissolved oxygen (Starkey & Karr, 1984). Submerged aquatic plants in the
deeper parts of streams would be affected by turbidity as turbid water would reduce
the penetration of sunlight into the water. Total Suspended Solids (TSS) are particles
that are larger than 2 um found in the water column (Fondriest Environmental, 2014).
Most suspended solids consist of inorganic materials. Turbidity measurements here
are given in Formazin Nephelometric Units (FNU), a measure of scattered light at 90
degrees from the incident light beam, using an infrared light source according to the
International Standards Organisation (ISO) 7027 method.

1.6.2 BTNR streams.

In BTNR, mean values of turbidity for various streams are from 17.64+0.89 FNU
(Rail Corridor stream) to 29.49+3.6 FNU (Wallace stream), and the overall average
value for all stream reaches is 24.39 FNU (Table 1; Fig. 16).

1.6.3 Fern Valley.

Nearly all TSS measurements at Fern Valley were zero (Fig. 17), in agreement with
the clear water observed. TSS paralleled the low observed turbidity (also zero for most
samples; data not shown). Compared to TDS, the stream’s TSS is considerably lower.

1.6.4 Jungle Fall.
Similar to Fern Valley, most of the TSS readings for Jungle Fall stream are zero
(Fig. 18) and, in general, lower than TDS.

1.7. Salinity

1.7.1 General synopsis.

Salinity of the water refers to the dissolved ions concentration in the water. Generally,
salinity increases as the stream flows downstream. The salinity of a stream would
affect the plants and animals in the stream as most of the freshwater adapted species
are unable to maintain their internal ionic balance in saline water. Fresh water is
typically defined as having a salinity of less than 0.05 ppt.
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Fig. 14. Fern Valley stream water Total Dissolved solids (TDS) and 1-week rainfall data at
two nearest rain gauge stations (Clementi and Bukit Panjang).
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Fig. 16. Turbidity (Mean+SE) at various survey streams
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Fig. 17. Fern Valley stream water Total Suspended solids (TSS) and 1-week rainfall data at two
nearest rain gauge stations (Clementi and Bukit Panjang).
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1.7.2 BTNR streams.

For salinity (ppt), Bukit Timah streams show very low values. For 78 readings from
nine of the streams, there were only three salinity readings above 0.05 ppt (two for
Lasia stream and one for Dairy Farm); but for Asas stream all six readings were in the
range 0.07 to 0.13 ppt with a mean of 0.09 ppt (Table 1; Fig. 19). Salinity can reach
30 ppt or higher in streams subject to tidal influence (Wolanski, 1986; Jennerjahn et
al., 2004). Among all streams in BTNR, the higher salinity in Asas stream is probably
owing to its link to the Singapore Quarry.

1.7.3 Fern Valley and Jungle Fall.

Salinity in Fern Valley is low and constant (0.02ppt) since there is no tidal influence.
Jungle Fall stream showed a small difference in salinity between the upper (0.03 ppt)
and lower reaches (0.02 ppt) although they are within the range of natural fresh water,
as expected.

1.8. Stream acidity (pH)

1.8.1 General synopsis.

Stream acidity (pH) is a measure of the amount of free hydrogen ions in the water and
neutral levels have a pH of 7. Watercourse pH is usually slightly alkaline, with pH
slightly greater than 7 but with ranges from 6 to 9. Stream pH has implications for the
availability of calcium and other elements, particularly for crustaceans, molluscs and
other aquatic organisms.

1.8.2 BTNR streams.

Among all stream parameters, pH is the best studied in Bukit
Timah streams. The oldest available literature reported pH from 6.0-6.3 in Bukit
Timah but the stream name was not mentioned (Douglas, 1967). The best-studied
stream is Jungle Fall stream (Phang, 2009; Huang, 2011; Yeo, 2014; Ng et al., 2015b).
All of these studies indicated low stream pH in Jungle Fall. In detail, stream pH
readings at specific locations in Jungle Falls were 4.34; 4.25; 4.94 (Phang, 2009;
Huang, 2011). Yeo (2014) measured pH along the stream for 10 weeks and found the
pH level to be from 2.96 to 4.53 (median 3.97) whereas Ng et al. (2015b) reported a
pH of 4.5+0.2. In our surveys, water acidity varies among streams and is particularly
low in Jungle Fall (pH from 4.35 to 4.56) and Seraya stream (4.31 to 4.97) (Table 1;
Fig. 20). The streams with higher pH are Fern Valley (4.88 to 5.67), Taban (4.44 to
5.89), Lasia (4.24 to 6.60), Catchment (4.34 to 5.67), Wallace (4.59 to 6.17), Dairy
Farm (4.47 to 6.77), Asas (6.34 to 7.06) and Rail Corridor stream (4.76 to 6.66) (Table
1). It is worth noting that stream pH is low in the upstream reaches and is increasingly
higher in the lower reaches, except for Asas stream. The high pH in the lower reach
could be due to acidic groundwater, percolating through acidic soils in Bukit Timah
(Zhao et al., 1994), being neutralised by streambed substances and earth banks (e.g.
soil base cations) (Yeo, 2014) as it flows downstream.
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Compared to other tropical headwater streams, with the exception of Jungle
Fall and Seraya, Bukit Timah streams show pH values lower than or comparable to
natural forested sites such as Agua Limpa (pH 6.5), Correias (6.7), Chaparrals (7.1),
Brazil (dos Santos Rosa et al., 2013), but lower than small, lowland streams in the
moist tropical forests of Costa Rica (7.7 to 8.2) (Lorion and Kennedy, 2009), Upper
Araguari Basin, Brazil (6.9+0.46) (Ferreira et al., 2014), lower than four hydrologic
units in a humid tropical and seasonal climate in the Sdo Francisco catchment, Brazil,
i.e. Nova Ponte (6.89+0.46), Trés Marias (7.7£0.5), Volta Grande (7.1£1.8) and Séo
Simao (6.8+0.5) (Ferreira et al., 2017), and lower than a series of streams in Turabo
watershed, Puerto Rico (pH from 7.04 to 8.00) (Burgos-Caraballo et al., 2014). Low
stream pH in Bukit Timah is expected to occur naturally given the acidic Bukit Timah
granite rock and its derived soils (Ives, 1977; Zhao et al., 1994).

As mentioned above, the location of the earliest pH readings, 6.0-6.3 by
Douglas (1967) is unknown. The nearby Hindhede lake has nearly neutral pH, from
7.7 to 7.85 (Lim, 1997).

1.8.3 Fern Valley.

Our observations reveal that Fern Valley stream pH ranges from 4.71 to 5.87
(Fig. 21). There was no obvious trend in pH during our survey period, nevertheless
the lower reach is always higher than the middle and upper reaches. There is no
statistical difference between the upper and middle reaches. This pattern was also
observed for streams in other catchments nearby, e.g. Nee Soon freshwater swamp
forest catchment (Nguyen et al., 2018b) and Springleaf stream (unpublished data). As
explained earlier, it is believed that stream pH is low in the upstream reach because
water washes over or flows through acidic soil before emerging to the surface and
is then progressively neutralised by alkaline substrates while travelling downstream.
In addition, our results suggest that there has been a slight decrease in stream pH
compared to those readings in the 1960s (Douglas, 1967).

1.8.4 Jungle Fall.
Stream acidification in Jungle Fall has long been documented (Phang, 2009; Ho,
2009; Tan, 2010; Huang, 2011; Oon, 2012; Yeo, 2014; Ng et al., 2015b). Our temporal
survey revealed Jungle Fall stream pH varies from 3.90 to 4.42 (Median 4.21+0.11)
(Fig. 22). In general, pH from our observations is somewhat higher compared to the
study by Yeo (2014) but lower than Ng et al. (2015b). Interestingly, our observations
indicate lower stream pH at the upper compared to the lower reach, which contradicts
the findings by Yeo (2014). The contradiction possibly reflects seasonal variation (our
study period was from 23 Nov to 17 Jul while Yeo’s was from 23 Aug to 26 Oct).
The Singapore freshwater crab Johora singaporensis Ng, 1986, is listed on
the International Union for Conservation of Nature (IUCN) Red List of Threatened
Species as critically endangered and regarded as one of the top 100 threatened species
in the world (Ng et al., 2015a). It was thought that this crab could already be extinct
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Fig. 18. Jungle Fall stream water Total Suspended Solids and 1-week rainfall data at two near-
est rain gauge stations (Clementi and Bukit Panjang).
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Fig. 19. Salinity (Mean+SE) at various survey streams
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Fig. 21. Fern Valley stream water pH and 1-week rainfall data at two nearest rain gauge stations
(Clementi and Bukit Panjang).

in the reserve (Tan et al., 2010); its extinction in Jungle Fall stream has since been
confirmed but its presence in other BTNR streams has been documented (Khoo et al.,
2019). The suspected reasons for its decline include the acidification of water along
with the loss of forest cover, aquatic pollution and the lowering of the water table (Tan
et al., 2010; Esser et al., 2008). The issue of acidification is complicated as streams in
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BTNR are also naturally acidic, as the bedrock of the reserve is granite which provides
low buffer capacity, and decomposition of organic matter in the humid forest floor
of hill slopes as well as litter within the stream channel produces natural organic
acids that lower the water pH. Oon (2012) described results from a stream-water
chemistry monitoring programme that was established at Jungle Fall stream in 2005.
She found that stream-water pH can decrease by 0.2 to 0.3 pH units following storm
events that flush organic acids from the litter into the stream. However, human induced
acidification has also been suspected at Jungle Fall stream (Oon, 2012). Through
the analysis of diatom communities as well as trace metal concentration in Jungle
Stream, Oon (2012) showed that the stream sediments contain a record of atmospheric
contamination in the area. The trace metal peak found at 15 cm depth in sediments
may correspond to the mid to late 1960s when Singapore was undergoing rapid
industrialisation and pollution controls were not yet in place, resulting in raised levels
of atmospheric pollution and contamination.”

The pH values examined for five (FV Up, FV Mid, FV Low, JF Up and JF Low)
sampling stations in Jungle Fall and Fern Valley seem to be negatively correlated to
the one-week rainfall (Fig. 21-22), with about two weeks lag time period. Stream pH
increased during dry weather in December 2017, February and June/July 2018, and
significantly decreased when rainfall was higher. A similar trend has been reported by
Small et al. (2012) who analysed 14 years of monthly observations from 13 sampling
stations in eight tropical streams in lowland Costa Rica. Stream pH increased during
the 4-month dry season and declined throughout the wet season. The magnitude of the
seasonal pH decline was greatest following the driest dry seasons. Their results show
tight coupling between rainfall, terrestrial and aquatic ecosystems in the tropics.

Stream acidification in Singapore is not completely understood. A long-term
monitoring plan for a better understanding of pH in BTNR streams is thus needed.
Compared to the nearby Fern Valley, stream pH in Jungle Fall is significantly lower,
with a median difference of ~0.92 pH units. The large difference (pH value is a
logarithmic scale) suggests different factors controlling pH of the two streams, despite
their proximity.

1.9. Water chemistry
Water samples from specific locations in Fern Valley, Taban, Lasia, Catchment,
Wallace, Dairy Farm, Seraya, Jungle Fall, Asas and Rail Corridor streams were
collected to understand their chemical composition. The variables analysed include
TOC, TN, TP, anions, cations and elements. The results are presented in Table 2.
TOC in Bukit Timah streams ranges from 0.28 to 4.06 mg/L, slightly lower than
the typical range between 3 and 10 mg/L in most tropical stream waters (Lewis et al.,
2006). Compared to other tropical streams, TOC in Bukit Timah is similar to those
from R. Icacos, (1.93 mg/L - sum of particulate organic carbon and dissolved organic
carbon), Q. Sonadora (2.54 mg/L) and Q. Toronja (1.55 mg/L), all forested catchments
in Puerto Rico (McDowell & Asbury, 1994). Total Nitrogen and TP in Bukit Timah
are in the range 0.8—4.3 mg/L (median 3.05 mg/L) and 0.22—0.71 mg/L (median 0.41
mg/L) respectively. Total Nitrogen is slightly higher than that from headwater streams
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in Puerto Rico (ranging from 0.17 to 2.39 mg/L) (Burgos-Caraballo et al., 2014),
Upper Araguari Basin (0.05+0.01 mg/L) and Upper Sao Francisco Basin (0.24+0.98
mg/L), Brazil (Ferreira et al., 2017), whereas TP seems to be in the expected natural
range compared to the sum of particulate and dissolved phosphorus in South America
(sum less than 1 mg/L) (Dudgeon, 2011: 18). For anions and cations, the Bukit Timah
median NH," is 0.02 mg/L, fairly similar to those from Agua Limpa (0.017 mg/L) and
Chaparrals (0.023 mg/L) (dos Santos Rosa et al., 2013), R. Icacos, (0.014 mg/L), Q.
Sonadora (0.011 mg/L) and Q. Toronja (0.011 mg/L) (McDowell & Asbury, 1994),
but lower than Correias (0.174 mg/L) (dos Santos Rosa et al., 2013). Chloride (CI")
in Bukit Timah varies from 1.21 to 8.21 mg/L, lower than 16 tropical headwater
streams in Puerto Rico (6.58 to 35.16 mg/L); Sulphate (SO,* (0.58 to 13.55 mg/L) is,
however higher than these streams (0 to 3.63 mg/L) (Burgos-Caraballo et al., 2014).
For Na* (0.92-8.77 mg/L, median 2.39 mg/L), K™ (0.88-4.49 mg/L, median 2.02 mg/L),
Mg* (0.48-1.38 mg/L, median 0.81 mg/L) and Ca*" (1.04 — 33.50 mg/L, median 2.94
mg/L), Bukit Timah streams are similar to streams surveyed by Burgos-Caraballo et
al. (2014) in terms of K* (0.14 to 2.90 mg/L), but lower in Na* (7.68 to 30.82 mg/L),
Mg* (2.33 to 21.44 mg/L) and Ca*" (9.42 to 28.55 mg/L). Compared to R. Icacos
stream (Na* 5.07 mg/L; K* 0.51 mg/L; Mg* 1.2 mg/L and Ca*" 3.33 mg/L), Bukit
Timah contains slightly lower Na*, higher K, similar Mg?* and Ca?'. In comparison
with Q. Sonadora stream (Na" 4.36 mg/L; K* 0.22 mg/L; Mg?* 1.4 mg/L and Ca*" 2.22
mg/L), Bukit Timah is lower in Na*, higher in K*, lower in Mg** and slightly higher in
Ca?". Compared to Q. Toronja stream (Na* 7.52 mg/L; K* 0.28 mg/L; Mg** 4.42 mg/L
and Ca?* 6.27 mg/L), Bukit Timah has lower Na*, higher K*, lower Mg** and Ca*
(McDowell & Asbury, 1994). These comparisons suggest that Bukit Timah streams
contain considerable amounts of TN, SO,* and K", but are low in Na* and CI". Other
parameters seem to vary within their expected natural ranges.

In terms of elements, dissolved metal concentration (0.45um filtered —
Whatman® glass microfibre) is comparable to a local site in Bukit Gombak (Nguyen
et al.,, 2018a) and within international threshold guidelines, i.e. United States
Environmental Protection Agency (US EPA), Canadian Council of Ministers of the
Environment (CCME), Australia and New Zealand Default guideline values (DGV).
Element concentrations in BTNR streams can be compared with Singapore and WHO
criteria for drinking water (Table 3). In detail, Ca, Mg and Sr in Bukit Timah streams
are significantly lower than a stream in Bukit Gombak only 1.5 km from BTNR.
Differences in rocks and soil types could be the reason. In Bukit Timah, acidic
granite rock and soil (Ives, 1977; Lee & Zhou, 2009) reduce stream water pH whereas
basic Gombak Norite rock and its derived soil (Lee & Zhou, 2009) maintain higher
stream pH, as reflected in higher concentrations of alkaline elements (e.g. Ca,
Mg and Sr). The concentrations of other metals, except for Mn and Ba, are fairly
similar between Bukit Timah and Bukit Gombak streams (Table 3). Compared to
international threshold guidelines, elements in Bukit Timah streams fluctuate within
expected natural ranges (and do not exceed the threshold guidelines), except for Cd,
Sb and Se. While Cd is almost one order of magnitude higher than these thresholds,
Sb is about two times higher and Se is from 1.5 to 20 times higher depending on
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Fig. 22. Jungle Fall stream water pH and 1-week rainfall data at two nearest rain gauge stations
(Clementi and Bukit Panjang).

the compared criterion. Although Cd, Sb and Se concentrations are high, we also
observed high Cd and Sb in Bukit Gombak stream (Nguyen et al., 2018a). The possible
anthropogenic sources for high concentration of these elements in Bukit Timah is from
World War II and historical quarry activities. Bukit Timah was a wartime munitions
storage site, not an actual battle field (James Tann, 2013 — pers. comm.), and, although
E.J.H. Corner was shocked by the amount of spent artillery materials left in the forest
after the war, most was collected and removed thereafter (Davison & Chew, 2019).
The influence of quarry activities was more prolonged, from the 1900s to the 1990s
(Davison & Chew, 2019), but was not investigated in our study. Therefore, the reason
for high Cd, Sb and Se in these streams is uncertain.

1.10 Comparison of water chemistry in Fern Valley and Jungle Fall

Water chemistry is important for aquatic life. In terms of elemental concentration,
among 26 elements analysed, we only discuss elements showing reliable results
in these two streams (21 in total, including Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K,
Mg, Mn, Mo, Ni, Pb, Sb, Se, Sr, Ti, V and Zn) (Table 4). Of these, the following
discussion considers only 14 elements for which extensive information is available
(Cd, Cr, Cu, Ni, Pb, Zn, Ca, Ba, Mn, V, Co, Sb, Al and Fe). Given the limited number
of samples, statistical analysis was employed only for external comparison (between
streams) and not internal comparison (between different sites within a stream). Median
+ Median Absolute Deviation (MAD) of these elements are presented in Table 4. In the
following discussion we compare BTNR results with five sets of water quality
guidelines: CCME (Canadian Council of Ministers for Environment, 2007), DGV
(Default Guideline Values of Australia and New Zealand) (Water Quality Australia,
2014), Singapore drinking water quality guidelines (Public Utilities Board, 2018),
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United States Environmental Protection Agency (US EPA, 2004), and WHO (World
Health Organisation, 2011). It is essential to bear in mind that the various guidelines
were developed for different purposes, in different climatic, physical, chemical and
biological background conditions, for different uses of water. Furthermore, BTNR
streams are tiny compared with the total volume of water in Singapore or in the other
countries concerned. Therefore, readings for a single element in a single sample from
BTNR that fall above or below any particular guidelines must be interpreted very
cautiously.

Fern Valley and Jungle Fall elemental concentrations are distinct from each
other, especially for concentration of Al (5016 pg/L for Fern Valley and 633.5+67
pg/L for Jungle Fall), Ba (188+14 and 109+18 pg/L respectively), Ca (1625+£27.9 and
1239+124 pg/L respectively), K (3175156 and 1393+118.5 pg/L respectively), Mg
(876+47 and 937+60 ng/L respectively) and Sr (45+9 and 4148 pg/L respectively).
In comparison, while Fern Valley has significantly higher concentrations of Ba, Ca,
K and Sr, Jungle Fall had higher concentrations of Al and Mg (Table 4). Interestingly,
high amounts of Al and Mg — elements associated with stream acidification by
releasing hydrogen ions through hydrolysis reaction (Grosjean et al., 2005; Franzoni
et al., 2011; Zou et al., 2013) — and low amounts of alkaline elements, i.e. Ba, Ca, K
and Sr, in Jungle Fall stream explain its low pH. In fact, the concentration of Al in
Jungle Fall is almost one order of magnitude higher than EPA guidelines for aquatic
life (Brooke & Stephan, 1988) (Table 4).

There is no difference in concentration of potentially toxic elements (e.g. As,
Cd, Co, Cr, Cu, Ni, Pb, Sb, Zn) between Fern Valley and Jungle Fall streams, which
may suggest negligible anthropogenic disturbance. This is further supported by the
comparison between Fern Valley and Jungle Fall versus international water quality
guidelines. Nineteen of 21 elements are either lower than one of the five guidelines
(EPA, CCME, DGV, WHO and Singapore) or within natural ranges (Table 4). In
detail, except for the remarkably high Al concentration causing low pH in Jungle
Fall stream, Arsenic (As) concentration is much lower than EPA (150ug/L) and
DGV (94ug/L) guidelines though it is higher than CCME guidelines (5 pg/L).
Barium in both catchments is 4 to 8 times lower than WHO and Singapore guidelines
whereas Ca is almost two orders of magnitude lower. Cobalt and V are two to five
times lower than CCME guidelines for irrigation purposes although V is much higher
than DGV guidelines. Chromium and Mo are from 2 to 3 times lower compared to
these guidelines although Cr is much higher than DGV guidelines. While Cu median
concentration is higher than CCME and DGV guidelines, it is much lower than the
other guidelines. Iron, Ni, Mo and Mn were also low compared to these criteria, except
for Ni that exceeds the DGV guidelines. Lead, given the large MAD, is comparable to
the WHO and Singapore guidelines, lower than EPA but much higher than CCME and
DGV guidelines. Zinc concentrations are lower than EPA but higher than CCME and
DGYV guidelines. Cadmium, Sb and Se, however, exceeded these guidelines (Table 4).
While median concentrations of Sb and Se were only slightly above the guidelines,
Cd is much higher than all criteria. Indeed, given the large MADs, it is most likely
that Sb and Se are still within the guidelines’ threshold. Cadmium and Se medians,
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Table 3. Median elemental concentrations (ug/L) in streams within and adjacent to Bukit Timah
Nature Reserve, Singapore, in comparison with streams in Bukit Gombak, versus five national
or international guidelines. See text for abbreviations and references to guidelines.

Cd Cr Cu K Ni Pb Zn Ca Ba Mg
Bukit Gombak 26 55 285 33 409 44 13875 548 5292
(Median+MAD) 2 425 +5.03 ) £056 +5.6 +2.76 +1015  +1.31 +228
US EPA 1.8 74ae 5.2-1290 470 65 120
CCME 0.09a 2b 256 1b 30 100000c
DGV 04 33 18 - 13 56 15 - - -
Singapore 3 50 2000 70 10 700
WHO 3 50 2000 70 10 700
Bukit Timah 29 43 29 2177 25 44 515 18925  147.5 798
(Median)

Sr Mn v Co Sb Se Ti Na Al Fe
Bukit Gombak 895 333 51 34 42 84 24 79 80.5
(Median=MAD) 25 +326 10 +1  +102 +17 =14 423 4285
US EPA 3.1 87 1000
CCME 200c  100c  50c 1 300
DGV - 2500 6 - 9 18 - 0.8 -
Singapore 400 20 10 100-200
WHO 20 40 100d
ET;;‘mk:h (Median) 505 84 47 27 515 65 31 35055 104 64

Legend: a. Chronic; b. For water hardness of 50 mg/L CaCOj3;c. For irrigation purposes; d. Screening values; e.

Chromium (I1T)
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Table 4. Water chemistry (Median + MAD) of Fern Valley and Jungle Fall streams, Bukit Timah
Nature Reserve, Singapore. Units in pg/L.

Al As Ba Ca Cd Co Cr Cu Fe K
Fern Valley Median 50 35 188 1625 21 38 44 234 26.5 3175
MAD 16 7 14 279 1.7 39 09 51 18 156
Jungle Fall  Median 633.5 33 109 1239 225 32 425 22 25 1393
MAD 67 15 18 124 33 69 15 8 15 118.5
EPA 87 150° 1.8 742> 5.2-1290 1000
CCME 5 100000°  0.09° 50° 2d 300
Singapore 100-200 700 3 50 2000
WHO 100° 700 3 50 2000
DGV 0.8 94 - - 04 - 33 1.8 - -

Mg Mn Mo Ni Pb Sb Se Sr Ti V Zn

Fern Valley Median 876 60 18 27 36 23 285 45 31 43 48.7
MAD 47 14 13.1 5 105 20 15 9 03 6 1.3

Jungle Fall Median 937 73 18 245 271 406 29 41 31 365 49

MAD 60 135 10 3.5 15 174 13 & 03 8 1.7
EPA 470 65 3.1 120
CCME 200¢ 73 25¢ 14 1 100¢ 30
Singapore 400 70 70 10 20 10
WHO 70 10 20 40
DGV - 2500 34 13 56 9 18 - - 6 15

Legend: a. Chromium (III); b. chronic; c. for irrigation purposes; d. for water hardness of 50 mg/L CaCOs; e. screening
values. See text for abbreviations and references to guidelines
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however, are significantly higher than EPA, CCME (for Cd, Se) and WHO/Singapore/
DGV guidelines (for Cd). Interestingly, a high concentration of Cd was also observed
in Dermawan stream, flowing through alkaline, Gombak Norites derived soil in Bukit
Gombak (Nguyen et al., 2018a), a different soil type from the acidic Jungle Fall soil
(Ives, 1977), suggesting that high Cd in these streams could be from outside sources.
However, the source of Cd in the current data is inconclusive and more work needs to
be done on this matter.

For K, Mg, Sr and Ti, there are no available guideline concentrations for the
protection of aquatic life. Thus, their values are compared qualitatively to others
from different regions. Potassium is an essential element. A study in the United
Kingdom found average K concentration in drinking water of 2.5 mg/L (Powell et
al., 1987) which is comparable to Fern Valley and Jungle Fall streams (3.175+0.156
and 1.393+0.118 mg/L, respectively). Magnesium concentration in untreated water
could be as high as several tens mg/L (Hofman et al., 2006), which is much higher
than those of Fern Valley and Jungle Fall. Strontium in rivers is considered low if its
concentration is less than 0.5 mg/L (Skougstad & Horr, 1960) and, in general, river
water average Sr concentration is ~50 ug/L (Lenntech, 2018). Thus, Fern Valley and
Jungle Fall streams contain comparatively low Sr. For Ti, our reported concentrations
are 3140.3 and 36.5+8 pg/L in Fern Valley and Jungle Fall, respectively, lower than
the world’s typical surface water concentration (ranges from 0.0 to 1180 pg/L) (Linnik
& Zhezherya, 2015).

It is also noteworthy that many Fern Valley and Jungle Fall stream elemental
concentrations (Al, Cd, Co, Cr, Cu, Ni, Pb, Sb, Se, V and Zn), although low, are
significantly higher than the Australian and New Zealand freshwater default
guideline values (DGVs) (Table 3, Table 4). However, DGVs may not be as relevant as
other criteria given that Australia and New Zealand are isolated islands in the southern
hemisphere. DG Vs are usually much lower than the other guidelines (except for Mn),
for greater protection of their enclosed systems.

2. Correlation between rainfall and stream s parameters

To evaluate the study site conditions prior to the actual fieldwork date, same-day
rainfall data may not be representative of the “wet” or “dry” conditions of the
catchment. In fact, we did not find a correlation between daily rainfall and the
stream’s parameters (data not shown). Weekly rainfall data are more likely to be
representative. Therefore, we calculated average daily rainfall data for the week prior
to the actual field date (herein referred as “1-week rainfall data”) and compared these
data with the parameters measured on the site (Fig. 4-22) to understand the impacts of
rainfall on streams.

Limited studies have shown positive correlations between rainfall and TSS,
NO,", PO, TP, TP, TN, salts and sediment. Prathumratana et al. (2008) reported
the relationship of climatic and hydrological parameters to surface water quality
in the lower Mekong River, and Lintern et al. (2018) reported the key factors
influencing spatial differences in stream water quality. However, in our study, we
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observed no correlations between rainfall and these parameters. Instead, we observed
positive correlation between 1-week rainfall data with Conductivity and TDS at Fern
Valley lower stream and middle streams for both rain gauge stations (Fig. 11, Fig. 14).
This observation must not lead to the erroneous notion that TDS and Conductivity in
Fern Valley stream are driven by salt spray (containing ions) concentrated in rainfall
from the ocean, because salinity during the entire study period was low and constant
(0.2 ppt). Instead, it suggests that rainfall may enhance dissolution loss from the
catchment soils. Other studies, however, have reported a negative correlation between
rainfall and Conductivity (Prathumratana et al., 2008).

Interestingly, there is a positive correlation between stream temperature and
rainfall in Fern Valley low stream which could be due to the influence of prevailing
weather during these periods. Rainfall and water discharge were also positively
correlated at Jungle Fall lower stream, but not at Fern Valley, suggesting that rainfall
possibly impacts water temperature more in smaller rather than larger catchments
(in this case the Jungle Fall catchment (~7 ha) is much smaller than Fern Valley
catchment (~22 ha)). Additionally, there are positive correlations between rainfall
and Ca concentration at Fern Valley lower and middle streams; negative correlations
between rainfall and NO,™ concentration at Fern Valley lower reach and Jungle Fall
upper reach, which are contradictory to observations in the vast Mekong River
(Prathumratana et al., 2008). Although TSS in Fern Valley and Jungle Fall is very
low (most of the time TSS = 0 mg/L), significantly high TSS readings at Fern Valley
lower reach and upper reach were concurrent with high rainfall on 5 June 2018
(Fig. 17 & 23). This correlation has also been reported in other studies (Prathumratana
et al., 2008; Lintern et al., 2018) as rainfall induced runoff carries more particulate
matter, leading to high TSS. High rainfall is linked to higher stream discharge, as
observed in Jungle Fall discharge at the lower reach (Fig. 24).

It is worth noting that although some correlations were observed, the influence
of rainfall on a stream’s parameters need to be carefully interpreted given the
relatively low numbers of observations and locations that reveal any statistically
significant correlations. More observations are thus needed to clearly demonstrate and
explain these correlations.

3. Influence of water discharges to stream’s dissolved and suspended loads

Table 5 presents Fern Valley and Jungle Fall stream water quantity parameters i.e.
water discharge, total dissolved and suspended loads. Within the studied periods (from
28 Nov 2017 to 10 Jul 2018 for Fern Valley and from 23 Nov 2017 to 17 Jul 2018 for
Jungle Fall), stream water discharge was much higher in Fern Valley (3.41 to 25.38
L/s) compared to Jungle Fall (2.19 to 3.11 L/s), which is related to their respective
catchment sizes. This results in higher total dissolved and suspended loads in Fern
Valley despite the two streams having fairly similar TDS and TSS. Total dissolved
load in Fern Valley fluctuated from 4.01 to 30.35 tonnes/year, roughly 4.5 times higher
than those from Jungle Fall, which ranged from 2.48 to 3.93 tonnes/year. Similarly,
total suspended load in Fern Valley (averaged at 0.83 tonnes/year) is also high
compared to Jungle Fall (averaged at 0.31 tonnes/year). In general, both Fern Valley
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Fig. 23. Fern Valley stream discharge and 1-week rainfall data at two nearest rain gauge
stations (Clementi and Bukit Panjang).
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Fig. 24. Jungle Fall stream discharge and 1-week rainfall data at two nearest rain gauge stations
(Clementi and Bukit Panjang).

and Jungle Fall stream discharges are low compared to streams within and nearby the
Central Catchment Nature Reserve, Singapore, e.g. Nee Soon (estimated discharge
of <50 L/s to > 400 L/s) (Tropical Marine Science Institute, 2016); Springleaf (34 to
578 L/s during baseflow condition — unpublished data). However, Fern Valley stream
discharge is higher than that from Dermawan stream, Bukit Gombak (ranging from
3.2 to 15 L/s) (Nguyen et al., 2018a). Total dissolved load always occupies a higher
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proportion than total suspended load in both Fern Valley and Jungle Fall, which is
similar to observations in Nee Soon (Nguyen et al., 2018b) and Springleaf
(unpublished data), suggesting in terms of material movement, that elements in these
catchments are mainly lost from the catchment through dissolution. This unique
property is opposite to most streams globally, especially the top 20 largest rivers in the
world (Dudgeon, 2011).

4. Association between groundwater and stream water chemistry

Together with rainfall, groundwater input is one of the main sources of stream
water. As mentioned above, the influences of rainfall on stream characteristics in
the two catchments are not obvious given the limited significant correlations among
parameters. Thus, groundwater could be the main unseen driving factor in these two
streams. We, therefore, collected groundwater samples from several wells (down
to maximum 2 m depth) at upstream and lower stream locations in Fern Valley and
Jungle Fall catchments and analysed their water chemistry. Comparisons between
groundwater and stream water chemistry (pH, TDS, conductivity, CI, SO,*, NO;,
and elemental concentration) are illustrated in Fig. 25 to 48. Groundwater parameters
in general show greater fluctuation compared to stream water parameters. A
possible reason for the large variation of groundwater parameters is that water samples
were collected from more than one well and not measured on site (groundwater data
were measured in GEOLAB a few hours after collection from the field). The fact
that groundwater and nearby stream water have the same order of magnitude for all
variables(in most cases having fairly similar readings) suggests that localised
groundwater is the most important source of stream water in Bukit Timah. Additionally,
it is worth noting that except for Fern Valley’s lower reach, groundwater pH is always
higher than the stream’s pH (Fig. 25, Fig. 37). This suggests that other factors play arole
in lowering the pH in both streams. Also, SO,* in the groundwater is higher than
that in the stream water of both streams (Fig. 29, Fig. 41); NO, in the Fern Valley
groundwater is much lower than that in the stream water (Fig. 30).

Therefore, there is some evidence concerning the relative contributions of
rainfall and groundwater to the streams’ properties in both catchments. However, with
available data it is difficult to uncover the main driving factors of these streams. The
following section provides further evidence to link the streams’ characteristics with
those of the soil.

5. Soil properties of catchment slopes and their impact on stream water quality

Soil acidity (pH), bulk density (g/cm?), particle size distribution and TOC are among
the most widely studied soil characteristics. They play important roles in soil health
and indirectly affect soil hydrology. These soil parameters are usually interrelated.
For example, soil acidity influences the amount of available nutrients for plant
species (Lambers et al., 1998; Watmough & Dillon, 2003). Soil acidity is a cause of
nutrient loss (Brady & Weil, 2002) leaving behind nutrient poor soils such as found
in the widespread Rengam series soils in the Central Catchment Nature Reserves
(Ives, 1977; Nguyen, 2018b). Soils with high organic matter, and thus high total
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Table 5. Total Dissolved Solids (TDS) and Total Suspended Sediments (TSS) load in Fern Valley
and Jungle Fall streams, Bukit Timah Nature Reserve, Singapore.

Total Total
Date Discharge  TDS TSS Dissolved Suspended
(L/s) (mg/L) (mg/L) Load Load
(tonnes/yr) (tonnes/yr)

Fern Valley 28/11/2017  24.84 35.1 0 30.31

12/7/2017 25.38 344 0 30.35

18/12/2017  20.52 35.1 5 25.04 3.57

28/12/2017  5.32 33.8 2.5 6.25 0.46

16/01/2018  11.43 344 0 13.68

23/01/2018  6.08 33.8 0 7.14

30/01/2018  6.91 344 0 8.26

2/6/2018 3.41 33.8 0 4.01

20/02/2018  3.89 325 2 4.40 0.27

3/6/2018 10.64 325 0 12.02

13/03/2018  7.00 325 0.75 7.91 0.18

5/6/2018 4.04 355 9.25 4.99 1.30

22/6/2018 14.43 30.5 0 15.30 0.00

10/7/2018 11.04 312 0 11.98 0.00
Jungle Fall 23/11/2017  2.19 33.8 2.58

12/7/2017 2.19 33.8 2.58

18/12/2017  2.19 332 7.5 2.53 0.57

28/12/2017  2.19 325 5.25 2.48 0.40

16/01/2018  3.11 36.4 3.93

23/01/2018  2.19 36.4 2.77

30/01/2018  2.19 36.4 2.77

6/2/2018 2.19 35.7 2.72

20/02/2018  2.19 35.1 2.67

6/3/2018 2.19 344 2.62

13/03/2018  2.19 33.8 0.5 2.57 0.04

14/6/2018 2.19 325 3 2.47 0.23

3/7/2018 3.11 35.1 2.78 3.80 0.30

17/7/2018 2.19 344 2.62

14
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organic carbon, usually have low acidity due to the decomposition of humic
materials which release functioal groups capable of attracting and dissociating
H* (Fageria & Nascente, 2014).

5.1 General soil variables of Fern Valley

Fern Valley’s basic soil properties are presented in Table 6. Soil acidity, ranging from
pH 3.65 to 8.33, median 4.38, is considered typical for a forested area whose soil pH
ranges from less than 3 to more than 5 (McCauley et al., 2009). It is interesting that
soil acidity is high (i.e., low pH value) at the upper catchment and is lower at the
lower catchment. Soil bulk density varies between 0.41 to 1.15 g/cm?, median 0.8
g/cm?, also typical for forest soils. Again, bulk density tends to be high at the lower
catchment where soil is more compacted. Soil TOC ranges from 0.11 to 4.56% and
is high at the upper and lower catchment. Soil type varies within the catchment, from
clay soil to fine sandy soil (sand, silt and clay percentages are from 19.05 to 90.23%,
3.75 to 34.6% and 0.78 to 46.45%, respectively). Soil particle size distribution shows
no obvious trend within the catchment.

5.2 Element in the soils of Fern Valley

Median and MAD of elements in Fern Valley are presented in Table 7. Given the
scarcity of soil elemental data in Singapore, only Cr, Cu, Mn, Pb and Zn data are
thoroughly discussed. Soil Cr (8.34+6.54 mg/L) varies within a wide range (0.96
to 47.56 mg/L). It is, however, lower than other natural and disturbed Singapore
sites in Nee Soon and MacRitchie (Table 7). Also, Fern Valley soil Cr is lower than
international threshold guidelines (Table 7). Similar to Cr, widely fluctuating soil Cu
(26.28+11.88 mg/L) is considered higher than in natural sites but could be considered
similar to those from contaminated sites. Compared to international threshold
guidelines, Cu is similar to TEC and Eco-SSL, but much lower than PEC. In general,
Mn (16.7448.28 mg/L) and Pb (11.22+8.76 mg/L) are lower than contaminated sites
in Singapore and below international threshold guidelines. Zinc (15.6+10.68 mg/L) is
lower than natural and disturbed lands as well as international threshold guidelines.

It is worth noting that, given the high MAD, Fern Valley soils likely
contain site-specific enrichment. Maximum values of As (43.08 mg/L), Cd (6.6 mg/L),
Mn (250 mg/L), Mo (67.56 mg/L) and Sn (17.4 mg/L) are all higher than threshold
guidelines (Table 7). In detail, compared to the highest value of any international
threshold guideline in Table 7, four out of 43 locations, accounting for ~9% of
samples, have higher As; 13 out of 26 (50%) have higher Cd; 7% have higher Mn;
20% have higher Mo, and 14% have higher Sn. The high concentration of these
elements in the surface soil might imply contamination, especially in the case of Cd.
The simplest calculation of enrichment factor (EF), the concentration ratio between
surface and subsurface soil (e.g. down to 1.8 m deep), was therefore calculated to
evaluate soil contamination. In general, pollution from outside sources would be
expected to be concentrated near the surface, leading to high EF. For As, Mn and Mo,
the number of sites with EF > 4 (moderately enriched) are 7, 9 and 3, respectively.
These sites are located near manmade features, e.g. concrete trails, residential



Water Quality of Streams in Bukit Timah Nature Reserve

FV pH at Lowstream

§E8 EEE EE

B

Nov 2017

]

30 Apr 2018 30 Sep 2018
FV pH at Midstream

8

grm 2017 30 Apr 2018 30 Sep 2018
00 FV pH at Upstream

150 .

700 M- S—

650

600

550

.00 V/\\—.—a-/\_‘ —

450

an0

28 Nov 2017 30 Apr 2018 30 Sep 2018

529

Fig. 25. pH in Fern Valley stream water and ground water at Lower, Middle and Upper streams.
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Fig. 37. pH in Jungle Fall stream water and ground water at Lower and Upper streams.
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Fig. 39. TDS in Jungle Fall stream water and ground water at Lower and Upper streams.

5 B kB

Cl- (ppm)
o

4

2

Cl- (ppm)
o » 85 K &

e

2

L]

Cl- at JF Upstream

~-Stream water ~-Ground water \ \ \

S e —_—

23-Nov-17  23-Dec-17 23-Jan-18 23-Feb-18 23-Mar-18  23-Apr-18  23-May-18  23-Jun-18 23-Jul-18 23-Aug-18 23-5ep-18

Cl- at JF Lowstream

~-Stream water ~-Ground water . \

— -

23-Nov-17  23-Dec-17 23-Jan-18 23-Feb-18 23-Mar-18  23-Apr-18  23-May-18 23-Jun-18 23-Jul-18 23-Aug-18 23-5ep-18

Fig. 40. Chloride in Jungle Fall stream water and ground water at Lower and Upper streams.



Water Quality of Streams in Bukit Timah Nature Reserve

537

10, 504 at JF Upstream
9
8
1
e ~Stream water ~Ground water \ \\ \\ .
Es \ \
Y
$ 5 | \"-. \\ \\
a 4 \
3
2
1 ———
¢ —— e
° .
23-Now-17 23-Dec-17 23-Jan-18 23-Feb-18  23-Mar-18 23-Apr-18 23-May-18 23-Jun-18 23-Jul-18 23-Aug-18 23-5ep-18
5047 at JF Lowstream
7
~Stream water ~Ground water
6 i .
- ¥ N \
g 4 Y SRR
5 \ [\ \] \
\ \
2 3 \\ \ \‘ ".\
\
2 k!
L ‘——-../“ff il SO ——
o . . . :
23Nov2017  23Dec2017  231an2018  23Feb2018 23Mar2018  23Apr2018  23May2018  23/un2018  23Jul2018  23Aug2018  23Sep2018
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540

Zn at JF Upstream

L ]
—s—Stream water —+—Ground water

—_—

T T T T T T

Gard. Bull. Singapore 71 (Suppl. 1) 2019

23 Nov
2017

23 Dec 23 Jan

23 Feb 23 Mar
2017 2018

2018 2018

23 Apr
2018

23 May
2018

180
160
140

Zn at JF Lowstream

~o—Stream water —»—Ground water

=
L)
[=3

g

Zn (ug/L)

=]
(=]

T T T

23 Aug
2018

23 Jun 23 Jul

23 Sep
2018 2018

2018

T T
23 Mar 23 Apr
2018 2018

T
23 May
2018

23 Nov
2017

23 Dec
2017

23 Jan
2018

23 Feb
2018

T
23 Jun
2018

23 Jul
2018

.
23 Aug
2018

A

23 Sep
2018

Fig. 47. Zinc in Jungle Fall stream water and ground water at Lower and Upper streams.

900 Pb at JF Upstream
800 )
700 ~-Stream water ~Ground water
— 600 i
3 s00 \
£ a0 1 I\
i
\ \
\ \
30 ".I \
200 \lA
100 /A -
ey, I | B I~
0 T e — T T T T T T r
23-Nov-17  23-Dec-17  23-Jan-18  23-Feb-18 23-Mar-18  23-Apr-18  23-May-18  23-Jun-18  23-Jul-18  23-Aug-18  23-Sep-18
160 Pb at JF Lowstream
M I
40 ~Stream water ~Ground water ,-"l
120
g 100 !.-'
2 /
- 80 ‘
g l
60 / X
40 e
20 \ / o
0 ™ o~ 1
23-Nov-17  23-Dec-17  23-Jan-18  23-Feb-18 23-Mar-18  23-Apr-18  23-May-18  23-un-18  23-Jul-18

Fig. 48. Lead in Jungle Fall stream water and ground water at

23-Aug18  23-Sep-18

Lower and Upper streams.



Water Quality of Streams in Bukit Timah Nature Reserve 541

Table 6. Basic soil properties in Fern Valley catchment, Bukit Timah Nature Reserve, Singapore.
Sampling locations are shown in Fig. SA.

Sample ID pH Bulk Density (g/cm®) TOC (%) Sand (%) Silt (%) Clay (%)
FV1 5.41 0.62 3.05 19.05 34.5 46.45
FV10 4.54 1.10 0.77 83.03 8.38 8.59
FV11 4.25 0.83 2.63 58.19 6.14 35.67
FV12 4.02 0.89 1.67 69.47 16.3 14.23
FV13 3.88 0.69 2.70 74.93 22.41 2.66
FV14 5.01 0.99 0.70 78.1 11.15 10.75
FV15 5.19 0.84 1.05 77.16 13.25 9.59
FV16 5.35 0.89 0.71 90.23 8.99 0.78
FV17 4.27 0.88 1.26 74.68 12.24 13.08
FV18 4.28 0.88 0.96 81.24 3.75 15
FV19 4.08 0.67 1.26 74.72 10.43 14.85
FVv2 5.96 0.97 1.27 78.54 7.02 14.44
FV20 4.17 0.71 1.22 80.63 8.12 11.25
FV21 3.93 0.78 1.41 74.03 8.23 17.74
FVv22 394  0.61 2.76 64.77 274 7.83
FV23 4.06 1.15 1.28 65.19 9.83 24.98
Fv24 4.23 1.02 0.94 65.7 14.59 19.71
FV25 421 0.75 1.15 83.35 5.83 10.82
FV26 4.44 1.14 0.50 84.54 6.26 9.2
FV27 4.18 1.06 1.00 69.63 7.69 22.68
FV28 433 1.10 0.90 76.52 8.33 15.15
FV29 4.59 0.76 0.82 71.04 9.92 19.03
FV3 470  0.83 2.39 38.44 34 27.56
FV30 420  0.63 0.78 65.04 21.8 13.16
FV31 8.13 0.73 2.09 85.71 9.05 5.24
FV32 7.31 0.73 1.49 88.5 5.98 5.52
FV33 7.84  0.80 1.84 77.84 11.68 10.47
FV34 3.65 0.41 4.45 49.29 14.82 35.88
FV35 3.92 0.82 1.54 62.09 12.32 25.58
FV36 396  0.64 1.82 64.51 13.29 222
FV37 3.80  0.70 2.54 60.9 28.64 10.46
FV38 3.73 0.59 3.56 41.61 21.2 372

FV39 4.13 0.78 1.17 64.43 9.35 26.22
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Table 6. Continuation.

Sample ID pH Bulk Density (g/cm®) TOC (%) Sand (%) Silt (%) Clay (%)
FV4 4.06 1.00 0.88 79.14 7.29 13.57
FV40 3.82 0.55 3.79 59.09 7.36 33.54
Fv4l 3.80 0.52 3.24 60.3 9.61 30.09
FV42 3.82 0.56 2.33 76.49 12.39 11.11
FVv43 3.87 0.69 1.96 61.08 12.84 26.07
FV5 5.17 1.14 0.57 80.4 59 13.7
FV6 5.43 1.13 1.19 75.54 5.87 18.59
FV7 5.38 0.92 2.96 24.7 34.6 40.7
FV8 6.94 0.87 2.47 86.78 5.24 7.98
FV9 6.22 0.80 2.12 83.65 8.05 8.31
FV46 (1m) 6.86 - 0.19 58.94 26.28 14.78
FV46 8.33 - 1.18 85.57 10.14 4.29
FV45 4.84 - 0.68 57.81 25.31 16.87
FV44 (1.8m) 5.14 - 4.56 47.78 21.28 30.95
FV44 5.27 - 0.58 66.34 20.19 13.46
FV46 (1.8m) 5.85 - 0.41 65.07 11.53 23.41
FV45 (1.8m) 5.93 - 0.27 56.61 25.34 18.05
FV44 (1m) 5.28 - 0.52 55.9 20.58 23.52

FV45 (1m) 5.02 - 0.11 83.32 12.56 4.12
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areas, old quarry and tower (Fig. 49), suggesting these sites could be affected by
anthropogenic disturbance. For Cd and Sn, since their concentrations at 1.8 m are
below the detectable limit, EF could not be calculated.

The Cd in soil and water clearly indicate a high Cd concentration in Fern
Valley. Future studies need to focus more on this issue since Cd is a toxic element to
organisms and human (Nasu & Kugimoto, 1981; Silverberg, 1976; Moore &
Ramamoorthy, 2012), but bearing in mind that the water volume of the stream is tiny
compared with Singapore’s total water supply.

5.3 General soil variables of Jungle Fall catchment

Jungle Fall’s basic soil properties are presented in Table 8. Jungle Fall soil acidity
ranges from pH 3.61 to 5.02, median 4.11, again considered typical for a forested area
(McCauley et al., 2009). Unlike Fern Valley, in Jungle Fall sites with high soil pH are
located along the main stream (Fig. 50). Soil bulk density varies between 0.31 to 1.10
g/cm?, median 0.68 g/cm’, fairly similar to that from Fern Valley. Soil TOC ranges
from 0.31 to 6.81%, slightly greater than TOC in Fern Valley. Soil type also varies
within the catchment, from sandy clay loam to fine sandy soil. Particle size fractions
are coarser compared to Fern Valley soil (sand, silt and clay percentages are from
52.08 to 92.49%, 3.5 to 44.62% and 0.72 to 31.57%, respectively). Similar to pH,
the sand fraction mostly accumulates along the main stream. Basic soil properties in
both Jungle Fall and Fern Valley suggest that soil in Bukit Timah is acidic, sandy and
nutrient poor, agreeing with investigations by Ives (1977) and Lee & Zhou (2009) on
the Bukit Timah granite and its derived soils.

5.4 Elements in the soils of Jungle Fall
Jungle Fall soil Cr (median 8.32+1.40 mg/L) varies across a wide range (0.48 to 10.32
mg/L) and is comparable to that of Fern Valley. Copper (average 16.92+1.38 mg/L,
ranging from 11.76 to 27.24 mg/L) in Jungle Fall is lower than in Fern Valley and fairly
similar to natural local sites but much lower than those from contaminated local sites.
Compared to international threshold guidelines, Jungle Fall Cu is in the “safe zone”.
Manganese (11.64 +£3.00 mg/L), Zn (13.80+4.47 mg/L) and Pb (8.05+6.85 mg/L) are
all lower than in natural and contaminated lands in Singapore as well as international
threshold guidelines. It is evident that soil in Jungle Fall has lower Na, Ba, Ca, Cu, Mg,
Mn, Pb and Ti concentrations compared to Fern Valley.

When compared with threshold guidelines, As, Ba, Co, Cr, Cu, Mn, Mo, Ni,
Pb, Sb, Sn and Zn are within typical natural ranges (Table 7). However, V is higher
than Eco-SSL levels (Ecological Soil Screening Level, US Environmental Protection
Agency) (but lower than CCME) and Cd is slightly higher than PEC (European Food
Safety Authority, Predicted Environmental Concentrations). This finding, again,
reveals the issue of high Cd in soils. Although many elements are in their natural
ranges, 80% of the locations are high in Cd (e.g. higher than PEC). Similar caveats
apply to the interpretation of figures in relation to international guidelines on soils as
to those on water quality; for example, soil in BTNR catchments is never used in food
production.
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The above results and discussions revealed high Cd, Sb and Se in stream water
in Bukit Timah. Among these elements, Cd is also high in Fern Valley and Jungle Fall
soils. Future studies need to address this topic to fully understand the sources and
relevance of trace metals in Bukit Timah catchments.

5.5 Association between soil properties and stream characteristics in catchments

Our sampling strategy was not able to assess the direct association between soil and
water. However, the linkage between soil and water could be qualitatively evaluated.
The main direct linkage between catchment soil and stream water quality is through
the hydrological regime (e.g. rainfall, runoff, groundwater movement). From the
discussion above, there are hints that soil properties are associated with stream water
parameters (e.g. rainfall intensity is positively correlated with Conductivity and TDS
due to the soil dissolved components being leached to the stream through runoff).
As a result, stream water pH can also be affected. In fact, low Fern Valley stream pH
(median 5.2) and even lower Jungle Fall stream pH (median 4.21) are in accordance
with low Fern Valley soil pH (median 4.39) and even lower Jungle Fall soil pH
(median 4.11), respectively. Besides, the concentrations of Ba, Ca, Mg and Na (whose
base cations determining soil alkalinity) are higher in Fern Valley than in Jungle
Fall, and the concentration of Al (the element most influencing soil acidity) is higher
in Jungle Fall soil compared to Fern Valley soil. Through weathering processes,
these soil components are dissociated and carried to the streams, possibly leading to
the observed differences in the pH of the streams in Fern Valley and Jungle Fall. In
addition, the breakdown products of organic compounds in soil are carried to the
streams, lowering the pH in Jungle Fall (median soil TOC in Jungle Fall is 2.14%,
almost twice as much as those from Fern Valley, 1.26%).

Conclusions and recommendations

Evaluation of water quality in BTNR streams
Physicochemical parameters of water in streams of BTNR have now been established
for future monitoring and comparison. Spatial data of the streams’ physicochemical
characteristics reveal their overall health, with few and mostly localised causes for
concern.

The ten very small streams in BTNR originate within a very small area.
They are therefore subject to similar but not identical geological, morphological,
meteorological and biological influences. Disturbances on-site are limited in type
and degree by the protected status of BTNR. Those disturbances described and
quantified by Chatterjea (2019) include trail widening and soil compaction by visitors,
potentially affecting surface wash, erosion, and groundwater penetration. All the
streams are subject to similar influences arising off-site, including total rainfall and
its seasonal variation, seasonal chemical signatures of the north-east and south-west
monsoons, and chemical signatures from potential sources of airborne pollutants in the
region such as traffic, power stations and industrial centres that could be several tens of
kilometres from BTNR (Clews et al., 2018; Nguyen et al., 2018a, 2018b).
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Fig. 49. Enriched sites (EF > 4) highlighted in bright blue for As, Mn and Mo in Fern Valley.



Table 8. Basic soil properties in Jungle Fall catchment, Bukit Timah Nature Reserve, Singapore.

Sampling locations are shown in Fig. 5B.

Sample ID pH Z‘/‘i';l?)e“s“y TOC (%)  Sand (%)  Silt(%)  Clay (%)
BTSI 478  0.54 3.176 73.75 1333 12.92
BTS2 502 052 2.475 75.17 12.61 12.22
BTS3 445 101 0.673 91.04 8.24 0.72
BTS4 477 048 6.808 71.76 2224 6
BTSS 494 088 2.058 86.14 3.61 1025
BTS6 470 031 4.557 87.33 35 9.17
BTS7 465 110 0312 92.49 4.06 3.45
JF10 405 0.68 1.813 61.35 11.77 26.88
JFINEW 405 0.94 1.716 72.44 22.83 472
JF2NEW 361 041 6.796 52.08 44.62 3.3
IF3 391 043 429 59.71 35.63 4.66
TF4 396 0.73 2288 61.84 30.61 7.55
JFSNEW 415 075 1.582 67.83 7.24 24.93
JF6NEW 401 0.66 1.879 65.87 28.26 5.87
IF7 411 0.68 2.137 60.26 2245 17.29
JF8 382 0.70 2.959 60.45 31.28 8.27
JFONEW 410 0.44 2.389 64.73 34.44 0.83
JFexl 444 - 0.937 71.28 8.81 19.92
TFex2 407 - 1.799 55.72 12.71 31.57
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Fig. 50. Soil acidity in Jungle Fall catchment.
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In spite of their overall similarity and their close proximity on different faces of
a single hill, each of the streams shows individual characteristics. These are related to
catchment size for each stream (Cai, 2019), the intensity of human impacts in different
parts of BTNR (Chatterjea, 2019) that differentially affect the stream catchments, the
current vegetation structure (primary, old secondary and maturing secondary forest)
(Chan & Davison, 2019) affecting tree size, rainfall interception versus stemflow, leaf
litter depth, root density and root penetration, as well as details of slope, bedrock,
and soil chemistry. These factors play out through the expected interactions between
soil, groundwater and rainfall. In turn, the physicochemical characteristics of the
individual streams may be linked in part to the freshwater decapod crustaceans (Khoo
et al., 2019), dragonflies and damselflies (Cai et al., 2019), and fishes (Li et al., 2019)
that occur within each of them.

Our surveys suggest that stream temperature, TDS, salinity, the amount of TOC,
TP, anions and cations vary within their expected natural ranges. Some parameters
including DO and conductivity are slightly low, which may not be favourable for large
aquatic animals. Some issues needing further investigation include low stream pH in
Jungle Fall and Seraya catchments as well as the high concentration of Cd, Sb and Se
in all streams.

Among all the surveyed streams, Asas stream displays significantly different
values for all in-situ tested water parameters except turbidity, indicating that the stream
water is unlikely to be sourced from natural groundwater, but is very likely to come
directly from the neighbouring Singapore Quarry.

In general, both Fern Valley and Jungle Fall streams are in good condition,
except for remarkably low stream pH in Jungle Fall. In spite of being small, both
streams are unique and quite dynamic given the variations in parameters among
surveyed sites along streams. These differences, however, may not be ecologically
significant. Fern Valley’s physical water parameters are consistently lower than those
in Jungle Fall, except for water pH. In-stream variation of temperature, conductivity
and TDS in two streams reveals opposing trends. This provides evidence that Fern
Valley and Jungle Fall show different physicochemical behaviour. Our study also
provides limited evidence of rainfall impact on stream parameters.

Water chemistry among the Bukit Timah streams does not differ significantly,
except at the headwater of Lasia stream at the PUB (Public Utilities Board)
Pipeline and the headwater of Asas stream. At Asas stream (sample AS7) high TOC,
Na’,NH,", K*, Ca*, CI,, SO *, As, Mn and Sr were recorded whereas at the headwater
of Lasia stream (LS9), high Ca*’, SO,* and Sr, low Ba were observed. High amounts
of Na*, Ca?" and Sr agree with the aforementioned high stream pH at Asas. Also, the
remarkably high Al concentration in Seraya and Jungle Fall is in accordance with low
water pH in these streams. Fern Valley and Jungle Fall streams, in spite of their close
proximity, are strikingly different. Although both are small, Fern Valley reveals a more
sustainable capability in nurturing aquatic life given its near neutral stream acidity
and considerably larger discharge compared to Jungle Fall. Both streams, however,
contains high Cd, a toxic element.
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Recommendation for follow-up

Stream acidification at Jungle Fall stream has been observed and documented for
over a decade but the drivers of acidification are not completely understood. The
consequence of such acidification has possibly caused the local extirpation of
Johora singaporensis from its type locality in Jungle Fall stream. A
comprehensive research programme to identify all the possible drivers of the
acidification process would be needed before management measures could be
properly identified, e.g. stream restoration (liming, modification of stream channel,
removal of sedimentation), etc. Long-term monitoring (equipped with pH data-logger)
needs to be put in place for streams where critically endangered species (e.g. Johora
singaporensis) are found. The consequences of stream acidification need more study
since it may affect other stream chemical properties and eventually aquatic life.

Our study revealed relatively high levels of Cd, Sb and Se in stream water in
Bukit Timah. Among these elements, Cd is also high in Fern Valley and Jungle Fall
soils. Future studies need to address this issue.

In fact, although they are small, these catchments are uniquely dynamic.
Future investigations should aim to establish a long-term monitoring plan for
physical and chemical properties of soil, rainfall and groundwater for a comprehensive
understanding of the streams to guide a rehabilitation plan which could lead to the
greater sustainability of aquatic biodiversity in streams of Bukit Timah hill

ACKNOWLEDGEMENTS. We would like to thank Lena Chan, Geoffrey Davison, Adrian
Loo, Lim Liang Jim, Thereis Choo, Cheryl Chia and Liong Shie-Yui for their support, Geoffrey
Davison for significantly improving the manuscript, Daniel Ng, Liu Jiandong, Kim Dong Eon
and interns from the National Biodiversity Centre for their assistance with field surveys.

References

Bashour, I.I. & Sayegh, A.H. (2007). Methods of analysis for soils of arid and semi-arid
regions. Rome: FAO.

Bere, T. & Tundisi, J.G. (2011). Influence of ionic strength and conductivity on benthic
diatom communities in a tropical river (Monjolinho), Sao Carlos-SP, Brazil.
Hydrobiologia 661: 261-276.

Blake, G.R. & Steinhardt, G.C. (2008). Particle-size distribution. In: Chesworth, W. (ed.)
Encyclopedia of Soil Science, pp. 505-510. Dordrecht, Netherlands: Springer.

Brady, N.C. & Weil, R.R. (2002). The nature and properties of soils, 13" ed. New Jersey:
Prentice Hall and Pearson Education.

Brooke, L. & Stephan, C. (1988). Ambient water-quality criteria for aluminum-1988.
Washington, DC: US Environmental Protection Agency, Criteria and Standards
Division.

Burgos-Caraballo, S., Cantrell, S.A., & Ramirez, A. (2014). Diversity of benthic biofilms along
a land use gradient in tropical headwater streams, Puerto Rico. Microb. Ecol. 68: 47-59.

Cai, Y. (2019). Hydrogeomorphic characteristics of streams in Bukit Timah Nature Reserve,
Singapore. Gard. Bull. Singapore 71 (Suppl. 1): 441-490.



552 Gard. Bull. Singapore 71 (Suppl. 1) 2019

Cai, Y., Nga, Y.P.Q. & Ngiam, R.W.J. (2019). Diversity and distribution of dragonflies in Bukit
Timah Nature Reserve, Singapore. Gard. Bull. Singapore 71 (Suppl. 1): 293-316.

Caissie, D. (2006). The thermal regime of rivers: a review. Freshwat. Biol. 51: 1389-1406.

Canadian Council of Ministers of the Environment (CCME) (2007). Canadian environmental
quality guidelines: Canadian water quality guidelines for the protection of aquatic life.
Winnipeg: Ministry of Environment.

Chan, L. & Davison, G.W.H. (2019). Introduction to the Comprehensive Biodiversity
Survey of Bukit Timah Nature Reserve, Singapore, 2014-2018. Gard. Bull. Singapore
71 (Suppl. 1): 3—17.

Chatterjea, K. (2019). Bukit Timah Nature Reserve: a forest in transition. Gard. Bull.
Singapore 71 (Suppl. 1): 419—440.

Clews, E., Corlett, R.T., Ho, J.K.I., Koh, C.Y., Liong, S.Y., Memory, A., Ramchunder, S.J.,
Siow, H.J.M.P,, Sun, Y., Tan, H.H., Tan, S.Y., Tan, H.T.W., Theng, M.T.Y. & Yeo, D.C.J.
(2018). The biological, ecological and conservation significance of freshwater swamp
forest in Singapore. Gard. Bull. Singapore 70 (Suppl. 1): 9-31.

Crowl, T.A., McDowell, W.H., Covich, A.P. & Johnson, S.L. (2001). Freshwater shrimp
effects on detrital processing and nutrients in a tropical headwater stream. Ecology 82:
775-783.

Davie, T. (2008). Fundamentals of hydrology. London: Taylor & Francis.

Davison, G.W.H. & Chew, P.T. (2019). History of Bukit Timah Nature Reserve, Singapore.
Gard. Bull. Singapore 71 (Suppl. 1): 19-40.

dos Santos Rosa, R., Aguiar, A.C.F., Boéchat, 1.G., & Giicker, B. (2013). Impacts of fish farm
pollution on ecosystem structure and function of tropical headwater streams. Environ.
Pollut. 174: 204-213.

Douglas, 1. (1967). Erosion of granite terrains under tropical rain forest in Australia,
Malaysia and Singapore, reprints of publications by staff members, 2™ ser. Hull: Centre
for South-East Asian Studies, University of Hull.

Dudgeon, D. (2011). Tropical stream ecology. London: Academic Press.

Esser, L.J., Cumberlidge, N. & Yeo, D. (2008). Johora singaporensis. The IUCN Red List of
Threatened Species 2008: . T134219A114582053. http://dx.doi.org/10.2305/IUCN.
UK.2008.RLTS.T134219A3921290.en. Accessed 30 Apr. 2018.

Fageria, N.K. & Nascente, A.S. (2014). Management of soil acidity of South American soils for
sustainable crop production. Adv. Agron. 128: 221-275.

Ferreira, W.R., Ligeiro, R., Macedo, D.R., Hughes, R.M. Kaufmann, P.R., Oliveira, L.G.
& Callisto, M. (2014). Importance of environmental factors for the richness and
distribution of benthic macroinvertebrates in tropical headwater streams. Freshwater
Sci. 33(3): 860-871.

Ferreira, W.R., Hepp, L.U., Ligeiro, R., Macedo, D.R., Hughes, R.M., Kaufmann, P.R. &
Callisto, M. (2017). Partitioning taxonomic diversity of aquatic insect assemblages and
functional feeding groups in neotropical savanna headwater streams. Ecol. Indic. 72:
365-373.

Franzoni, F., Mercati, S., Milani, M. & Montorsi, L. (2011). Operating maps of a combined
hydrogen production and power generation system based on aluminum combustion
with water. Int. J. Hydrogen Energy 36: 2803-2816.

Fondriest Environmental (2013). Dissolved Oxygen. Fundamentals of Environmental
Measurements. https://www.fondriest.com/environmental-measurements/parameters/
water-quality/dissolved-oxygen/. Accessed 15 June 2018.



Water Quality of Streams in Bukit Timah Nature Reserve 553

Fondriest Environmental (2014). Turbidity, Total Suspended Solids and Water Clarity.
Fundamentals of Environmental Measurements. https://www.fondriest.com/
environmental-measurements/parameters/water-quality/turbidity-total-suspended-
solids-water-clarity/. Accessed 5 Jan. 2019.

Grosjean, M.-H., Zidoune, M. & Roue, L. (2005). Hydrogen production from highly corroding
Mg-based materials elaborated by ball milling. J. Alloys Compd 404: 712-715.

Harris, D., Horwath, W.R. & van Kessel, C. (2001). Acid fumigation of soils to remove
carbonates prior to total organic carbon or carbon-13 isotopic analysis. Soil Sci. Soc.
Am. J. 65: 1853-1856.

Harman, W., Starr, R., Carter, M., Tweedy, K., Clemmons, M., Suggs, K. & Miller, C. (2012).
A Function-Based Framework for Stream Assessment and Restoration Projects.
Washington, DC: US Environmental Protection Agency, Office of Wetlands, Oceans,
and Watersheds.

Ho, Y.T. (2009). Stream acidification in Singapore, and its effect on lotic invertebrates. B.Sc.
thesis, Department of Biological Sciences, National University of Singapore.

Hofman, J., Kramer, O., van der Hoek, J.P., Nederlof, M. & Groenendijk, M. (2006). Twenty
years of experience with central softening in Netherlands: Water quality, environmental
benefits, and costs. Presented at the International Symposium on Health Aspects of
Calcium and Magnesium in Drinking Water, 24-26 April 2006, Baltimore, MD.

Huang, H.S. (2011). An analysis of stream water pH in a tropical primary forest catchment.
B.Sc. thesis, Department of Geography. National University of Singapore.

Ives, D.W. (1977). Soils of the Republic of Singapore, New Zealand Soil Survey Report 36.
Lincoln, New Zealand: Landcare Research.

Jennerjahn, T., Ittekkot, V., Klopper, S., Adi, S., Nugroho, S.P., Sudiana, N., Yusmal, A. &
Gaye-Haake, B. (2004). Biogeochemistry of a tropical river affected by human
activities in its catchment: Brantas River estuary and coastal waters of Madura Strait,
Java, Indonesia. Estuar. Coast. Shelf Sci. 60: 503-514.

Khoo, M.D.Y., Tiong, N.J.L., Li, T., Lim, W., Ng, D.J.J., Nyanasengeran, M., Yeo, D.C.J. &
Cai, Y. (2019). The freshwater decapod crustaceans of Bukit Timah Nature Reserve,
Singapore. Gard. Bull. Singapore 71 (Suppl. 1): 575-581.

Lambers, H., Chapin III, S.F. & Pons, T.L. (1998). Plant Physiological Ecology. New York:
Springer-Verlag.

Lee, K.W., & Zhou, Y. (2009). Geology of Singapore, 2™ ed. Singapore: Defence Science
and Technology Agency in collaboration with Nanyang Technological University &
Building and Construction Authority.

Lenntech (2018). Strontium and water: reaction mechanisms, environmental impact and health
effects. https://www.lenntech.com/periodic/water/strontium/strontium-and-water.htm.
Accessed 30 Sept. 2018.

Lewis Jr, W. M., Hamilton, S. K., & Saunders III, J. F. (2006). Rivers of northern South
America. In: Cushing, C.E., Cummins, K.W. & Minshall, G.W. (eds) River and Stream
Ecosystems of the World: With a New Introduction, pp. 219-256. Berkeley: University
of California Press.

Li, T.J., Loh, Y. X., Lim, W.H., Nyanasengeran, M., Low, B.W., Tan, H.H., Yeo, D. C. J. &
Cai, Y. (2019). The fish fauna of Bukit Timah Nature Reserve, Singapore. Gard. Bull.
Singapore 71 (Suppl. 1): 557-573.

Lim, H.S. (1997). The limnology of an abandoned granite quarry in Singapore. B.Sc. thesis,
Department of Geography, National University of Singapore.



554 Gard. Bull. Singapore 71 (Suppl. 1) 2019

Linnik, P. & Zhezherya, V. (2015). Titanium in natural surface waters: The content and
coexisting forms. Russ. J. Gen. Chem. 85: 2908-2920.

Lintern, A., Webb, J., Ryu, D., Liu, S., Bende-Michl, U., Waters, D. & Western, A. (2018). Key
factors influencing differences in stream water quality across space. Wiley Interdiscip.
Rev. Water 5(1): e1260.

Lorion, C.M. & Kennedy, B.P. (2009). Riparian forest buffers mitigate the effects of
deforestation on fish assemblages in tropical headwater streams. Ecol. Appl. 19(2):
468-479.

McDowell, W.H. & Asbury, C.E. (1994). Export of carbon, nitrogen, and major ions from three
tropical montane watersheds. Limnol. Oceanogr. 39(1): 111-125.

McCauley, A., Jones, C. & Jacobsen, J. (2009). Soil pH and organic matter, Nutrient
Management Module 8. Bozeman, Montana: Montana State University Extension
Service.

Meybeck, M. (1981). Pathways of major elements from land to ocean through rivers. Paper
presented at the Review and Workshop on River Inputs to Ocean Systems, Rome (Italy),
26 Mar 1979.

Milestone (2009). Milestone SK-10 and SK-12 Rotors user manual. Sorisole, Italy: Milestone.

Moore, J.W. & Ramamoorthy, S. (2012). Heavy metals in natural waters: applied monitoring
and impact assessment. Berlin: Springer Science & Business Media.

Nasu, Y. & Kugimoto, M. (1981). Lemna (duckweed) as an indicator of water pollution. I. The
sensitivity of Lemna paucicostata to heavy metals. Arch. Environ. Contam. Toxicol. 10:
159-169.

Ng,D.J.J.,McGowan, P.J.K.,Raghavan,R., Cai, Y., Cumberlidge, N., Davison, G., Luz, S. & Yeo,
D.C.J. (2015a). Conservation Strategy for the Singapore freshwater crab Johora
singaporensis. https://www.nparks.gov.sg/~/media/nparks-real content/biodiversity/
programmesandinitiatives/conservation_strategy johora.pdf

Ng, D.J.J, Yeo, D.C., Sivasothi, N. & Ng, PK. (2015b). Conservation challenges and action
for the Critically Endangered Singapore freshwater crab Johora singaporensis. Oryx
49: 345-351.

Nguyen, C.T.T., Liu, J., Kim, D.E., Liew, M., Cai, Y. & Liong, S.-Y. (2018a). Elemental
distributions in a high biodiversity forested catchment in Singapore. Chiba, Japan:
Japan Geoscience Union.

Nguyen, C.T.T., Wasson, R.J. & Ziegler, A.D. (2018b). The hydro-geomorphic status of Nee
Soon freshwater swamp forest catchment of Singapore. Gard. Bull. Singapore 70
(Suppl. 1): 33-48.

Nguyen, C.T.T., Wasson, R.J., Estrada, E.S., Cantarero, S.I., Teo, C., & Ziegler, A.D. (2019).
Soil elemental analysis in a high conservation tropical forest in Singapore. J. Environ.
Manage. 232: 999-1011.

Oon, S.P. (2012). Diatom and geochemical indicators of acidification in a tropical forest stream.
B.Sc. thesis, National University of Singapore.

Ortiz-Zayas, J.R. (1999). The metabolism of the Rio Mameyes, Puerto Rico: carbon fluxes in a
tropical rain forest river. Ph.D. thesis, University of Boulder, Colorado.

Ortiz-Zayas, J.R., Lewis Jr, WM., Saunders III, J.F., McCutchan Jr, J.H. & Scatena, F.N.
(2005). Metabolism of a tropical rainforest stream. J. North Am. Benthological Soc. 24:
769-783.

Phang, V. (2009). The pH and buffering capacity of soil in Jungle Falls, a primary forest
catchment, in Bukit Timah Nature Reserve. B.Sc. thesis, Department of Geography,
National University of Singapore.



Water Quality of Streams in Bukit Timah Nature Reserve 555

Powell, P., Bailey, R.J. & Jolly, P.K. (1987). Trace Elements in British Tap-water Supplies,
Report No. PRD 706-M/1. Swindon: WR¢ Environment.

Prathumratana, L., Sthiannopkao, S. & Kim, K.W. (2008). The relationship of climatic and
hydrological parameters to surface water quality in the lower Mekong River. Environ.
Int. 34: 860—866.

Public Utilities Board (2018). PUB Drinking Water Quality Guidelines. Ministry of
Environment & Water Resources, Singapore.

www.pub.gov.sg/watersupply/waterquality/drinkingwater. Accessed 15 Jan. 2019.

Qu, B., Sillanpaa, M., Zhang, Y., Guo, J., Mahmoud, S. M., A. & Kang S. (2015). Water
Chemistry of the headwaters of the Yangtze River. Environ. Earth Sci. 74 (8):
6443-6458.

Rahman, A. & Tay, D.B.H. (1991). The Biophysical Environment of Singapore. Singapore:
NUS Press.

Silverberg, B. (1976). Cadmium-induced ultrastructural changes in mitochondria of freshwater
green algae. Phycologia 15:155-159.

Small, G. E., Ardon, M., Jackman, A. P., Duff, J. H., Triska, F. J., Ramirez, A., Snyder, M., &
Pringle, G. M. (2012). Rainfall-driven amplification of seasonal acidification in poorly
buffered tropical streams. Ecosystems 15: 974-985.

Skougstad, M.W. & Horr, C.A. (1960). Occurrence of strontium in natural water. Washington,
D.C.: US Geological Survey.

Starkey, J. & Karr, P. (1984). Effect of low dissolved oxygen concentration on effluent
turbidity. J. Water Pollut. Control Fed. 1: 837-843.

Tan, H.T.W., Chou, L.M., Yeo, D.C.J. & Ng, P.K.L. (2010). The Natural Heritage of Singapore,
3 ed., Singapore: Prentice Hall.

Tan, J. (2010). Effects of acidity to macroinvertebrate communities in Singapore streams.
Thesis. Singapore: Department of Biological Sciences, National University of
Singapore.

Thirumalini, S. & Joseph, K. (2009). Correlation between electrical conductivity and total
dissolved solids in natural waters. Malaysian J. Sci. 28: 55-61.

Tronstad, L., Hotaling, S. & Bish, J. (2016). Longitudinal changes in stream invertebrate
assemblages of Grand Teton National Park, Wyoming. Insect Conserv. Divers. 9:
320-331.

Tropical Marine Science Institute (2016). Nee Soon Swamp Forest Biodiversity and Hydrology
Baseline Studies Phase 2, TMSI-NS-FR-0816 Unpublished report to National Parks
Board, Singapore.

US EPA (1983). Methods for Chemical Analysis of Water and Wastes, EPA/600/4-79/020.
Cincinnati OH: US Environmental Protection Agency.

US EPA (2004). National Recommended Water Quality Criteria. US Environmental Protection
Agency. https://www.epa.gov/sites/production/files/2015-06/documents/nrwqc-2004.
pdf. Accessed 14 Oct. 2018.

US EPA (2007). Method 3051: Microwave assisted acid digestion of sediments, sludges,
soils, and oils, Test Methods for Evaluating Solid Waste. US Environmental Protection
Agency.

Van Reeuwijk, L.P. (1992). Procedure for Soil Analysis, 6™ ed. Wageningen, Netherlands: Food
and Agriculture Organization of the United Nations, International Soil Reference and
Information Centre.



556 Gard. Bull. Singapore 71 (Suppl. 1) 2019

Walton, N. (1989). Electrical conductivity and total dissolved solids—what is their precise
relationship? Desalination 72: 275-292.

Water Quality Australia (2014). Water quality guidelines search for toxicant default guideline
values. http://www.waterquality.gov.au/anz-guidelines/guideline-values/default/water-
quality-toxicants/search#tox-55866. Accessed 1 Jan. 2019.

Watmough, S.A. & Dillon, P.J. (2003). Base cation and nitrogen budgets for seven forested
catchments in central Ontario, 1983—1999. For. Ecol. Manage. 177: 155-177.

Wolanski, E. (1986). An evaporation-driven salinity maximum zone in Australian tropical
estuaries. Estuar. Coast. Shelf Sci. 22: 415-424.

World Health Organisation (2011). Guidelines for drinking-water quality, 4™ ed. https://www.
who.int/water_sanitation_health/publications/2011/dwq_guidelines/en/. Accessed 15
Jan. 2019.

Yeo, A.L.M. (2014). Biogeochemistry of aluminium in the acidified streams of Bukit Timah
Nature Reserve, Singapore. B.Sc. thesis, Department of Geography, National
University of Singapore.

Zhao, J., Broms, B., Zhou, Y. & Choa, V. (1994). A study of the weathering of the Bukit
Timah granite part A: review, field observations and geophysical survey. Bull. Eng. Geol.
Environ. 49: 97-106.

Zou, H., Chen, S., Zhao, Z. & Lin, W. (2013). Hydrogen production by hydrolysis of
aluminum. J. Alloys Compd. 578: 380-384.



