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Executive Summary
Nee Soon Swamp Forest (NSSF) is one of the most important conservation sites in Singapore, and is perceived to be under threat. However, the current status of NSSF was unclear, with conflicting observations of hydrological and ecological changes that make it difficult to accurately identify and rank threats and subsequently determine the actions that are needed to ensure the long-term sustainability of the system. Physical changes (erosion channels and erosion shelves inclusive) along stream banks were expected to have taken place.  NParks staff reports of raised water levels on one hand, drying on the other hand, and shifts in the boundary between swampy and dryland forest; these are mainly affected by the urbanization activities in the surrounding environment. To address these issues, NParks and PUB propose a multi-pronged approach: (i) to establish a detailed baseline on the floral and faunal communities within Nee Soon and their susceptibility to changing conditions; (ii) to develop eco-hydrological models to ascertain the threats faced; and (iii) to determine the effectiveness of different intervention and mitigation severe drought and/or wet scenarios.

Biological baselines have been extensively updated, with rediscoveries of plant taxa previously thought to be locally extinct in Singapore, and potentially new taxa. The research has also yielded new records of both flora and aquatic fauna. Extensive barcoding and imaging work has provided the tools for more rapid identification of taxa to a higher taxonomic resolution, and it is probable that analyses of the molecular data will also result in new findings for biodiversity. Biodiversity aside, in-depth ecological studies of NSSF have also created new knowledge on environmental effects on variation in distribution and abundances of taxa. Hydrological influences were found to substantial, and potentially limiting community composition. Soil and water chemistry were also found to have significant effects. These results aid in identifying bottlenecks and thresholds for the maintenance of key aspects of NSSF biodiversity. A substantial “refresh” on the history of NSSF resulted from meticulous efforts of the field hydrology and geomorphology team. Of particular interest was the finding that the effects of historical land use persist to this day, providing information on recovery times and impact durations in these critical ecosystems. In combination, field and numerical modelling efforts have elucidated much about the hydrology of NSSF. The present hydrological regime in the catchment differs significantly from historical regimes, and much is probably attributable to anthropogenic influences. 

Altogether, the findings inform management and researchers that NSSF is especially vulnerable to changes in hydrology and there is much dependency on precipitation for its water budget. Predicted climate change effects on precipitation and statistical analyses of biotic responses to hydrology clearly define drought as a major, perhaps the foremost source of vulnerability to the ecosystem functioning of NSSF. However, the research has also identified emerging issues of concern. These are detailed along with recommendations for mitigation and management, where possible, otherwise identification of further studies have been made. 

Collectively, the research teams involved in this project have made substantial contributions to the understanding of Nee Soon Swamp Forest (NSSF) as an ecosystem, linking ecology and the physical sciences in an integrated fashion towards a united end point. 
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160Figure 4‑1 ArcGIS-generated random locations of vegetation plots; only those within the Nee Soon catchment are shown. The 40 plots that were chosen and eventually completed are shown as open squares, while the locations that were not used are shown as dots. The elevational categories by which the locations were stratified are represented by the following colours: 0–10 m (dark blue), 11–20 m (light blue), 21–30 m (yellow), 31–40 m (pink), and >40 m (red) above sea level. The rectangular area outlined in red represents the restricted zone around the Nee Soon firing range, while the blue lines show the approximate stream lines in the catchment.


161Figure 4‑2 Layout of a vegetation plot. The sides of the plot generally run from North–South and East–West. PVC pipes were hammered into the ground at each corner (open circles) and labelled with signage. Each grid square represents 1 m2. Numbers on the grid in blue (1–9) indicate the approximate spots where hemispherical photographs were taken to estimate the plant area index.


164Figure 4‑3 Hierarchical clustering of plots according to tree community composition. Plot numbers in blue represent wet plots and those in green represent dry plots. Cluster 1 is shown on the left, while Cluster 2 is shown on the right.


165Figure 4‑4 Principal Components Analysis biplot of soil characteristics of the vegetation plots and boxplots of the first and second axis scores. Colours in biplot and boxplots: blue—wet plots; green—dry plots. Symbols used in biplot: circles—Cluster 1; triangles—Cluster 2 (from the hierarchical clustering analysis).


166Figure 4‑5 Results of distance-based Redundancy Analysis. Vegetation plots are represented by the following symbols and colours: blue—wet plots; green—dry plots; circles—Cluster 1; triangles—Cluster 2 (from the hierarchical clustering analysis). Variables used to constrain the tree community were the first (PCA 1) and second (PCA 2) axes of the Principal Components Analysis of plot soil characterisitcs, and the hydrological classification of the plots (centroids of the two groups indicated by “wet” and “dry”). Inset Venn diagram indicates the proportion of inertia constrained by the soil and hydrological factors.


168Figure 4‑6 Relative occurrence of tree species in (a) wet versus dry plots and (b) swamp versus non-swamp plots. Sizes of circles represent relative abundance (i.e., no. of stems) of each species across all the vegetation plots. For clarity, only the names of the most common nine species are indicated. Points along the dotted black line represent equal occurrence in the two kinds of plots, while blue lines present twice as often occurrence in wet/swamp plots as dry/non-swamp plots, and vice versa for green lines.


171Figure 4‑7 The three zones over which seedling collections were made. Markers represent the locations of the vegetation plots (red: dry plots; blue: wet plots).


174Figure 4‑8 Proportion of seedlings of each species that survived over time in each treatment (green—normal; red—drought; blue—flooded) and soil type (solid lines—dry soil type; broken lines—wet soil type).


175Figure 4‑9 Biplot of Principal Components Analysis of seedling traits (abbreviations in Table 1). Open circles are data points for surviving Gironniera nervosa and seedlings in the drought treatment which were not used in subsequent mixed-effects ANOVA analysis. Inset graph shows the scree plot for for all the PCA axes.


177Figure 4‑10 Means and standard errors of PCA axis 1 scores for each species in combinations of treatment (green—normal; blue—flooded) and soil type (white background—dry soil type; gray background—wet soil type).


178Figure 4‑11 Means and standard errors of PCA axis 1 scores for each species in combinations of treatment (green—normal; blue—flooded) and soil type (white background—dry soil type; gray background—wet soil type).


185Figure 5‑1 Possible broad-scale effects on river organisms through direct changes in precipitation or discharge, or indirect effects, for example through interactions with water quality (after Conlan et al., 2005).


187Figure 5‑2 Summary of effects of decreased stream flow on habitat conditions and invertebrate community abundance, diversity and composition (from Dewson et al., 2007).


187Figure 5‑3 Graphical representation of the natural flow regime of a river showing how it influences aquatic biodiversity via several inter-related mechanisms (Principles 1 – 4) that operate over different spatial and temporal scales (from Bunn and Arthington, 2002).


194Figure 5‑4 Spatial survey study sites in the Nee Soon freshwater swamp forest. Amongst the sites surveyed, 34 sites (■) were surveyed between October 2013 and January 2014, while 6 sites (Δ) were surveyed between June 2014 and September 2014.


195Figure 5‑5 Temporal survey study sites (NS18, NS33 and NS38) in the Nee Soon freshwater swamp forest between November 2013 and January 2015.
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215Figure 5‑15 The left y-axis gives the hourly instream water level against date, while the right y-axis gives the Shannon diversity against date. Shannon diversity is in blue, while water level is in grey. NS33 is a first order site, NS38 is a second order site, while NS18 is a third order site.
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1.1 Freshwater Swamp Forests: a global perspective

1.1.1 Introduction

Globally, freshwater swamp forests (FSFs) occur in Southeast Asia, Africa and South America, with the largest proportion in the Amazon basin (Richards, 1996). In Southeast Asia, they are located throughout the region, often near large rivers such as the Mekong, Chao Phraya, and Irrawaddy in Thailand and Burma, and the Sedili rivers in Johor (Corner, 1978; Whitmore, 1984).
This unique forest formation is mostly restricted to the alluvial soil of flood plains, often on the landward side of mangrove forests or in areas with a high water table (Göltenboth et al., 2006). While FSFs are often located in areas with a wet climate, they are also found in seasonally drier regions such as in West New Guinea and east Java (Whitmore, 1984).
In Southeast Asia, the FSF is a generally understudied forest type, mainly due to its inaccessibility and the occurrence of insect-borne diseases within them (Yamada, 1997). Other wetland habitats such as mangrove swamps and peat swamp forest has tended to receive more attention (Dudgeon, 2000). Nevertheless, the FSFs of Malaysia were surveyed relatively comprehensively by Corner (1978), and additional work being done in Cambodia (Theilade et al., 2011) and Singapore (Ng and Lim, 1992; Turner et al., 1996; Lim et al., 2011).
FSFs can be broadly characterised as a forest that is subjected to flooding with relatively mineral-rich freshwater (Whitmore, 1984). As the tropical FSF is a formation of the tropical rainforest, several environmental conditions are common between FSFs and other tropical rainforest formations (e.g. humidity levels and solar irradiance; see Richards, 1996). However, beyond these commonalities, conditions found within FSFs and tropical rainforests can differ greatly. Flooding in inland, freshwater swamp forests is usually semi-permanent, irregular or seasonal. Water depth also varies tremendously, ranging from a few centimetres to several metres. These physical factors, acting individually or synergistically could potentially impact the ecology of FSFs. Indeed, previous work by de Pádua Teixeira et al. (2011) concluded that drainage patterns were the most prominent factor in the spatial organisation of plants in the swamp forests of Brazil. Despite the variable nature of FSFs, sufficient water is always present during the growing season to ensure organisms that are adapted to living in water or waterlogged soils flourish (Junk et al., 2011).

Peat swamp forests obtain their water solely from rain, whereas FSFs have several sources of water, including rain, rivers and high groundwater tables (Richards, 1996; Göltenboth et al., 2006). The colour of the water in the swamp forest is often an indication of the levels of plant matter present in the water and soil. 

1.1.2 Management of freshwater swamp forests

FSF soils are relatively nutrient-rich, unlike ombrotrophic swamp forests, which receives nutrients solely via rain (Yule and Gomez, 2009). In FSFs, nutrients and alluvial soils are subsequently deposited within the forest via rain and water table fluctuations (Whitmore, 1984, Richards, 1996, Whitten et al., 2000, Göltenboth et al., 2006). The nutrient-rich soils in FSFs has resulted in over-exploitation for agriculture, such as wetland rice cultivation (Richards, 1996, Whitten et al., 2000, Corlett, 2009) and oil palm plantations (Yule and Gomez, 2009). Indeed, Chokkalingam et al. (2007) reported that in southern Sumatra, fire of varying intensities was utilized to clear the swamp forest for agricultural purposes. The widespread and repeated fires transformed a diverse and complex habitat into a habitat consisting of uniform stands of fire-resistant Melaleuca species and thickets. Additionally, mismanagement of these ecosystems via extensive logging and conversion to agriculture has led to severe degradation and loss of ecological biodiversity (Rijksen and Peerson, 1991; Hansen et al., 2009; Yule, 2010).

The conceptual model presented in this literature review explores the direct and indirect effects of hydrology, physico-chemistry, stream morphology and vegetation on the macro-invertebrate and fish communities.
The following sections will explore and review the hydrology, physico-chemistry and both the aquatic flora and fauna in freshwater swamp forests in SE Asia. Due to the lack of studies investigating FSFs specifically, literature concerning peat swamp forests was also incorporated, as peat swamps are the habitat most similar to FSFs in Southeast Asia. 

1.1.3 Hydrology in freshwater swamp forests

How water flows is a major determinant of geomorphological, biological and bio-geomorphological processes and functions within aquatic ecosystems (Poff et al., 1997, Bunn and Arthington 2002, Davidson et al., 2012; Figure 1‑1). By influencing geomorphology, flow plays a major role in determining spatial and temporal benthic community structure (Poff and Allan 1995, Bunn and Arthington 2002, Mims and Olden 2013). For example, Leigh and Sheldon (2009) found that hydrological connectivity had a major effect on macroinvertebrate assemblages, with highly connected water bodies displaying greater macroinvertebrate diversity than isolated water bodies, which tended to have less diverse assemblages and were dominated by a handful of taxa. Similar effects have been noted in tropical systems where wet or monsoon season flooding has resulted in greater proportions of migratory species and changes in community assemblages (da Silva et al., 2010). On a smaller scale, changes in physical habitat caused by alterations in flow regime can increase habitat heterogeneity and thereby increase species diversity (Downes et al., 1998, Bunn and Arthington 2002). Furthermore, a highly heterogeneous habitat is able to provide refugia for species during periods of disturbance such as flooding or drought (Bunn and Arthington 2002, Negishi et al., 2002). In ecosystems where water availability can vary dramatically between seasons, such refugia can become extremely important (Brown 2003, Leigh et al., 2010).
In tropical systems there is pronounced seasonal variation in the hydrologic regime between the monsoon and dry season (Douglas et al., 2005, Mitsch et al., 2010). When the monsoon season arrives, heavy rains can create flood pulses which integrate terrestrial and aquatic systems (Davidson et al., 2012). Junk et al. (1989) stresses the importance of seasonal flood pulses through affects such as over-bank flooding, which strongly influences biological community structure through allochthonous inputs and changing of the physical habitat (Douglas et al., 2005, Davidson et al., 2012). For example, in Brazilian floodplains da Silva et al. (2010) found that turbid and anoxic water conditions dominated in the high water season compared to low or falling water seasons, which had relatively well oxygenated and low turbid waters. The difference in seasonal hydrology impacted on fish diversity, abundance and biomass, which were significantly higher in falling and low water seasons than during the high water season (da Silva et al., 2010). In tropical wetland forests similar changes have been documented in macroinvertebrate communities with stream physio-chemistry as well as insect assemblages, density and biomass reflecting fluctuations in seasonal rainfall (Ramirez et al., 2006). How rain fall impacts tropical wetlands however is varied and can depend on both regional and local biotic and abiotic factors. 
The effect of flood pulses on tropical wetlands can vary because catchment hydrology is influenced by the amount of rainfall and speed of the run off 
 ADDIN EN.CITE 

(Page et al., 2009, Yule, 2010)
. In tropical peat swamp forests the topography, biodiversity of the forest and its microtopography can buffer the speed of run off and thus mitigate potential impacts further downstream (Page et al., 2009). On a microtopographical or local scale buffering is partly caused by the presence of hollows, roots, buttresses and pneumatophores (Page et al., 1999). However, what primarily influences rainfall runoff and hydrology in a tropical peat swamp forest is how water flows laterally through the peat and the hydraulic connectivity of the peat near to its surface (Page et al., 1999). If the water table is consistently high, the amount of peat able to be sequestered increases as well as the system’s water holding capacity (Page et al., 1999). Alternatively, if the water table is low or if the swamp forest is being drained, the speed of the runoff can become faster because of peat oxidation and subsistence processes (Page et al., 1999, Page et al., 2009). The impact that faster runoff can have on the catchment is varied from flooding downstream to scouring of the soil, which can have an impact on water chemistry.
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Figure 1‑1 Conceptual diagram showing the effects of stream morphology, hydrology, vegetation, and physico-chemistry on each other and the macro-invertebrate and fish community in FSFs, specifically in the Nee Soon Swamp Forest.

1.1.4 Water quality in freshwater swamp forests

Gasim et al. (2007) conducted a detailed physico-chemistry study in the Bebar river in the Pahang peat swamp forests in Peninsular Malaysia where the authors documented low dissolved oxygen (DO) and pH, whilst the average stream flow was estimated at 5.0 x 105 m3 daily. Indeed, the pH recorded ranged from 3.53 to 4.55 whilst DO ranged from 0.54 to 1.76 mg L-1. The high organic content and high biological decomposition resulted in a high deoxygenation rate when compared with the reoxygenation rate (Gasim et al., 2007; Das and Acharya, 2003). Similarlylow levels of DO have been observed at the Beriah swamp forest in Perak (1.21-2.14 mgL-1; Mashhor et al., 2004). A recent study by Gandaseca et al. (2015), determined the water quality of four rivers in peat swamp forests in Sarawak, Malaysia. The authors also documented low levels of DO (4.98-5.02 mgL-1) and attributed this to the high levels of organic matter in the rivers. 

Reported ranges of total dissolved solids (TDS) varied from 0.75 to 15.75 mg L-1, whilst turbidity ranged from 1.5 to 17.15 NTU. Temporal investigations by Ramírez et al. (2006) on a tropical wet forest documented a decrease in streamwater pH throughout the year, from a near neutral (pH >6.0) to near acidic (pH <4.5), while NO3-N concentrations were high throughout the year and were independent of discharge.  The authors identified that changes in pH were related to both streamwater level and monthly rainfall. Indeed, the decrease in pH was related to the inundation of the streams and an increase in overland flow (Ramírez et al., 2006). Furthermore, Ramírez et al. (2006) noted that discharge and pH changed most during the year and whilst pH decreased, stream discharge increased.  The temporal variation in pH was attributed to the increases in the concentration of humic acids suspended in the water column during the wet season. Indeed, previous work by Winterbourn and Collier (1987) observed low pH levels in many New Zealand streams and attributed this to the large inputs of humic acids from surrounding watersheds. Alternatively, temporal variations in conductivity were small and were independent of discharge but were related to groundwater influence (Ramírez et al., 2006). 

1.1.5 Aquatic flora in freshwater swamp forests

The environmental conditions of a tropical FSF are similar to a tropical dryland rainforest, but in general, the tree canopy of the freshwater swamp forest is lower than those in lowland dipterocarp forests (Corner, 1978, Theilade et al., 2011). The vegetation structure in FSFs is often dependent on the nutrients present in the water source and the flooding regime of the forest (Junk et al., 2011). For example, the nutrient-rich várzea forests in the lower Amazonian floodplains experience flooding caused by swollen rivers and have the highest species richness among wetland forests of the world (Junk et al., 2011). Alternatively, the vegetation of Brazilian blackwater igapó forests dependent on heavy rain which determine the forests’ flood height and duration. Igapó forests generally have fewer tree species than várzea forests and few herbaceous plant species (Junk et al., 2011). Furthermore, floating plants are rare or absent in this forest type. FSFs are generally less diverse floristically if compared to dryland forests and as a result, are dominated by one of a few tree species (Corlett, 2009). Often the dominant plant types are used to categorise FSF’s and the four main types of FSF are (1) mixed swamp forest; (2) Melaleuca species (Myrtaceae) swamp forest; (3) Terminalia species (Combretaceae) swamp forest; and (4) Campnosperma species (Anacardiaceae) swamp forest (Göltenboth et al., 2006).

Floristically, FSFs are not easily distinguishable from dryland forests at taxonomic levels of family and genus (Whitmore, 1984). There are only a few plant species restricted only to freshwater swamp forest ecosystems and usually they tend to form clusters and have species-poor associations (Whitten et al., 2000). The diverse assemblage of forest types are influenced by several environmental factors, including the wide variation of soil content as well as the degree of water inundation (Yamada, 1997). 

Depending on the degree of water inundation, a thin layer of peat may be present on the ground surface of freshwater swamp forests. However, the limited decomposition rate of organic matter often results in the development of a peat layer only a few centimetres thick (Whitmore, 1984). The slow decomposition rate is due to high phenolic concentrations in the leaves, which can be up to three times greater than those found in temperate forests (Coley and Barone 1996). The high concentration of phenols is thought to be a response to the high levels of mammalian, invertebrate predation as well as fungal pathogens (Coley and Barone 1996). The slow decomposition of organic matter under anoxic conditions causes the release of humic acid, which greatly lowers the pH of the water (Page et al., 1999; Göltenboth et al., 2006; Yule 2010; Posa et al., 2011). Indeed, this then affects the floral composition found in swamp forest streams and leads to specialization of characteristics such as pneumatophores (Whitmore 1984). 

The waterlogged nature of FSFs creates soft, unstable and anoxic waterlogged soil that may have led to the evolution of special root adaptations in FSF trees that are morphologically similar to those found in a true mangrove forest (Corlett, 1986). Special root adaptations such as pneumatophores are common with FSF’s and work by Corner (1978) notes that pneumatophores typically occur in five forms. For example, in the genus Sonneratia, they grow as upright, elongated, conical pegs whereas in the species Lophopetalum multinervum, they develop as erect planks (Corlett, 1986). Pneumatophores help provide both stability and aid in gas exchange in the anoxic soil conditions (Corner, 1978). Other adaptations include buttresses, which provide stability in the unstable and soft substrates. Furthermore, many trees have lenticellate bark, which aids in gas diffusion in anaerobic conditions (Whitten et al., 2000). Many of these root adaptations can be found in South East Asia’s FSFs including those found in Singapore.

1.1.6 Aquatic fauna in freshwater swamp forests

Previous work from Whitten et al. (2000) has documented that the fauna of freshwater swamp forests are as diverse as that found in lowland terra firma forests. However, research in this area is still very lacking (Göltenboth, et al., 2006).  Nonetheless, Posa et al. (2011) documented that approximately 23-32% of all species of mammals and birds in Peninsular Malaysia and Borneo have been recorded from peat swamp habitats. The proportion of snakes (7-18%) and amphibians (19-23%) are somewhat lower, but nevertheless, the results collated by Posa et al. (2011) do show that peat swamp forests provide habitats for a considerable proportion of the region’s fauna. 

Additionally, FSFs support a number of rare, specialized and threatened species. Posa et al. (2011) found that 45% of mammals and 33% of birds recorded in FSFs had an IUCN Red List status of near threatened, vulnerable or endangered. Additionally, Phillips (1998) documented the importance of swamp forests in conserving other primates such as proboscis monkeys (Nasalis larvatus) and the Bornean banded langur (Presbytis chrysomelas). Previous work from Johnson et al. (2005) at the Gunung Palung National Park in western Kalimantan, documented a higher density of Bornean orang-utan nests and individuals than lowland forest. In addition to that, Cheyne et al. (2009) observed a number of endangered felids (e.g. the flat-headed cat, Prionailurus planiceps; the Sunda clouded leopard, Neofelis diardi; and the marbled cat, Pardofelis marmorata) within swamp forests, whilst Bezujien et al. (2001) documented swamp forests to be favoured habitat for the endangered false gharial (Tomistoma schlegelii).

These results already suggest that FSFs are extremely important for conservation, but it must also be remembered that there has been a general bias towards charismatic mammalian species in biodiversity research (Clark and May, 2002). Conversely, invertebrate, fish, amphibian and reptilian research has usually been under-represented (see Wells and Yule 2008; Yule, 2010), despite the fact that these groups are often much more diverse than mammals, making up some of the dominant animal groups in the forest (Clark and May, 2002). Thus, the importance of FSFs in preserving faunal diversity has in fact been understated thus far.

Freshwater fish serve as a good example of the importance of FSFs to less well known groups. They have been documented to exhibit extremely high endemicity to swamp forests, up to the point that 33% of known freshwater fish species are associated with peat swamps (Ng et al., 1994, Kottelat et al., 2006). Additionally, Posa et al. (2011) found that out of 219 fish species collated from peat swamps, 80 species are restricted to this ecosystem, while 31 species are point endemic species found only in single locations. Furthermore, the critically endangered Betta persephone, Betta miniopinna and Betta spilotogena are listed on the IUCN Red List as highly threatened by extinction as a result of declines in area of occupancy, extent of occurrence and quality of habitat. Additionally, there are 17 species of swamp forest fish on the IUCN Red List classified as vulnerable, endangered and 12 of which are point endemics (Posa et al., 2011). Comprehensive studies of FSF fish have been carried out in only a few regions such as Thailand, central Sumatra, Peninsular Malaysia and Riau Archipelago (e.g. Ng et al., 1992; Tan and Tan 1994; Vidthayanon 2002; Tan and Kottelat 2009), and all indications point to even greater fish diversity in unexplored locations. 

Far less is known about the invertebrates of swamp forests, as most swamp invertebrates have not been xtensively studied and furthermore, organisms are rarely identified to the species level. Johnson (1968) did note that Coleoptera, Hemiptera and Diptera may be abundant and diversified in small blackwater pools but in most blackwater habitats, freshwater macroinvertebrates are rather scarce and have poor diversity, with Cheng and Fernando (1969) only listing six hemipteran species from Malaysia blackwaters. Although there do not seem to be any invertebrate species specific or characteristic of swamp forest (e.g. Ng et al., 1992; Abang and Hill 2006), rotifer and decapod crustacean species have been found in these habitats (see Ng et al., 1992). For instance, a total of 133 rotifer species were identified from five coastal peat swamps on Phuket Island, Thailand (Chittapun et al., 2007), whilst Wowor et al. (2009) found four species of the freshwater Macrobrachium prawns occurring in acidic peat habitats. 

1.2 General Climatology of Singapore

1.2.1 Historical Trends of Precipitation

Figure 1‑2 (Liong et al., 2014) shows the locations of nine rain gauges in Singapore where daily rainfall data are available for the present study from 1961 until 2007. There are however some stations where data are available only after 1961 and there are some stations with missing data as well. Table 1‑1 provides the periods of data availability for the nine stations considered.
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Figure 1‑2 Geographical location of meteorlogical station in Singapore

Table 1‑1 List of stations and the availability of observed daily rainfall data

	Station name
	Station code
	Availability
	Periods with missing data

	Paya Lebar
	S6
	1961-2007
	

	Macritchie Reservoir
	S7
	1961-2007
	

	Ama Keng Telecom
	S11
	1961-2007
	

	Tengah
	S23
	1961-2007
	

	Changi
	S24
	1967-2007
	December 1969, October 1971,

November 1971

	Seletar
	S25
	1967-2007
	April 1, 1969 to March 31, 1970

	St. James Complex
	S31
	1961-2007
	February 1983

	Jurong Industrial Waterworks
	S39
	1964-2007
	

	Singapore Orchirds Mandai
	S40
	1966-2007
	


An analysis of the Singapore station observed rainfall indicates that total annual rainfall change of about 20% more than the 1961-1990 period has occurred over 2001-2010 and an annual maximum daily ranfall has seen an increase of about 26% over 2001-2010, relative to 1961-1990 (as summarized in Table 1‑2 and Table 1‑3).
Table 1‑2 Total Annual Precipitation for 9 stations in Singapore and percentage change relative to 1961-1990

	Period
	Station Average 

(mm)

(1961-2010)
	Precipitation Stations (mm)

	
	
	Madai (1961-2010)
	Amakeng (1961-2010)
	Tengah (1961-2010)
	Jurong (1977-2010)
	Seletar (1961-2010)
	McRitchie (1961-2010)
	StJames (1961-2010)
	PayaLebar (1961-2010)
	Changi (1961-2010)

	1961-1990
	2235
	2403
	2219
	2359
	2419
	2309
	2263
	2162
	2142
	2022

	1961-2010
	2377
	2555
	2382
	2517
	2560
	2451
	2453
	2292
	2273
	2105

	1990-2010
	2557
	2709
	2596
	2715
	2622
	2585
	2708
	2468
	2434
	2172

	2001-2010
	2689
	2810
	2779
	2906
	2792
	2712
	2840
	2573
	2494
	2295

	Change compared to baseline 1961-1990 (in %)

	1961-2010
	6.3
	6.3
	7.4
	6.7
	5.8
	6.2
	8.4
	6.0
	6.1
	4.1

	1990-2010
	14.4
	12.7
	17.0
	15.0
	8.4
	11.9
	19.7
	14.1
	13.6
	7.4

	2001-2010
	20.3
	16.9
	25.2
	23.2
	15.4
	17.5
	25.5
	19.0
	16.4
	13.5


Table 1‑3 Average Maximum Daily Precipitation for 9 stations in Singapore and percentage change relative to 1961-1990

	Period
	Station Average 

(mm)

(1961-2010)
	Precipitation Stations (mm)

	
	
	Madai (1961-2010)
	Amakeng (1961-2010)
	Tengah (1961-2010)
	Jurong (1977-2010)
	Seletar (1961-2010)
	McRitchie (1961-2010)
	StJames (1961-2010)
	PayaLebar (1961-2010)
	Changi (1961-2010)

	1961-1990
	116.2
	110.3
	105.5
	123.1
	119.9
	110.8
	116.4
	116.6
	127.5
	131.5

	1961-2010
	102.3
	120.2
	108.2
	122.5
	120.7
	125.9
	119.9
	119.4
	127.4
	130.4

	1990-2010
	124.2
	130.2
	110.5
	119.8
	118.9
	140.9
	123.8
	121.5
	125.3
	127.5

	2001-2010
	164.2
	159.1
	132.8
	142.2
	130.2
	170.7
	149.2
	136.2
	139.3
	155.7

	Change compared to baseline 1961-1990 (in %)

	1961-2010
	3.47
	8.98
	2.60
	-0.49
	0.70
	13.59
	2.97
	2.45
	-0.05
	-0.88

	1990-2010
	6.89
	18.08
	4.69
	-2.68
	-0.78
	27.17
	6.35
	4.22
	-1.76
	-3.10

	2001-2010
	25.74
	44.30
	25.88
	15.56
	8.60
	54.07
	28.21
	16.85
	9.22
	18.37


1.2.2 Historical Trends of Temperature

The trends of daily temperature observations for Singapore reveal evidence of a warming trend since 1970 that is consistent with broader evidence of global warming and other temperature trend analyses in the region. Daily maximum and minimum temperature data are available from four observation stations in Singapore, for varying periods (shown in Table 1‑4). The station- averaged absolute change values compared to baseline 1961-1990 show the rise in surface temperatures since 1961-1990, as recorded at all stations.
Table 1‑4 Average Surface Temperature for 4 Stations in Singapore during the recent past and absolute changes relative to 1961-1990

	Period
	Station Average

(°C)

1961 - 2010
	Meteorological Stations (°C)

	
	
	Tengah

(1971 – 2010)
	Seletar

(1971 – 2011)
	PayaLebar

(1961 – 2010)
	Changi

(1984 – 2010)

	1961-1990
	27.3
	27.7
	27.7
	27.3
	25.8

	1961-2010
	27.5
	27.7
	27.9
	27.6
	27.2

	1990-2010
	27.7
	27.7
	28.1
	28.1
	27.6

	2001-2010
	27.7
	27.6
	28.1
	28.4
	27.8

	Change compared to baseline 1961-1990 (°C)

	1961-2010
	0.17
	0.02
	0.21
	0.33
	1.43

	1990-2010
	0.42
	0.05
	0.42
	0.80
	1.86

	2001-2010
	0.33
	-0.04
	0.39
	1.07
	2.02


*Source: Liong, S. Y. and Raghavan, V. S., 2014. 
1.2.3 Historical Trends of Wind

The strength and direction of the winds over Singapore are influenced by the monsoon (National Environment Agency, 2007; Nieuwolt, 1981). Northeasterly winds prevail during the Northeast Monsoon which occurs from December to early March, with wind speeds sometimes reaching 30 to 40 km/h in January and February. During the Southwest Monsoon (June to September), southeast to southwest winds prevail over Singapore (with more consistent southwest winds over the Indian continent). Periods between monsoon seasons (Pre-Southwest Monsoon: April and May, Post-Southwest Monsoon: October and November) receive less wind. The highest extreme gust speeds come from thunderstorms, whereas higher extreme mean wind speeds come from non-thunderstorm events (Choi, 1999).
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Figure 1‑3 Daily mean wind speed at Changi, Tengah, Jurong, and Seletar from upper to lower panels

A monthly mean wind speed is derived from all the hourly wind speed during that month in all selected years (Figure 1‑3; Liong et al. 2009). Overall, the wind speed at Changi is weaker than at the other three stations. The wind speed during the Northeast Monsoon is stronger (by 1-3 m/s, according to the site) than in other seasons. Maxima in the monthly mean wind speed tend to occur in January and February during the Northeast Monsoon, while minima tend to occur in April and May during the Pre-Southwest Monsoon.
1.3 Freshwater Swamp Forests: a Singapore perspective
1.3.1 Introduction

Prior to the establishment of modern Singapore, FSFs were estimated to have occurred at all upper river reaches of Singapore, covering about 74 km2 or about 13% of the island (O’Dempsey, 2014). However, with rapid urbanisation and industrialisation in the 1900s, vast forested areas were cleared for agricultural and industrial purposes. In 1932, Corner (1978) studied one such area – a patch of original swamp-forest in Jurong, which was completely transformed into a pineapple plantation the year after. In this patch of more than 6 ha, Corner (1978) found many plant species that only existed in Jurong but not in Mandai, or any other Singapore swamp forests. This suggested that Jurong could have represented a unique phytogeographical area (Corner, 1978; Yamada, 1997). However, no extensive surveys of faunal species were conducted in the FSF in Jurong before its clearance. Like this patch in Jurong, vast natural areas in Malaysia and Singapore were or are often cleared for development before surveys can be conducted on their existing flora and fauna (Ng and Lim, 1992).
The clearing of Jurong, Mandai and Pulau Tekong swamp forests has left Nee Soon Swamp Forest (NSSF) as the last remnant of primary freshwater swamp forests on Singapore Island (Corlett, 1992; Ng and Lim, 1992; Turner, 1996; Turner et al., 1996; Yeo and Lim, 2011). NSSF is a relatively intact remnant of FSF in Singapore, dominated by primary and old secondary vegetation, covering about 87 ha of land (Corner, 1978; Ng and Lim, 1992; Turner et al., 1996; Figure 1‑4). Named after a wealthy Chinese-Peranakan merchant, Lim Nee Soon (1879–1936), the NSSF is located in the Central Catchment Nature Reserve, surrounded by the Executive Golf Course on the north, Seletar Expressway and Old Upper Thompson Road on the east, Upper and Lower Peirce Reservoirs on the south, and the southern-most tributary of the Upper Seletar Reservoir and the northern-most tributary of the Upper Peirce Reservoir on the west (Yeo and Lim, 2011). This area incorporates areas which were previously part of the Chan Chu Kang forest reserve (Corlett, 1992), which has allowed it to preserve much old-growth vegetation. The NSSF thus is the last remnant of a larger swamp forest which was previously found along the entire Seletar drainage, including the areas surveyed by Corner in Mandai (Corner, 1978; Ng and Lim, 1992; O’Dempsey and Chew, 2013). It has probably only survived to the present day by virtue of being both included in the Central Catchment Nature Reserve as well as being used as a training area for the Singapore Armed Forces and the presence of military shooting ranges nearby (Ng and Lim, 1992). According to Corlett (2011), the FSF is concentrated at several shallow valleys that drain towards the Seletar River while the elevated areas between the valleys have dryland forest formation. 


[image: image4]
Figure 1‑4 Vegetation map of Singapore. Nee Soon Swamp Forest is located in the marked area (map modified from Yee et al., 2011).

1.3.2 The physical environment of the NSSF

The ground surface of most places in NSSF is covered by a shallow layer of peat and there is some variation in the microtopography of the forest (Taylor et al., 2001; Corlett, 2011). Because the water table is so close to the soil surface, periodic to semi-permanent flooding can be observed (Yeo and Lim, 2011). In addition, depressions in the topography are often saturated with water, forming small pools and slow-flowing streams (Turner et al., 1996; Taylor et al., 2001). Usually, the clear water in the swamp forest is stained a dark-tea colour, a result of tannin leaching from slowly decomposing plant matter under waterlogged soil conditions (Yeo and Lim, 2011). Some of the larger streams have bed deposits of coarse-grained sand which form most of the basement rock of the swamp, which probably came from Bukit Timah granite during the Triassic age (Taylor et al., 2001). 

Soil analysis conducted at the NSSF in the mid-1990s revealed that the first 5 cm of the soil layer was rich in organic matter (approaching 80% to 90% loss-on-ignition by mass), though the content decreased rapidly beyond that depth to less than 50% loss-on-ignition by mass (Turner et al., 1996). Hence, the lower layer of soil is not considered to be peat, which has more than 90% loss-on-ignition by mass. The anaerobic and waterlogged conditions found in the soil of the NSSF reduce its rate of decomposition, contributing to the richness in its organic matter (Turner et al., 1996).

Additionally, leaf litter in the NSSF was found to have a lower level of plant nutrients such as nitrogen potassium and phosphorous compared to the top 5 cm of soil. This could be caused by the draining of nutrients from the leaf litter into the soil (Turner et al., 1996).

The pH of swamp forest streams and soil water is between 4.6 and 5.5, more acidic compared to typical forest streams, and could become more acidic 5 cm below the surface of the soil (Turner et al., 1996; Yeo and Lim, 2011). This could be due to the thin layer of peat present in the swamp forest, causing the release of humic acid, the mechanisms of which were explained in the earlier section.
1.3.3 The Ecology of NSSF

Through the collation of data from published articles – mostly from Gardens’ Bulletin, Singapore and Raffles Bulletin of Zoology, as well as unpublished data retrieved from the National Parks Board (NParks), the number of faunal species recorded in the NSSF was determined to be at least 346. However, this is probably a highly conservative figure, and it is likely that this is only a small proportion of the species present in the forest.

A series of field surveys were conducted in the 1990s, and their results published in 1997 in Gardens’ Bulletin, Singapore. This contributed immensely to the inventory of biodiversity knowledge in Singapore, especially in the Central Nature Reserves. Among the groups surveyed were vascular plants, fish, prawns, crabs, butterflies, stick and leaf insects, semi-aquatic bugs, dragonflies and damselflies, and water beetles.

Based on our collation of known faunal species in the NSSF, insects and birds make up the largest proportion of animals recorded. Molluscs and annelids, on the other hand, make up a total of only 3% of the species which have been documented in this forest patch.

While the NSSF has lost much of its original vertebrate fauna, it is still a very important site for the conservation of Singapore’s remaining forests (Corlett, 1992). In fact, Yeo and Lim (2011) commented that NSSF supports the highest diversity of native freshwater organisms in the country, reflecting its high conservation value in particular supporting freshwater fish, amphibians, reptiles, freshwater prawns and crabs and bird species (Ng and Lim, 1992; Yeo and Lim, 2011). Many species, especially primary freshwater fish, have their main populations in Singapore located in the NSSF and some others can be found nowhere else in Singapore, or even globally, such as the swamp forest crab, Parathelphusa reticulata (Davison et al., 2008; Cumberlidge et al., 2009; Lim et al., 2011). This makes the NSSF a vital refugium for many forest or swamp-adapted species in Singapore, and gives it a very high conservation value (Ng and Lim, 1992; Lim et al., 2011). 
1.3.4 Freshwater flora of the NSSF

In Singapore’s Nee Soon swamp forest parts of the forest were cleared during the late 19th and early 20th century for rubber and pepper plantations (Turner et al., 1996). Other parts have been drained or turned into reservoirs (Ng and Lim 1992). The remaining vegetation structure is a mixture of primary and secondary forest (Corner 1978, Ng and Lim 1992). Given the history of the NSSF, the species composition and structure differs across the forest, suggesting a mixed swamp forest. Many of the tree species in parts of the NSSF, such as Palaqium xanthochymum and Xylopia fusca, produced adaptations to flooding, including buttresses, prop roots and pneumatophores whereas some areas are dominated by plant species similar to those of a dryland forest (Corner, 1978; Corlett, 1997; Corlett, 2011). In addition, Corner (1978) noted that the vegetation of the Mandai Swamp Forest, of which the Nee Soon Swamp Forest is the largest surviving remnant, was intermediate between a freshwater swamp forest and a peat swamp forest. Corner (1978) further suggested that patches of substrate that contain peat mats and decaying organic matter may transition to a full peat swamp forest at some point in the future (Ng and Lim 1992). 

There is a lack of studies investigating the aquatic flora in the Nee Soon swamp forest, nevertheless, the investigations of Ng and Lim (1992) documented occurrences of the forest water lily (Hydrostemma spp.; family Nymphaeaceae) within the NSSF. 

1.3.5 Aquatic fauna structure of NSSF

The fauna of the NSSF is rich and highly diverse. Insects and birds make up the largest proportion of animals, whilst molluscs and annelids make up a total of 3% of the species documented from Nee Soon.  Additionally, Ng and Lim (1992) and Yeo and Lim (2011) have documented that 71% of the amphibians, 28% of the reptiles, 47% of freshwater prawn and 57% of freshwater crab species known in Singapore still exist in the NSSF.  The NSSF also contains the highest proportion of threatened native freshwater fish and crustaceans in Singapore (Ng, 1997; Ng and Lim, 1997).

It is also the only area in Singapore where 11 out of 26 known species of native freshwater fish can be found, including species like the dwarf snakehead (Channa gachua), which was thought to be extinct in Singapore for 20 years before being rediscovered in 1989 (Ng and Lim, 1989), as well as the black snakehead (Channa melasoma), which was first recorded from Singapore only in 1990 (Ng and Lim, 1990). Some other fish species in the NSSF which cannot be found elsewhere in Singapore include the spotted eel-loach (Pangio muraeniformis) and the grey-banded loach (Nemacheilus selangoricus), while many other fish species known from the NSSF are forest specialists who are only found within such habitats. 

The NSSF is also a vital area for conservation for freshwater invertebrates (Ng and Lim, 1992) in Singapore, as it was found to have the highest diversity of water beetles in the country (Balke et al., 1997), whilst odonate diversity was also found to be very high with eight species being exclusively found in the NSSF. Additionally, the NSSF also has the highest diversity of semi-aquatic bugs (Gerromorpha) in Singapore, with 83% of Singapore’s Gerromorpha species having been recorded in the swamp forest (Yang et al., 1997). The NSSF is also a stronghold for freshwater decapods, with multiple species of freshwater shrimp such as Macrobrachium platycheles (which was originally described from the area) having thriving populations there. Perhaps the most important decapod found within the NSSF is the endemic swamp forest crab, Parathelphusa reticulata. It was described from the swamp about two decades ago (Ng, 1990) and today, the entire world’s population of P. reticulata seems to be confined to the NSSF. If anything happens to the NSSF, this species will be rendered globally extinct. 

1.4 Conclusions

NSSF constitutes Singapore’s last remaining patch of primary freshwater swamp forest. From the viewpoint of ecosystem diversity alone, this makes the conservation of the NSSF a priority. The number of NSSF taxa currently found nowhere else in Singapore, only emphasies its conservation value. Finally, given that NCCF houses a large proportion of Singapore’s overall flora and fauna, conservation of this habitat undoubtedly has larger-scale, positive effects for biodiversity conservation in Singapore (Ng and Lim, 1992, Turner et al., 1996), accomplishing conservation of biodiversity from species to landscape scales. 

 Owing to the nature of its ecosystem and drainage, the NSSF is extremely sensitive to external disturbances (Ng and Lim, 1992). Furthermore, many of the species found here are much specialised and thus, the destruction of the NSSF and its surrounding areas will pose a great threat to these unique groups as well as other freshwater invertebrate species. Therefore, it is important to maintain the NSSF in its current state, as well as ensuring that it is not affected adversely by development.
1.5 Gaps in Research

Singapore has been gradually building up knowledge on freshwater biodiversity, which includes the area in the NSSF (Kottelat and Whitten, 1996; Ng and Lim, 1997). The several biodiversity surveys conducted during the 1990s in the nature reserves of Singapore further contributed to this store of information. However, the knowledge of wildlife in Singapore is still inconsistent between groups (Tan et al., 2004).

Several surveys have been conducted to record vascular plant species in Singapore (Corner, 1978; Chew et al., 1997). As such, vascular plants are comparatively well studied in Singapore. Among the different groups of plants, angiosperms are by far the most extensively studied plant group (Tan et al., 2004). Nevertheless, information on our flora diversity is probably still incomplete as comprehensive checklists of plant species present in the wild are lacking.

In terms of the understanding of fauna in Singapore, several groups have been covered extensively. For example, much is known about the freshwater fish in Singapore, and our understanding of this group is among the best in the region (Ng and Lim, 1997). The surveys of the 1990s also improved our knowledge of several other groups of animals (refer to section 1.3.5).

However, even in highly studied areas, such as freshwater organisms, many species have only been found in recent years. This shows that streams of Singapore are still insufficiently surveyed (Kottelat and Whitten, 1996). 

Also, several groups of organisms present in NSSF are still underrepresented. While much is known of the angiosperms of Singapore, macrofungi, fresh water algae and lichens are understudied (Tan et al., 2004). With fauna knowledge, many forest and soil arthopods, as well as varies protozoa species, are highly unstudied (Tan et al., 2004).

Extinction in Singapore had accelerated at an alarming rate largely due to urbanisation (Brook et al., 2003). Currently, only about 0.25% of land area in Singapore is designated protected nature reserves and 50% of our native species are harboured in this area. A large proportion(77%(of all Singapore’s native species are listed as “threatened” on the World Conservation Union (IUCN) regional list (Brook et al., 2003).

A forest cannot be conserved without deep knowledge of the majority of its species, and more work should be devoted to surveying these groups. A deeper understanding of the organisms present in the NSSF could greatly aid its conservation. Singapore has many specialist species of animals and plants and a large proportion of which occur or occurred within the NSSF. We have lost some of these species already, and in order to protect the rest, we require an improved understanding of their needs and interactions within the ecosystem.

FSFs have been a greatly overlooked ecosystem until recently. Singapore lost most of its primary FSFs by the 19th century and the Nee Soon Swamp Forest (NSSF) is the last remnant of such forest formation today on the island (Corlett, 1992; Ng and Lim, 1992; Turner, 1996a; Turner, 1996b; Yeo and Lim, 2011). Covering about 870 ha of land, NSSF has a mixture of both primary and secondary vegetation (Corner, 1987; Ng and Lim, 1992; Turner et al., 1996a). Often, part of the swamp forest is periodic to semi-permanently flooded because of its high water table (Yeo and Lim, 2011). Small pools and slow-flowing streams are present as low-lying ground is often saturated with water (Turner et al., 1996a; Taylor et al., 2001). Studies revealed that top 5 cm of the soil layer was rich in organic matter, though the content decreased rapidly beyond that depth (Turner, 1996a). In addition, swamp forest streams and soil water of NSSF are comparatively more acidic than typical forest streams, ranging from pH 4.6 to 5.5 (Turner et al. 1996a; Yeo and Lim, 2011). About 31 % of the vascular plant species of Singapore had been recorded from NSSF (Turner et al., 1996a). Out of which, six nationally critically endangered species are endemic and restricted to the area. Furthermore, NSSF supports the highest diversity of native freshwater organisms in the country (Yeo and Lim, 2011). 
1.6 Project Aims/Achievements
This Project aims to undertake field and modeling investigations required to create maps and collate information for the development of eco-hydrological models of Nee Soon Swamp Forest. 
Having completed the following objectives in Phase 1 of the project (January 2011 – March 

2012): 
i) Established what we know about Nee Soon Swamp Forest in terms of its ground and surface water environment and ecology;
ii) Characterised the hydrology, geology, topography and flora of the freshwater swamp forest using measurements appropriate for the subsequent development of maps and models;
iii) Developed a preliminary hydrological model (surface and groundwater flow);
iv) Conceptualised and tested an ecohydrological model characterizing interdependence between groundwater flow and vegetation growth;

We now seek to:
i) Establish the status of Nee Soon freshwater swamp forest in terms of vegetation hydrology and aquatic biodiversity;

ii) Identify periodic flux in hydrology and key components of the aquatic biodiversity;

iii) Develop more refined models that can confirm current conditions (water balance, nutrient balance, acid flux, faunal distribution) and then test-trial various management scenarios;

iv) Identify and assess root causes of impacts, potential issues that may threaten the hydrological and ecological integrity of the swamp, and management elements to be addressed;

v) Agree on the necessary recommendations for possible mitigation of long-term negative impacts;

vi) Establish a viable, long-term monitoring programme and sampling protocols to ensure continued protection and good management;

vii) Train agency staff in modeling, sampling methods and tools for monitoring;

viii) Deliver workshops on development and interpretation of the models’ outputs;

ix) Publish work on swamp forest ecology and the development of eco-hydrologic models in international, peer-reviewed scientific journals

Table 1 - 1 summarizes the achievements completed in Phase 2 corresponding to the aims listed above.
Table 1 - 1 Achievements in Phase 2
	#
	Aims
	Achievements

	1
	Establish the status of Nee Soon freshwater swamp forest in terms of vegetation hydrology and aquatic biodiversity
	1. Literature Review of Swamp forest literature and research on the NSSF updated (Introduction); new results derived from this project presented in Vegetation, Faunal and Cryogenic Chapters.

2. Assessment of geomorphology in relation to catchment hydrological function (Field Hydrology & Geomorphology Chapter)

3. Consolidation and documentation of all spatial data into a geo-database (Geo-spatial Chapter)

	2
	Identify periodic flux in hydrology and key components of the aquatic biodiversity
	1. Assessment of variation on intra- and inter-annual hydrographs (Field Hydrology & Geomorphology Chapter)

2. Stream hydrologic regimes examined as well as faunal responses to hydrology (Faunal Chapter).

	3
	Develop more refined models that can confirm current conditions (water balance, nutrient balance, acid flux, faunal distribution) and then test-trial various management scenarios
	1. Developed an integrated eco-hydrological model using Mike-SHE;

2. Simulated and assessed twelve future scenarios.

3. Developed conceptual models of erosion and elemental redistribution in the catchment as related to hydrological and geomorphological processes (Field Hydrology & Geomorphology Chapter)

4. Elucidated faunal response models (Faunal Chapter).

	4
	Identify and assess root causes of impacts, potential issues that may threaten the hydrological and ecological integrity of the swamp, and management elements to be addressed
	1. Investigated, using numerical model, effects of rainfall and reservoir operating levels on the spatial distribution of surface and ground-water.  

2. Impacts of climate change.

3. Investigated the responses of seedlings of six tree species common in NSSF to changes in soil and hydrology (Vegetation Ecology Chapter)

4. Investigated spatio-temporal variation in faunal communities in association with physicochemical and hydrologic data to identify key issues likely to affect in-stream fauna, Management recommendations to monitor and maintain the ecological integrity of the forest stream faunal communities (Faunal Chapter).

5. A synthesis of long-term (historic) and more recent/current environmental impacts on the NSSF catchment (Field Hydrology & Geomorphology Chapter).



	5
	Agree on the necessary recommendations for possible mitigation of long-term negative impacts
	1. The Management Recommendations Chapter synthesises and consolidates recommendations for management of the swamp forest drawing on detail provided in preceeding chapters.

2. Proposed mitigation management for extreme flooding and drought 

3. Proposed to carry out propagation of rare plant species in Nee Soon and use the propagules for restoration of potential freshwater swamp forest sites elsewhere to mitigate the risks of extinction of these native species over the longer term (Vegetation Ecology Chapter)

4. Recommendations relevant to aquatic fauna are with respect to i) extreme flooding and drought and ii) other potential management issues such as the introduction of non-native taxa and erosion (Faunal Chapter).

	6
	Establish a viable, long-term monitoring programme and sampling protocols to ensure continued protection and good management
	1. Recommendations for ecological monitoring of streams (Faunal Chapter).

2. Set up and handed over 40 vegetation plots for long-term monitoring of tree growth, recruitment, and mortality in the wet and dry areas of Nee Soon. The GPS coordinates and tracks to the 40 plots have also been prepared to hand over to NParks (Vegetation Ecology Team)

	7
	Train agency staff in modeling, sampling methods and tools for monitoring
	1. Modelling - To be arranged

2. On the 11th of June 2015, a workshop on the identification of fish, decapod crustaceans and macroinvertebrates from the Nee Soon swamp forest was held. Several theory and practical sessions for aquatic faunal identification purposes were facilitated by both NUS (TMSI, DBS, and LKCNHM) and NParks staff.

3. Sampling methodology for faunal collection was also introduced in the introductory field resource, “A Guide to the Freshwater Fauna in Nee Soon Swamp Forest” which was reviewed during the workshop and revised in response to participants’ feedback.

4. The e-book is currently in press.

5. In phase 1 of the Nee Soon Swamp Forest project, a workshop was held to train NParks staff on identification of the common plants of Nee Soon Swamp Forest. One book was also published to facilitate the identification these plants: Tan, S. Y., C. Y. Koh, H. J. M. Siow, T. Li, H. F. Wong, A. Heyzer & H. T. W. Tan, 2013. 100 Common Vascular Plants of the Nee Soon Swamp Forest, Singapore. Raffles Museum of Biodiversity Research, National University of Singapore, Singapore. 261 pp.

6. Sampling methodology is also presented in the Faunal Chapter of this report.



	8
	Deliver workshops on development and interpretation of the models’ outputs;           
	1. To be arranged

	9
	Publish work on swamp forest ecology and the development of eco-hydrologic models in international, peer-reviewed scientific journals
	2. Published/submitted 1 guide book, 16 conference papers and 6 journal papers.
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2 Mapping, Data Management and GIS 
Patil PARTHASARATHI, Poonam SAKSENA-TAYLOR, Kanappan SANTOSH, Santhosh Kumar RAMANATHAN and Tsai Min SIN
2.1 Background and scope of work

Phase 1 of the Nee Soon Swamp Forest (NSSF) project generated important baseline datasets on the hydrology, geology, topography and flora of the area and clearly identified and mapped the path for Phase 2. Key focus areas of relevance to this chapter include (but are not limited to): (i) the development of more refined hydrologic models for systems understanding and for utilisation in scenario modelling; and (ii) establishment of current ecological status/condition across a number of biotic and abiotic components. The geospatial team have a major supporting role in this phase of the NSSF project, achieved through two broad tasks, outlined in sections (2.1.1 and 2.1.2).

As the nature of work for the geospatial team lies primarily in technical support, the remaining sections of this chapter are organised by task and process rather than in conventional formats. Remote sensing is a long and convoluted processes, culminating in the final map products. Moreover, no analyses of maps are undertaken in the scope. Methodology would constitute the bulk of this chapter under conventional formats, which seem inappropriate for the context.    

To avoid tedious repetition, all generated maps discussed in the following sections have been lodged within the geodatabase, unless explicitly stated otherwise.

2.1.1 Remote sensing and mapping

The quality and reliability of hydrologic models have great dependencies on model setup. Critical inputs relating to the physical setting comprise elevation, streamlines and channel dimensions, which cumulatively, these govern direction and rate of above-ground flows. In urban, open systems, physical data is easily obtainable via conventional (direct) topographic surveys. The environment of NSSF represented a challenge to conventional topography due to limitations in access. Moreover, line-of-sight was greatly reduced in areas of higher tree density, constraining the efficacy of direct topographic surveys. Through application of remote sensing techniques, direct topography effort was optimised, focusing on acquiring high-resolution stream data and ground control points for validation of remote-sensing models. Photogrammetry of remote sensing imagery involves the use of digital image data in conjunction with automatic image matching techniques to produce Digital Elevation Models (DEMs) and ortho-images to act either as direct input to a GIS system or as the basis for the production of hardcopy image maps or line maps. This technology has relevance for national agencies and also scientific communities who have needs for the rapid generation such spatial products in remote areas or areas of limited physical access. 
Ecohydraulic models require approximation of evapotranspiration, which is difficult to measure in the field. For the purposes of the NSSF study, Leaf Area Index (LAI), the ratio of total upper leaf surface of vegetation divided by the surface area of the land on which the vegetation, was used as a proxy for evapotranspiration. Beyond simple applications for theoretical purposes, hydrologic and hydrodynamic models operate on spatial grids, requiring input information to be spatially compatible. Under the broad theme of remost sensing and mapping, the Geospatial team managed and quality assured the efforts of direct topographic survey, conducted remote sensing for additional data acquisition and converted all data into spatial formats suitable for utilisation by the hydrologic modelling team.

2.1.2 GIS and Geodatabasing  

Surveying and mapping activities in both phases of the NSSF project generated a great deal of spatial data. On the bases of ensuring transfer and legacy of knowledge created, all spatial data arising from Phase 1 was placed in a geodatabase. However, critical non-spatial data was also generated, particularly from baseline biotic surveys. Geographic Information Services, as GIS most currently abbreviates, enable capture, storage and retrieval, analysis and visualisation of any spatially-referenced data. As a platform, GIS is indisputably superior to other applications for the integration of diverse data from multiple sources, as evidenced by its use to address issues in widespread fields including evolutionary biology (e.g. Kozak et al., 2008), risk assessment and management (Orlando et al., 2005). At minimum, visualisation of geo-referenced data provides a spatial context and relevance, allowing for greater intuition in interpretation of data. Advances in spatial statistics and modelling enable data interpolation and formal analyses. To allow for future spatial analysis, field data generated by the efforts of other teams were also converted to GIS data formats and included in the geodatabase.

2.2 Stream mapping and characterisation

CAK surveyors were engaged to conduct direct topographic surveys in NSSF. Following quality assurance checks, the field data were converted into shape files and compiled for upload to the geodatabase. The data was then processed to generate (i) a 3D drainage network for NSSF; (ii) 1647 cross-sectional profiles along the network and these provided to the hydrological modelling team.

2.3 Elevation Maps

2.3.1 General methodology

In the present study, high resolution Tri-stereo from Pléiades satellite were used. The Pléiades images provide a rational polynomial coefficient (RPC) model which is a generic sensor model that is widely used in the processing of high-resolution satellite images. Higher accurary between image and object spaces can be achieved using accurate, well distributed 3D ground control points. Photogrammetry principles and processes will be adopted to generate the required 1 m and 0.20 m Hybrid-DEM from Pléiades Tri-Stereo Images obtained for 24 October 2014 from Airbus Defence and Space. Leica Photogrammetry Suite (LPS) / IMAGINE from ERDAS was used as stereo image processing software. LPS / IMAGINE uses a mathematical technique known as bundle block adjustment for aerial triangulation. Since large geometric distortion is associated with raw satellite imagery, self-calibrating bundle block adjustment method was employed to carry out the necessary triangulation process. By doing so, the internal geometry of each image and the relationships between overlapping images were determined. To facilitate high precision geo-positioning, a dozen precisely measured GCPs (identifiable features located on the earth’s surface whose ground coordinates in X, Y, and Z are known) were acquired through conventional survey techniques to cover the entire area of the image in a regular grid pattern. GCP measurement points were evenly distributed in the whole island area to ensure that the camera/sensor is accurately modelled.

Bundle block adjustment with high precision GCPs satisfy the requirements of topographic mapping. Built-in algorithms for check point analysis computed the Root Mean Square Error (RMSE) between modelled and measured points, providing an indication of model quality. After checking the RMSE, a raw elevation model was generated by using the triangulation process. The generated elevation model is called Digital Surface Model (DSM), which contains building heights, tree heights and other features available in the terrain. In order to create Digital Terrain Model (DTM), i.e. bare earth from the DSM, a manual filtering of the elevation was carried out to remove above-ground features. The extracted highest resolution DEM from Worldview-2 and Pléiades Tri-Stereo pair data has a vertical accuracy within 0.75m when high accurate GCPs are used. Figure 2‑1 provides an overview of the workflows for map generation from remote sensing.

[image: image5]
Figure 2‑1 Workflow for derivation of maps from remote sensing imagery
2.3.2 Collection of Ground Control Points (GCP)

Ground Control Points (GCPs) are instrumental in establishing an accurate relationship between the images in a project, the camera/sensor, and the ground. GCPs are identifiable features located on the Earth’s surface whose ground coordinates are known. A full GCP has associated with its X, Y, and Z (elevation of the point) coordinates. Horizontal GCP only specifies the X, Y coordinates, while a vertical GCP only specifies the Z coordinate. Global Navigation Satellite System (GNSS) receivers are reliable, effective and highly productive tools for determining precise position and time. To ensure positional accuracy during GCP collection, Trimble R8 GNSS receivers with real-time kinematics (RTK) were used on-site, with real-time corrections in reference to the local Virtual Reference Station (VRS) network, Singapore Satellite Positioning Reference Network (SiReNT) provided by Singapore Land Authority. Potential GCPs island-wide were first identified, ensuring even distribution to ensure that adequate compensation for satellite sensors (Figure 2‑2). Commonly used GCPs include features such as road intersections, utility infrastructure and existing survey benchmarks.  Subsequently, GCP measurements were conducted by TMSI for a total of 117 points (Figure 2‑3, Figure 2‑4), enabling high-precision geopositioning of the satellite images.
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Figure 2‑2 Potential locations identifed as Ground Control Points
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Figure 2‑3 Ground Control Point collection


[image: image7]
Figure 2‑4 Distribution of Ground Control Points

2.3.3 Aerial Triangulation (AT)

Aerial triangulation is the process of establishing a mathematical relationship between the images contained in a project, the camera or sensor model, and the ground. The information resulting from aerial triangulation is required as input for Orthorectification as well as DEM and stereo-pair creation processes. Both GCPs and tie points can be used for satellite block triangulation of a stereo scene. For triangulating a single scene, only GCPs are used. In this case, space re-section techniques are used to compute the exterior orientation parameters associated with the satellite as they existed at the time of image capture. Six GCPs are considered an absolute minimum, with ten or more recommended for a good triangulation result. AT methodology described in Figure 2‑5 was adopted for the study area and the corresponding summary report was generated with all the GCP points in the block file displayed with their X, Y, and Z coordinates and point residuals as total RMSE. Point residuals reflect the difference between the original control points coordinates and the newly estimated control point coordinates. The whole method is based on establishing a relation between the image and the terrain coordinates with traditional photogrammetric techniques. The triangulation results are then accepted after verifying the residual error which should be less than the horizontal resolution (0.5m) of image. Figure 2‑6 displays AT results of Singapore Nee Soon study area satellite stereo pairs.
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Figure 2‑5 Satellite Stereo Aerial Triangulation Work Flow


[image: image9]
Figure 2‑6 Aerial Triangulation (AT) for Nee Soon region Pléiades Satellite Tri-Stereo images

2.3.4 Digital Surface Model (DSM), Digital Terrain Model (DTM) and Digital Elevation Model (DEM) Extraction and Correction

Leica Photogrammetry Suite (LPS) with Automatic Terrain Extraction (ATE) was used to automatically extract a raw DSM from imagery. LPS-ATE compares two images and looks for the image positions of conjugate features appearing in the overlap portions of the images (digital matching). It then computes the three-dimensional (3D) position of the features in the block projection system (3D coordinate determination), generating an output DSM. The accuracy level of DSM is strictly related both to the image orientation and to the matching process. After accepting the RMSE of the control points in AT process, a refined elevation model was generated by using the triangulation process. The generated elevation model is called Digital Elevation Model which contains building heights, tree heights and other features available on the terrain. Digital Terrain Models were extracted by manually filtering off elevations above ground level. LPS ATE is able to simultaneously multiple output formats of varying density, including LAS point clouds. The dense pixel-wise matching enables highly detailed and accurate surface modelling. Figure 2‑7 displays the DSM point cloud generated for the Nee Soon Study area. 

Models were refined by incorporation of accurate break lines, manually captured using stereoscopic 3D displays. Hard break lines were used to model V-shaped changes in the 3D visible hard surface (including man made textures like buildings, bridges and all type of constructions); soft break lines were used to model U-shaped changes in visible terrain. This process removes edge-effect induced errors in the raw DSM because they interpolate elevations between two consecutive points along rather than across a distinctive terrain break. Figure 2‑9 displays the DSM break lines captured for Nee Soon region.

[image: image10]
Figure 2‑7 DSM point cloud/mesh from Nee Soon Region Tri-Stereo pairs


[image: image11]
Figure 2‑8 Raw-DSM Raster from Nee Soon area Tri-Stereo pairs


[image: image12]
Figure 2‑9 DSM Break Lines from Nee Soon area Stereo pairs


[image: image13]
Figure 2‑10 NSSF DSM in metres above reference ellipsoid 

Processed raster elevation models are originally in ellipsoidal height, but were subsequently represented with reference to mean sea level (MSL) by fitting the model to local survey datum. Singapore Land Authority (SLA) defined geoid model for Singapore (SGEOID09) as shown in Figure 2‑11 was used to convert ellipsoidal heights in all elevation models to mean sea level with reference to Singapore National Datum (SVY 21). It was imported as a thematic layer in ArcGIS and was overlaid on the generated DSM in ellipsoidal height. Using Raster calculator function in ArcGIS Spatial analyst, the ellipsoidal height DSM was subtracted from the SGEOID09 to achieve a resultant DSM with reference to MSL. Figure 2‑12 displays DSM with reference to MSL.
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Figure 2‑11 SLA defined Singapore Geoid - SGEOID09

[image: image14]
Figure 2‑12 NSSF DSM with heights in metres above Mean Sea Level (MSL)

For extraction of pure topography for DTM generation, additional editing beyond that for DSM generation is required. DTM editing captures not just break points, but also mass points, represented as X, Y and Z co-ordinates of terrain surfaces. The inclusion of mass points removes “invalid” data, i.e. not of the earth’s surface in model generation. Upon successfully defining the break lines and mass points, the DTM was extracted.  Figure 2‑15 displays extracted breaklines and mass points from the stereo image and Figure 2‑13 displays the Breaklines and Masspoints for interpolation. By using ArcGIS conversion tools, the breaklines and mass points were converted as a shape file format (Figure 2‑14).  The converted shape files are then imported in ArcGIS 3D analyst in order to create TIN (Triangulated Irregular Network) by interpolating elevation values from the breaklines and mass points. The TIN file was then converted as Raster layer with resolution of 1 m, by using the Singapore coastline as mask. As with DSMs, the initial DTM was in ellipsoidal height (Figure 2‑15), and subsequently converted to height with reference to mean sea level (Figure 2‑16) in a similar manner.

[image: image15]
Figure 2‑13 DTM Break Lines used in model refinement.


[image: image16]
Figure 2‑14 Digital Terrain Model (DTM) Break Lines and Mass Points, visualised in ArcGIS format 


[image: image17]
Figure 2‑15 NSSF DTM in metres above surface ellipsoid


[image: image18]
Figure 2‑16 NSSF DTM in metres above Mean Sea Level (MSL)

2.3.5 Model accuracy and validation

The accuracy of DEM is subjected to many factors such as number of sampling points, spatial distribution of sampling points, the method used for interpolating surface elevation, the propagated error from source data and other factors. Validation of high resolution digital elevation model is done using valid statistical measures to estimate errors like Root Mean Square Error (RMSE) and Standard Deviation. Root Mean Square Error is expressed as given in  Equation 2‑1 and was used for estimating overall error distribution of the elevation models. 
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 Equation 2‑1 

Where: 
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 - refers to the [image: image24.png]


 value of interpolated elevation, 
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 of known or measured elevation and
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 - is the Number of sampling points

In this case [image: image32.png]


 are the point values extracted from DEM and [image: image34.png]


 refers to Z value of surveyed points collected by professional surveyors.
All elevation models were validated against elevation measured by Regional Survey Consultants (RSC) at Independent Check Points distributed in clusters around Singapore. Overall RMSE of complete Nee Soon study area for the DSM and DTM are came out to be 0.69 m and 1.15 m, respectively (Figure 2‑17 & Figure 2‑18).

[image: image35]
Figure 2‑17 NSSF DSM validation against surveyed Points


[image: image36]
Figure 2‑18 NSSF DTM validation against surveyed points

Because much of the study area is densely forested, a number of validation points were obscured. DTM query was made to find out the number of points that are either greater than 1.5 meter of less than -1.5 meter to get an estimate of discrepancy in data. There are 808 such points which have a difference of more than 1.5 meter from the measured point out of 3848 points which makes only approximately 21% of data with high discrepancy which makes the resultant DTM is considerably accurate despite obscured areas.
2.3.6 Hybrid DEM generation

All the alignment improved DEM derived from Topographic survey were merged with DEM derived from photogrammetry technique to form a Hybrid DEM in ERDAS imagine software. Methodology for generating Hybrid DEM is given by the below flow chart as shown in Figure 2‑19.

[image: image37]
Figure 2‑19 Flow chart of methodology for generation of NSSF Hybrid DEM


[image: image38]
Figure 2‑20 NSSF Hybrid DTM. Heights are in metres above MSL.

2.4 Leaf Area Index (LAI)
A map of Leaf Area Index (LAI) over NSSF was generated by first creating a vegetation map categorised on density of canopy cover. Manual classification of stereo images into category polygons was based on canopy descriptions provided in Tan and Sia (2010). The resulting map (Figure 2‑21) was convereted to a shape file as a thematic layer. 


[image: image39]
Figure 2‑21 Vegetation Map

To obtain tree heights within each polygon in the vegetation map, a Normalized Digital Surface Model (nDSM) was accordingly generated by subtracting the Digital Terrain Model (DTM) from the digital surface model (DSM). nDSM is the digital representation of the absolute elevation of the objects above the ground level (DTM). This procedure simplifies the distinction between elevated and non-elevated objects, and permits direct measurement of object heights. Based on the resulting map (Figure 2‑22). Based on the classified vegetation map an average value of LAI was assigned using values in Tan and Sia (2010) and added into the attribute table for each polygon. Figure 2‑23 shows the LAI derived from Tri-Stereo Satellite image. 


[image: image40]
Figure 2‑22 NSSF map of Tree-Canopy Heights


[image: image41]
Figure 2‑23 Leaf Area Index (LAI) derived form Satellite Tri-Stereo

2.4.1 Validation of Leaf Area Index (LAI)

The accuracy of LAI is subjected to many factors such as number of sampling plots, spatial distribution of sampling plots, the propagated error from source data and other factors. Validation of high resolution LAI is done using valid statistical measures to estimate errors like Root Mean Square Error (RMSE). Satellite-derived LAI was validation against LAIs estimated from GLASS – MODIS (Figure 2‑24) and those derived using CAN EYE-v 6.1 (f-22,60) methodology for fixed plots in NSSF by the vegetation team Department of Biological Sciences (DBS), NUS (Figure 2‑25).

[image: image42]
Figure 2‑24 LAI Validation against LAIs estimated from on GLASS-MODIS


[image: image43]
Figure 2‑25 LAI Validation agaist Vegetation Plot’s LAIs estimated from CAN EYE(CE-V6.1)

2.5 OrthoPhoto Generation

Rectification is the process of projecting the data onto a plane and making it conform to a map projection system. Assigning map coordinates to the image data is called geo-referencing. Since all the map projection systems are associated with map coordinates, rectification involves geo-referencing. The Ortho rectification process removes the geometric distortion inherent in imagery caused by camera/sensor orientation, topographic relief displacement, and systematic errors associated with imagery. Ortho photos are the ideal reference image backdrop necessary for the creation and maintenance of geographic information contained within a GIS database. Resulting in planimetrically correct images representing ground objects in their true, ‘real world’ X and Y positions. The DEM data set also forms part of the base data required for the Ortho rectification process. First an Ortho-image has been generated from each individual Level 1B stereo-pair; later, these have all been merged together. When there are no obvious joins visible between the individual component images.
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Figure 2‑26 Nee Soon  region 1A  Ortho-Image                Figure 2‑27 Nee Soon  region 1B  Ortho-Image
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Figure 2‑28 Nee Soon region Left & Right image’s 1m resolution Ortho Photo generated using DTM

In this respect, the images had all been taken within a quite short time period, two to three months apart. Furthermore, this desert area lacks the seasonal changes in vegetation which might give difficulties elsewhere when the stereo-pairs were acquired at different times in the growing cycle. Regarding the geometric accuracy of the final Ortho-image, a check was carried out by measuring quite independently on the Ortho-image by using the GCPs. 


[image: image47]
Figure 2‑29 Ortho Photo of Nee Soon of  0.5 m resolution generated using DTM

The vector plot of the individual residual errors resulting from the comparison showed a completely random distribution with no systematic components. This confirmed the excellent results of the whole process in geometric terms as well as in qualitative terms. Figure 2‑29 displays the ortho photo of 0.5 m resolution generated using digital terrain model (DTM) generated in the study. 

2.6 Nee Soon Geodatabase

Centred on the data gathered a file geodatabase is established using ESRI's ArcGIS Platform. The Geodatabase created forms the Nee Soon Freshwater Swamp - Geographical Information System (GIS) which helps to organise, manage and analyse  data spatially (geo-referenced) and non-spatially pertaining to the study. The version and components of ArcGIS used for this study is “ArcMap, ArcToolbox and ArcCatalog in ArcGIS Desktop 10.1”.

2.6.1 An Overview

In order to establish a geodatabase for the management of spatial data in the Nee Soon freshwater swamp project the version of ArcGIS utilised was ArcGIS 10.1 for desktops. ArcGIS is a proprietary GIS suite of systems developed by ESRI (Environmental Systems Research Institute) .The ArcGIS suite's components include ArcMap, ArcCatalog and ArcToolbox, which allow users to author, analyse, map, manage, share, and publish geographic information. ArcGIS works with geographic information managed in geodatabases as well as in numerous GIS file formats. The geodatabase is the native data structure for ArcGIS and is the primary data format used for editing and data management. Geodatabases work across a range of database management system (DBMS) architectures and file systems, come in many sizes, and have varying numbers of users. They can scale from small, single-user databases built on files up to larger workgroup, department, and enterprise geodatabases accessed by many users. 
File Geodatabase

A file geodatabase is a collection of geographic datasets of various types held in a common file system folder. As number and size of datasets increased it was considered that the thematic layers and datasets gathered for Nee Soon project be restructured into a file geodatabase (FGDB). A file geodatabase simply offers greater structural, performance, and data management advantages over solely using a collection of shapefiles which may be located in many different folders (Table 2‑1).

Table 2‑1 Advantages of using A File Geodatabase - taken from: The Top 9 Reasons to use a File Geodatabase by Colin Childs, ESRI Education Services
[image: image48.png]Structural

W

. Improved versatilty and usability
. Optimized performance
. Fewsize limitations

Performance

. Easy data migration

Improved editing model

. Storing rasters in the geodatabase

Management

PSS

. Customizable storage configuration
. Allows updates to spatial indexes
. Allows the use of data compression





The File geodatabase contains three primary dataset types:

· Feature classes (point, line  and polygons)
· Raster datasets

· Tables (Non Spatial and Spatial)
The benefits of using file geodatabases lie the capacity for storing huge datasets with fewer size restrictions and parsimony of keeping essential project files together. Field names can also be longer in length and multiple feature classes as well as both vector and raster formats can be stored within the geodatabase and it is operating system independent can be opened in UNIX and LINX Operating System also (see Table 2‑2).

Table 2‑2 File geodatabase parameters - taken from: The Top 9 Reasons to use a File Geodatabase by Colin Childs, ESRI Education Services
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2.7 Nee Soon geodatabase workflow

The data generated by the various teams in the NSSF project took on diverse forms, including spatial as well as non-spatial data. Non-spatial data took the forms of Microsoft Excel workbooks, geo-tagged photographs and text files, which needed to be projected and converted to spatial formats. Geographic Co-ordinate Reference Systems (CRS) and co-ordinate systems for spatial data were frequently also inconsistent. As such, data handled to encure compatibility across the database. Figure 2‑30 provides a schematic for the workflow from receipt of data to geodatabase maintenance.

[image: image50]
Figure 2‑30 Showing workflow for establishing a file geodatabase for Nee Soo freshwater swamp project
2.7.1 Data 

Data was received from the Field Hydrology and Geomorphology Team, Mapping, Data Management and GIS Team, Vegetation Ecology Team, Faunal Ecology Team and Numerical Modelling Team, as well as from external surveyors.

2.7.2 Projection

Data collected is in an unknown projection system necessitates redefining to an appropriate projection system. Data for the Nee Soon Freshwater swamp project was reprojected to Geographic Coordinate System:  GCS_WGS_1984 and uses decimal degrees. By using the ArcToolbox module - Data Management ‘projections and transformations’ tool, projection information can thus be applied to either ‘feature’ or ‘raster’ shapefiles to add to new projection information which is consistent in all the thematic layers (Figure 2‑31).


[image: image51]
Figure 2‑31 Using ArcToolbox for reprojecting shapefiles

A new file geodatabase for Nee Soon was generated and renamed using ArcCatalog with the file extension .gdb (see Figure 2‑32).
2.7.3 Importing all the raw shapefiles:

Shapefiles are added into the file geodatabase using ArcCatalog to import all the (raw) shapefiles. In Figure 2‑32, the lower window of ArcCatalog screenshot shows all of the current shapefiles stored within the Nee Soon freshwater swamp forest file geodatabase. There are 68 datasets at this point in time. The symbols next to each dataset layer name indicate whether it is a point, line, polygon or raster shapefile.


[image: image52]
Figure 2‑32 Using ArcCatalog to import shapefile into the file geodatabase. Note, bottom window shows all the shapefiles within the Nee Soon freshwater swamp forest geodatabase.

2.7.4 Symbology
Symbology is critical for making the map layers more easily understood. Cartographic effects and symbology were created for the thematic layers. Some updates to the symbology used in the geodatabase were necessary in order to conform to universally accepted features and eliminate ambiguity. Where symbols are not standardised in current cartography texts or resources for representing particular items, such as a piezometer location, then new symbols were devised and adopted in the Nee Soon geodatabase in order to help differentiate between different point-based symbols (Figure 2‑33). ArcMap is the main component of the ESRI suite to use primarily in map creation and defining symbols accordingly. See Figure 2‑34 for symbols used in Nee Soon freshwater swamp forest file geodatabase.

[image: image53]
Figure 2‑33 Preview of symbology styles used in the NSSF geodatabase


[image: image54]
Figure 2‑34 Symbology used in NSSF geodatabase

2.7.5 Metadata:

Metadata is a summary document providing content, quality, type, creation, and spatial information about a data set. It can be stored in any format such as a text file, Extensible Markup Language (XML), or database record. Because of its small size compared to the data it describes, metadata is more easily shareable. By creating metadata and sharing it with others, information about existing data becomes readily available to anyone seeking it. Metadata makes data discovery easier and reduces data duplication. ESRI stores metadata with the data set it details and may additionally index metadata in a central database for sharing. ESRI software uses the XML standard for metadata processing. Metadata can describe GIS data, a GIS Web service, or an online metadata catalog. 

Official standards organizations define metadata standards. By adhering to common metadata standards, organizations are more able to share data. An important standard in the United States is the FGDC Content Standard for Digital Geospatial Metadata, first published in 1998. The International Organization for Standardization has also created a spatial metadata standard. For both the FGDC and ISO standards, ESRI provides a set of tools including a metadata editor, style sheets or templates for metadata and a synchroniser that automatically records a dataset’s properties in the appropriate metadata elements for the standard of choice. Metadata for the Nee Soon freshwater swamp project follows current best practice ISO standards i.e  ESRI North American Profile ISO 19115 2003. See Figure 2‑35 for Metadata Style used in Nee Soon freshwater swamp forest file geodatabase
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Figure 2‑35 ESRI North American Profile ISO 19115 2003

Meta data Creation

The ArcGIS ArcCatalog application is used for creating and authoring metadata. It automatically captures some core metadata and updates metadata automatically when possible. For example, spatial extent and coordinate system can be automatically supplied. ArcCatalog automatically attaches metadata to the data set to ensure integrity. ArcCatalog will fill in as much information as it can using the data's properties. When the data changes, for example, when a new attribute has been added, the ArcCatalog automatically updates it with the new information the next time the metadata is accessed. See Figure 2‑36 to Figure 2‑38 for screenshots of stages in the process.
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Figure 2‑36 Preview of metadata view in ArcCatalog for Nee Soon freshwater swamp forest file geodatabase
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Figure 2‑37 Preview of metadata entery in ArcCatalog
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Figure 2‑38 Preview of metadata In ArcMap –Nee Soon Digital Surface Model Raster.
2.7.6 Summary of NSSF geodatabase

Nee Soon file geodatabase is a single centralised location with metadata which gives information on the ownership and authorisation of data. Currently, the file geodatabase contains 68 layers of both raster and feature layers. Using ArcMap related layers are categorized as groups shown in Table 2‑3. 

Table 2‑3 Group Layers in Nee Soon freshwater swamp forest file geodatabase
	Group Name
	Layers

	Gauges
	Piezometer

	
	Sondes

	
	Water sample points

	
	HydroVegetation station

	Stream Network
	Streamline

	
	Stream centrepoints

	
	Stream photo

	
	Profile 2014

	
	Drain network 3D 2014

	
	Xsection line 2014

	
	Xsection point2014

	Restricted Area
	Firing range

	
	Restricted Area

	Vegetation
	Swampforest extent (GEOteam)

	
	Swampforest extent (Modelling Team)

	
	Tree photo

	
	Tree 2014

	
	Tree DBH

	
	Tree plot

	
	Vegetation Plots

	
	Leaf Area Index (Hi Resolution)

	
	Leaf Area Index

	Fauna
	Fauna Plots

	
	FE_SamplingPts

	Topographical Features
	Road 2014

	
	Bollard 2014

	
	Concrete Lining 2014

	
	Corner of Column 2014

	
	Drain Features 2014

	
	Fence 2014

	
	Filter 2014

	
	Guardrail 2014

	
	Inspection Chamber 2014

	
	Line Work 2014

	
	Sump 2014

	
	Wooden Pole 2014

	
	Wall 2014

	
	Water Valve 2014

	
	Water Pipeline 2014

	
	Near Bamboo Veg 2014

	Nee Soon boundary
	Nee Soon Catchment boundary

	
	Catchment Phase2 (old)

	DEM
	NS_DTM_1m_Ver2 (new)

	
	Topo drainage DEM

	
	ns2_DEM (older)
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Figure 2‑39 Preview of group layers in ArcMap
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3 Field Hydrology and Geomorphology 

Alan ZIEGLER, Robert WASSON, Swe Hlaing WIN, Canh Tien Trinh NGUYEN, Meng Hwee LIM, Sebastian Ignacio CANTARERO David Laurance HIGGITT, Ruixiang Daryl LAM, Khairun Nisha Bte Mohamed RAMDZAN, Karishmaa PAI, and Jiaqi YUEN

3.1 Preface

The results presented in this chapter represent a work in progress, and are subject to change following the incorporation of new results from on-going analyses.

3.2 Introduction

Building from a prior initial assessment of the hydrological and geomorphological processes in Nee Soon Catchment, this second phase endeavored to establish baseline conditions of several important variables that would be useful for (a) monitoring future changing conditions in the catchment; (b) establishing a timeline of negative impacts in the past; and (c) informing management decisions to preserve current, or repair to some undetermined, hydrological and geomorphological state.  Thus, the specific goals of this research package were to determine the following:

1. Significant land-cover/land-use changes in the catchment.

2. Background denudation and erosion rates.

3. Annual fluxes of sediment and dissolved constituents.

4. Areas of likely anthropogenic contamination.

5. Baseline soil physical hydro-geophysical processes.

6. Areas for potential management interventions.

3.3 General Overview of Nee Soon Catchment

3.3.1 Geography

The Nee Soon Study Area is a 7.55 km2 conservation site in the heart of Singapore’s Central Catchment (Figure 3‑1). Harbouring the last remaining fresh water swamp forest (Nee Soon Swamp Forest), Nee Soon is considered one of the most important conservation sites in Singapore 
 ADDIN EN.CITE 

(Corlett, 1997; Ng and Lim, 1992; Wee and Ng, 1994)
. The reserve area is bounded by the Upper Seletar Reservoir to the north, and the Upper/Lower Pierce Reservoirs to the south. The modest topographic relief of the area ranges from about 14 m (above sea level) in the lower catchment to as high as 80 m in the upper catchment, where dryland forests occupy several small, shallow-sloping valleys.
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Figure 3‑1 Topographic map of Nee Soon Study Area
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Figure 3‑2 Hydrological catchment of the Nee Soon Reserve.

The Nee Soon Hydrological Catchment (spanning 5 km2) includes a 3rd order stream system flowing from southwest to northeast, draining into the Seletar River (Figure 3‑2). Several 1st and 2nd streams feed the main channel in both the upper and lower catchment. For this investigation, the catchment is divided into eight functional units (Figure 3‑2): Lower 1, Lower 2, Lower 3, Mid 1, Mid 2, Mid 3, Upper 1, and Upper 2. Streams draining from the upper catchment are modest in gradient (~5°) and deposit generally coarse material composed of sandy loams. The main channel and shallow sloping tributaries (2-3°) in the lower catchment transport finer grained clay loams. The channel drains to where the dammed river mouth forms the Upper Seletar Reservoir and flows out the Seletar River into the Lower Seletar Reservoir (Figure 3‑2).

Additional man-made features within and around the Nee Soon Reserve study site include the Mandai Executive Golf Course and the high-volume Seletar expressway (SLE), both located in the north and northwestern corners of the area. Importantly, two operational firing ranges with restricted access are located in the lower catchment. Another former firing range is located a few hundred meters east of these ranges.  Much of the lower catchment may have been used for military training at one time (based on consideration of historical maps).  In addition, a water pipeline bisects the lower catchment to exchange of water between the Upper Seletar Reservoir to the Lower Peirce Reservoir. These activities likely influence the hydrological and geomorphological processes in the study area (discussed below).

3.3.2 Geology and Soil

The geology throughout Nee Soon Reserve is composed (almost) entirely of the Triassic Bukit Timah Granite. A small component of the recent alluvial deposits situated in the lower stream network is termed the Kallang Formation (Public Works Department, 1976), but it is not clear if this represents a unique geologic unit. The Bukit Timah Granite contains granodiorite inclusions and forms a batholith in the center of Singapore. The granite composed of mostly quartz and feldspars with small components of hornblende and biotite. The late Pleistocene and early Holocene deposits of the Kallang formation contain five members that range from fine marine sandy muds to estuarine muds, alluvial sands and muds, an organic rich clay member, and finally a sandy littoral member.

The vast majority of the soils in NSSF are highly weathered residuals of the acidic Bukit Timah Granite (Rengam series) and form kaolinite- and illite-rich clays, a result of the hot and humid climate of Singapore (Figure 3‑3). These soils have been described as acidic (pH 3.5-4) and nutrient poor Ultisols with high clay and sand fractions (Chia et al., 1991; Ives, 1977). A small portion of NSSF contains soils derived from Holocene alluvium (Ives, 1977). They are made distinct primarily by organic content and grain size. For example, the Tengah series is composed of black or dark brown loams overlying gray clays with blocky structures and yellowish mottled features. The Jurong series is characterised by dark brown sandy loams overlying variations of peaty loams with organic rich clays and sulfurous sandy loam.
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Figure 3‑3 Spatial distribution of the highly weathered soils of the Bukit Timah Granite and the Kallang Alluvium formations in the Nee Soon study area.  All underlying rocks are believed to be Bukit Timah Granite (Ives, 1977).

3.3.3 Hydrology 

The water budget of the Nee Soon catchment is driven primarily by precipitation. Both the stream water level and discharge are dependent on moderate seasonal variations in rainfall. During two monsoon seasons (late March to May and October to early January) rainfall increases water levels in the swamp and discharge in the stream channels.  Mean yearly rainfall in this area of Singapore is 2,200-2,400mm (Rahman, 1991). In addition, evapotranspiration processes exporting moisture from the soil, vegetation, and bodies of water to the atmosphere can cause noticeable diurnal variability in the partitioning of water in the hydrological budget (Zuzao and Pleguezuelo, 2007). Furthermore, the construction of large reservoirs in proximity to the Nee Soon catchment may influence the water table within the catchment (see Chapter 7).

Streams in the upper and mid catchments feeding the main channel are typically not as wide or as deep as the main channel in the lower catchment (Figure 3‑4). Many are ephemeral or intermittent, but channels in the upper catchment contain flow year-round, indicating a significant groundwater source that returns to the surface via springs. Exfiltration contributes to the relatively wet, water-logged conditions that persist in the swamp forest throughout the year.  This phenomena was observed in dry years 2014 and 2015, when swamp forest soils remained wet, while many streams were desiccated (observed by our team members). 
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Figure 3‑4 Various streams from NSSF: Upper catchment (A,B), Lower Catchment near firing range (C), Nee Soon Outlet under normal conditions (D), Nee Soon Outlet under flooded conditions from Upper Seletar Reservoir (E).

Another factor affecting surface hydrology of the NSSF occurs downstream where the NSSF stream merges with the Upper Seletar Reservoir drainage canal. When the floodgates of the Upper Seletar Reservoir are opened, release water flows up the main channel of NSSF, flooding the lower catchment.  The reverse flow transports sediments, nutrients, and biota into the swamp and up the stream network for short periods of time.  However the stream flow returns to normal typically within one day. Flooding typically occurs most often during the wet season (weekly). This phenomenon is a by-product of controlling the water level and movement between the two reservoirs—an activity that has been on-going for decades, and thus the extent of its impact, if any, is unknown.

3.3.4 Vegetation

The diversity of vegetation in Nee Soon Catchment is a function of topography, hydrological conditions, and the degree of disturbance.  Once likely pristine forest (ca 150-200 years BP), the catchment now contains variable amounts of primary, old, and young secondary dryland forests, patches of shrubs and ferns, as well as swamp forests. Primary and old secondary forests are distributed throughout the upper catchment where the soils are relatively dry (Figure 3‑5).  The tracts of primary forest are isolated and small (~0.37 km2 in total). The large patches of old secondary forests (1.82 km2) have lower diversity, a result of past anthropogenic disturbance. Nevertheless, some of the disturbance sites have recovered to a greater extent than the less abundant young secondary forests (0.79 km2). Much of the upper catchment was converted to agriculture 100-150 years ago, but has been in a state of recovery since 1989 (Win et al., 2015). The swamp forest is restricted to the lower catchment near or along shallow sloping streams and areas that experience frequent inundation. The swamp forest covers an area of only ~0.91 km2. The remainder of the area consists of shrubs or ferns (0.45 km2), golf course and recreational areas (0.12 km2), and various disturbed lands (pipeline, pumping stations, firing range and road 0.32 km2).

The large trees of the remnant primary forest mainly dipterocarp species with members of the Dipterocarpaceae and Burseraceae families dominant. The secondary forests are commonly composed of Myrtaceae with a varying successional gradient ranging from light-demanding pioneers such as Theaceae and Euphorbiaceae, to thicker canopies composed of Guttiferae and Lauraceae (Corlett, 1997). Patches of ferns, composed mainly of Dicranopteris, are commonly associated with shrubs such as Melastomatacaea, Dilleniaceae, and Theaceae.  This association dominates open areas, possibly persisting due to soil nutrient loss as a result of prior agriculture activities.

The swamp forest vegetation is found in the lower catchment along and around perennial and intermittent streams cutting through lands with longitudinal slope less than 4° (O’Dempsey and Chew, 2011). Periodic to semi-permanent flooding, in addition to ponding cause by organic debris dams and small depressions, produces water-logged soils that have accumulated peat-like material composed of partially decomposed plant remains. The slow-moving and slightly acidic water promotes the development of swamp forest flora, some with stilt roots (Sapotaceae and Annonaceae) or pneumatphores (such as Celastraceae). Further, the swamp forest supports an exceptionally high diversity of freshwater organisms.

[image: image64.jpg]Legend
N Primary Foros °F)

I 0 Secondary Forest (05)
[N Young Secondary Forest (¥S)
[ Svar Forest (SuF)

T v Fers 7)

ol course Grass land (G)
[ Oteriand (01)

[ cotshment

[ s soundary

—— stream

——— Road and Steet





Figure 3‑5 Land use and land cover in Nee Soon Catchment: Primary forest (0.37 km2, 7.71%), Old Secondary Forest (1.82 km2, 37.91%); Young Secondary Forest (0.79 km2, 16.81%); Freshwater Swamp forest (0.91 km2; 18.95%), Shrubs or Ferns (0.45 km2, 9.47%); and Golf Course/Grassland (0.12 km2, 2.5%). Other Land use, including pipeline, pumping stations, firing range and road (0.32 km2, 6.66%).

3.4 Methods and Materials

3.4.1 Hydrological measurements 

3.4.1.1 Stream Water Level and Total Suspended Solids 

Water level and Turbidity measurements were taken at three points along the stream channel in the catchment: Sonde-Upper, Sonde-Mid and Sonde-Lower (Figure 3‑6,). At each location, a 6920 V2-1 multi-parameter probe (YSI Inc, Yellow Springs, OH, USA) was installed to record the water level of the stream at 30-min intervals (Figure 3‑7). These data were retrieved every month. At the Sonde-Lower location, the stream dimensions were measured and the cross sectional area was determined to estimate stream discharge calculations.   

Stream water samples were collected every month from the three stations in 330-ml polypropylene bottles to determine total suspended sediments (TSS). In addition, a Teledyne ISCO (Teledyne Technologies Incorporated, Thousand Oaks, C, USA) auto-sampler was installed at the Sonde-Lower location set to automatically acquire samples during storm events.  Sample was triggered by rises in the water level to above 80cm from the stream bed. Once triggered, the sampler collected 500-ml samples 1 hour interval for 24-hours period. Samples were retrieved every 1-2 weeks. 

All water samples were filtered through GF/F 47mm 0.7µm micro-fiber filter paper. The filters and residue were dried in an oven at 60°C for 3 days before mass determinations. Total suspended solid concentrations were determined as: 
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(3.1)

where m is the mass of the residue trapped on the filter (mg); and v is the volume of the water sample (L).

3.4.1.2  Stream Discharge

An Acoustic Doppler Current Profiler (ADCP) was installed at the Sonde-Lower stream site to record the stage of stream. This data is used to adjust the stage data from the Sonde further downstream. We employed Manning’s Equation (3.2) to estimate the discharge of the stream using flowmeter velocity measurements, the stream cross sectional area, and previously described water depth logs (Leonard, 2000):
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(3.2)

where V is the cross-sectional average velocity (m/s), n is the Manning coefficient of roughness, Rh is the hydraulic radius (m), and S is the slope of the water surface or the linear hydraulic headloss (m/m). The Hydraulic radius (Rh) is obtained from the dividing the wetted area by the wetted perimeter of the stream channel. The roughness coefficient (n) was determined by stream characteristics and set at 0.028 for this stream (Powell, 1978). Flowmeter measurements and corresponding water depths measured at Sonde-Lower were used to derive the slope of the channel (0.000265 m/m). Once the slope of the channel was calculated, water depth data provided by the Sonde-Lower logs was sufficient to calculate the stream velocity at 30 minute intervals. Discharge is calculated by multiplying the stream velocity with the wetted area at these intervals.

3.4.1.3 Groundwater Measurements

A total of 13 piezometers and 1 barometer were installed in the catchment in February of 2012. The piezometers were used to monitor the depth of the ground water at hourly intervals; and the barometer was used to determine atmospheric pressure to compensate the piezometer measurements (i.e., remove the atmospheric pressure signal). The piezometers were installed at the headwaters of the major tributaries and at major confluence points. SEBA Hydrometrie data logger dippers were installed in ten of the piezometers (DP1-10). Three Schlumberger Water Services Diver Piezometers were installed in piezometers GP1, 2, and 4. Lastly, a Schlumberger Water Services Barometer was installed in piezometer GP3 (Figure 3‑6). 

For installation, a hole ranging from 2 to 3.5 meters, depending on site conditions and the groundwater table, was dug at each piezometer site. A PVC pipe was installed in each hole to prevent collapse.  A cap was then placed over the pipe opening to keep rain and wildlife out. The probes were set at a depth of 2 meters. Data were downloaded every 3 months and passed to the TMSI modeling team. The probes were periodically monitored to ensure proper function and faulty probes were brought back for repairs or replacement. The piezometers malfunctioned frequently during the course of the study.
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Figure 3‑6 Location of all piezometer and water level/turbidity deployments (via Sondes).
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Figure 3‑7 Sonde deployment sites: (A) Upper Sonde; (B) ADCP Site and lower Sonde Location; (C) MidSonde during the wet season; (D) Mid Sonde during the dry season; and (E) Lower Sonde.

3.4.2 Stream and Groundwater Water Geochemistry

To determine water chemistry, stream water samples were collected along the major tributaries at ~100m spacing as well as adjacent to all piezometer sites at various times of the year. In addition, groundwater samples were collected at each piezometer site when conditions permitted. All sampling was completed within a week to minimise any effect of temporal changes in the catchment. 

Surface and subsurface water samples were analysed for pH, electrical conductivity (EC), ionic content, selected heavy metal concentrations, total organic carbon (TOC), and oxygen isotopic composition. For the latter, 10ml of water collected, sealed with Parafilm, and refrigerated until sent to the University of Saskatchewan, Canada, for analysis of oxygen isotopic composition. All analyses were performed using isotope ratio infrared spectroscopy (LGR OA-ICOS CA, USA) at McDonnell Watershed Hydrology Lab. Laboratory precision at both University of Victoria and McDonnell Lab was ±1‰ and ±0.2‰ δ2H and δ18O, respectively.

The 330-ml stream and groundwater samples were filtered through 47-mm GF/F 0.7-µm glass microfiber paper as previously mentioned. Specific conductivity measurements were made using an YSI 556 Handheld Multiparameter Instrument; pH was measured using an Orion 3 star pH meter. Two sets of 10ml from each sample was poured into sterilized vials for ion determination by the Dionex ICS-5000 ion chromatography. Total Organic Carbon in the water was measured using an Elementar Vario TOC cube analyser with 12-ml of sample in sterilized glass vials. Samples were replicated 3 times. All analyses were performed in the NUS Department of Geography GEOLAB.

Stream samples collected at 100m intervals along the main stream channel and its major tributaries were analysed for dissolved heavy metal concentrations.  The 50-ml samples were filtered using 0.45-µm sterilised Minisart filters, transferred to 15ml Fisher Scientific virgin polypropylene centrifuge tubes, acidified with concentrated (65%) ACS grade nitric acid, and diluted to solution of 2% HNO3. The acidified samples analyzed via PerkinElmer Optima 8300 induced coupled plasma optical emissions spectrometry (ICP-OES) for 18 elements (Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Sr, Ti, Zn) according to EPA Method 200.7 (Maxfield and Mindak, 1985). PerkinElmer Pure Plus multi-element calibrations standards were gravimetrically prepared to ranges from 0.1 to 10ppm and used to develop a linear regression between individual analyte intensity and concentration. These linear regressions are applied to intensity measurements of sample unknowns for each element to calculate concentrations.

3.4.3 Soil Studies

3.4.3.1 Soil profiles

A transect of 11 soil profiles were excavated within the upper catchment of NSSF spanning from hilltop to valley floor (Table 3‑1). Soil samples were collected from these profiles at roughly 5-10 cm intervals for analysis of total organic carbon (TOC), pH, bulk density, and heavy metal concentrations (Ba, Ca, Co, Cr, Cu, K, Mg, Mn, Na, Ni, Pb, Sr, Ti, V, Zn, Al and Fe). Additional soil profile samples, at depths of 5, 25, 45, and 95 cm, were collected to determine potential anthropogenic effects were sampled in proximity to various man made locations, including the pipeline, the firing range, recreational lands, the expressway, and the secondary forest.

Table 3‑1 Samples collected from 11 soil profiles extending along a transect in the upper catchment. S1-7 refer to samples at the listed depths (cm); T1-7 refers to the transect location.

	Soil Profile
	T-1
	T-2
	T-3
	T-4
	T-5
	T-6
	T-7
	T-8
	T-9
	T-10
	T-11

	S1
	14.5
	12
	10
	3.5
	4
	3
	11.5
	9.5
	5.5
	4
	7

	S2
	20
	19
	15
	9.5
	12
	8
	18
	15.5
	13.5
	10.5
	13.5

	S3
	35
	26.5
	23
	17
	18
	16
	24.5
	23.5
	21.5
	18.5
	20.5

	S4
	21.5
	34
	29
	22
	25.5
	28
	29.5
	30
	28.5
	24.5
	26.5

	S5
	37
	45
	36.5
	29
	33
	36.5
	37
	39.5
	34.5
	32.5
	31.5

	S6
	
	
	42
	37
	
	
	43.5
	
	40
	39.5
	37.5

	S7
	
	
	
	
	
	
	
	
	46.5
	45.5
	


Soil bulk density was determined from a total of 98 soil profiles using a 98 cm3 volumetric ring (Bashour and Sayegh, 2007). Samples collected a various depths in the profile were dried in oven at 105 0C for 24 hours, the bulk density was calculated as the ratio of soil dried mass to volume of soil. Soil pH was measured by shaking soil samples in a 1 N KCl salt solution with a soil/solution ratio of 1/2.5 for 2h (Reeuwijk, 2002). The pH of the solution was then measured using a pH meter with accuracy 0.1 unit. Total organic carbon (TOC) was determined using an Elementar vario TOC cube Analyser after the removal of inorganic carbon via acid fumigation (Harris et al., 2001). Approximately 30g of ground soil was placed in open Ag-foil capsules. To “simulate” the soil moisture at field capacity, 50 µl of deionized water was added into the capsule. The sample was placed in a desiccator for fumigation containing a 100ml solution of 37% HCl for 6 hours. The capsule was dried, weighed, packed and analyzed for TOC. 

Heavy metal concentrations of the soil profiles were analyzed using the microwave assisted EPA 3051a method (USEPA, 1997). Samples of ~0.5g were digested in 9ml of 65% HNO3 and 3ml of 37% HCl  using a microwave digester ( E = 1000W; Temperature = 180 0C )for a total time of 55 minutes. Following cooling, the digested solutions were centrifuged at 3000 rpm for 10 minutes. The supernatant was decanted and diluted 5 to 100 times for heavy metal and macro-elemental analyses respectively via induced coupled plasma optical emissions spectrometry (ICP-OES). 

3.4.3.2  Ground Penetrating Radar

A survey of the geophysical characteristics of the Nee Soon catchment was conducted in conjunction with the Earth Observatory of Singapore to establish the bedrock signal. Ground penetrating radar (GPR) provides pulsed electromagnetic waves that can be interpolated into an image of the subsurface based on differences in the signal speed and attenuation as a result of changing soils and lithologies.

Approximately 1.5 km of data were collected during the survey along the Woodcutter Trail (Figure 3‑8) using a Sensors and Software Pulse Ekko Pro system, utilizing shielded 250MHz antenna. Sample intervals were set at 0.1 m, with sampling triggered by odometer wheel. GPR data were post-processed and topographically corrected using Reflex-W software (Reflex-Win v.7.5, Sandmeier, 2007).
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Figure 3‑8 Location of ground penetrating radar surveys in the Nee Soon catchment

3.4.3.3 Heavy Metal Surveys

A total of 189 surface soil samples were collected throughout the catchment for analysis of heavy metal concentrations. Sampling locations were selected to provide complete spatial coverage throughout the catchment to determine underlying distribution patterns. After initial analysis revealed an abundance of high concentration sites in the lower catchment, the sampling scheme focused on distinguishing the concentrations within and outside this enrichment zone. Many sites within the enrichment zone are considered anthropogenically impacted, containing activities that may produce heavy metal contaminants (e.g., golf course, military shooting ranges, expressway). Some sampling sites in the dryland forest in the outside zone were chosen in close proximity to one another or along transects to investigate particular phenomena related to metal distribution along hillslope profiles (Figure 3‑9).
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Figure 3‑9 Locations of soil profiles and surface soil samples.

Among the 189 surface samples, 34 subsurface samples were collected to determine the metal concentrations down to 1m and provide a context for metal distribution in surface soil (at depths of 5, 25, 45, and 95 cm). For all sampling sites approximately 500g was collected from the soil A horizon using a stainless steel spade washed with deionized (DI) water and stored in zip-lock bags. Following collection, samples were air dried and pulverized by hand with mortar and pestle. Prior to analysis, all equipment and containers were soaked overnight in ~1M HNO3 and rinsed thoroughly with DI water. A soil splitter was used to ensure soil homogeneity.

An additional 140 soil samples were collected with the use of a soil auger to compare heavy metal concentrations at varying depths (0-10cm, 20-30cm, 40-50cm, and 90-100cm). The auger was rinsed with water in between soil collections and samples were transported in plastic resealable bags for subsequent analysis.

Pulverized samples were processed using a geochemical four‐acid digestion protocol to determine heavy metal concentrations at AcmeLabs (Vancouver, Canada). An approximately 0.25 g sample was digested to complete dryness with an acid solution of (2:2:1:1) H2O‐HF‐HClO4‐HNO3. Fifty percent HCl was added to the residue and heated using a mixing hot block. After cooling, the solutions were transferred to test tubes and brought to volume using dilute HCl and measured for heavy metal concentrations via induced coupled plasma mass spectrometry (ICP-MS). Metal oxides (i.e. Al2O3, Fe2O3) were determined using a lithogeochemical whole rock fusion protocol. The prepared sample was mixed with LiBO2/Li2B4O7 flux and crucibles were fused in a furnace, the cooled bead was dissolved in ACS grade nitric acid and analyzed by ICP-OES. 

To assure the accuracy of our analysis, various reference materials were utilized (i.e. OREAS45E, STD OREAS25A-4A (5 replicates) for heavy metals; STD SO-18 (8 replicates) for metal-oxides (all from ACME labs, Vancouver, BC Canada V6P 6E5) and Soil Standard (Chalky) 30g See Certificate 133504 (Elemental Microanalysis, Okehampton, Devon, EX20 1UB, UK) for TOC analysis). Recoveries were satisfactory, averaging of 99.7±5.1% for OREAS45E (excluding Sn which has recovery rate of exceptionally high, 242±89), 99.7±5.5% for OREAS25A-4A, 99.3±0.8% for STD SO-18 standard and 105±1.7% for Soil Standard (Chalky). Recoveries representing accuracy of the test for metals were good, ranging from 79% to 108% for OREAS45E (excluding Sn high recovery rate), 87% to 110% for OREAS25A-4A, 98% to 101% for STD SO-18 standard. The relative standard deviation (calculated as coefficient of variation which represents precision) of these certified reference materials were also good, below 20%, except for Sn in OREAS45E (89%). 

Enrichment ratios (ER) are the comparison of a “local” ratio and a reference ratio and are calculated to evaluate the level of enrichment in a sample (Sutherland, 2000). The ratios are determined for an element of interest relative to aluminium as aluminium is commonly used for normalizing purposes in the geochemical literature (Sutherland, 2000). The reference ratio can be either average crustal values or local baseline concentrations determined from local sediment or soil that unaltered by anthropogenic activities (Loska et al., 2005; Abrahim and Parker, 2008): 
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 is the concentration of the element in question in the sample, [image: image78.png]Al



 is concentration of aluminium in the sample, [image: image80.png]


 is the background concentration of element in question; and [image: image82.png]Al g



 is the background concentration of aluminium. 

In this study, the background concentrations were determined from Nee Soon Catchment soil collected at minimally disturbed, dryland forest locations in the upper catchment. In doing so, background concentrations were calculated based on an iterative 2σ-technique (Matschullat et al., 2000). This is a statistically-based calculation of background concentration eliminating the very high values that can be interpreted as anthropogenic influences, as well as unusually low values. The mean and standard deviation of the original data set were first calculated. All values beyond the mean ± 2σ interval were omitted and the resulting sub-data set was considered the geogenic background. This technique constructs an approximated normal distribution around the mode value of the original data set (Matschullat et al., 2000).

The classification of enriched and non-enriched locations are defined as such: sites containing an ER < 2 are considered non-enriched, ER = 2-5 are moderately enriched, ER = 5-20 are significantly enriched, ER = 20 - 40 is very highly enriched, and ER > 40 is extremely enriched (Sutherland 2000).

3.4.3.4 Soil Organic Carbon (SOC) Survey 
To determine soil organic carbon stocks, soil samples were collected with both standard and gauge augers. Sample sites were located away from large trees to avoid roots. Prior to sampling, the soil surface was cleared of litter and living plants to prevent contamination. The augers were used to obtain soil samples from the dryland forest and disturbed land covers to a depth of 100cm at 10cm intervals. The samples were placed in airtight Ziploc bags and transported to the laboratory where they were dried in the oven at 60°C and stored in a desiccator. 

A depth of 100 cm was chosen contrary to the 30cm depth suggested by most protocols and studies including (Liski et al., 2012; Pearson et al., 2013; Aalde et al., 2006) because the SOC profile at the NSSF was unknown. It is possible that significant deposits exist at depth as well beyond the 30cm mark, especially for organic rich swamp forest samples. Zabowski et.al. (2011) call for even greater depths (>100cm) as their study shows that forested soil beyond that depth could possibly contain up to 10% of total C. However, the need to balance depth with a large number of samples with a large spatial distribution limited our survey to 100cm (Figure 3‑10).
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Figure 3‑10 Distribution of SOC sampling, taken at 10-cm intervals to a depth of 100cm.

Total organic carbon (TOC) was determined using an Elementar Vario TOC cube Analyser after the removal of inorganic carbon via acid fumigation (Harris et al., 2001; see description above).  At any location, TOC values were converted from percentages to area-normalized soil organic carbon stocks (CS, Mg/ha) by first multiplying depth-specific TOC values by associated bulk densities and the depth of each layer, then summing all layer calculations (Simegn et al., 2014):
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(3.4)
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here i is any of the then 0.1-m soil layers in the upper meter of the soil; TOC is the total organic total organic carbon value (%) of each layer; BD is the corresponding bulk density of each layer (kg m-3); d is the 0.1m depth of each layer (m); 1000 is the factor to convert from kg to Mg; and 10,000 is the conversion factor from m2 to ha. Total carbon stocks (Mg C ha-1) in the upper 1m of soil for any land-cover treatment were calculated as mean of all n measurements for that treatment, multiplied by the total area (A, ha) of the treatment in the catchment (Yee et al, 2011):  
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3.4.3.5 Saturated Hydraulic Conductivity

Changes in land cover affect the hydrological cycle to varying degrees and have ramifications on catchment processes. Changes in rainfall interception, evapotranspiration, infiltration and stormflow pathways caused by various levels of forest conversion can alter the timing and intensity of basin baseflow and storm discharge over time (Beschta et al., 2000; Bruijnzeel, 2004; Guillemette et al., 2005). In particular, forests with revegetated plant species have the propensity to increase the chances and magnitude of overland flow for similar rainfall events. Even if these surfaces only occupy a small fraction of a basin land area, they may contribute disproportionately to overland flow response during a typical rainfall event (Ziegler et al., 2004).

When mineral soils are exposed, surface erosion and the delivery of sediments and nutrients to the stream may be accelerated (Douglas et al., 1992; Baharuddin and Abdul Rahim, 1994; Malmer, 1996). In addition, the replacement of forests with less protective ground cover lowers the infiltration capacity drastically (Dils, 1953), facilitating the formation of overland flow. The soil surface is exposed to the direct impacts of raindrops and wind, and becomes less cohesive due to the reduction in the number of tree roots (Meyer, 1986). The propensity of saturation overland flow may also increase if the soil infiltrability is not maintained, in part, by plant root systems (Ziegler et al., 2004).

Saturated hydraulic conductivity (Ks) is one of the key soil parameters in shaping hydrological flow paths and is highly sensitive to land use change. Therefore, the measurement of Ks can be used to assess the possible implications of land cover changes on streamflow generation. Differences in land cover affects infiltration rates, which may potentially alter near surface flow paths at disturbed and reforested sites. This may result in lateral subsurface flow and even possibly, the formation of shallow perched water tables (Ziegler et. al., 2006). To a larger extent, enhanced water flow at the soil surface at the expense of groundwater recharge can cause nutrient redistribution, erosion and soil degradation, affecting the catchment discharge quality and quantity. 

[image: image90.png]Study Area

02

os

12 Kiometers

Legend

SymbollD
@® Ssites

Woodc utter trail
—— River Network

[ nee s00n Swamp Forest Boundary

Rachel Ko, 2015, (¢) Esri





Figure 3‑11 Location of six sites measured for hydraulic conductivity (Ks) are spread over 3 basic landcover types: cleared/barren land, secondary forest, fern and grass cover.

Saturated hydraulic conductivity (Ks) was measured at three depths within the soil column (0.125, 0.25, 0.5 m) on four different land covers (cleared/barren land, secondary forest, fern and grass covers,Figure 3‑11) using a field-based, constant-head permeameter (Amoozegar, 1992). The procedure involved augering a cylindrical hole of radius (r) of 2cm and establishing a constant head (H) such that H/r ≥ 5 (Amoozegar and Warrick, 1986). While augering, the perimeter of the hole was brushed in an attempt to minimise smearing and sealing of pores in the column walls. Measurements continued until a steady-state flow rate (Q) was detected, at 1-minute intervals for 20-30 minutes time frames. Steady-state flow rate is reached quickly and the experiments would typically take 1-2 hours per measurement. This duration was deemed sufficient by Rahman (1993), who showed that only a slight decrease in infiltration rates was noted when the tests were prolonged to several days. Finally, the Glover solution (Amoozegar, 1989; 1992) was used to calculate Ks:
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where A is dependent on the depth (DIL) to an underlying impermeable layer:
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(3.7)
where H and r are as above, and DIL is the depth to an impermeable layer.

3.4.4 Geomorphological studies

Samples from hillslope soil profiles, the swamp (cores collected with the gauge auger, (Figure 3‑12) and the stream in Nee Soon samples taken to determine sediment distribution and quantifying denudation and erosion rates from the signatures of fallout radionuclides of Be-7, Pb-210exe, and Cs-137, and (Mabit et al., 2008). The occurrence radionuclides in natural systems are a result of nuclear testing since the 1970s and their concentration in soils can be used as a tracer for particle transport (Matisoff et al., 2002).  The estimation of dissolved fluxes, physical erosion fluxes, and volumetric strain are based on elemental concentrations in four soil profiles (CT1, CT3, CT10 and CT11;Figure 3‑12).
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Figure 3‑12 Sites in the Nee Soon Catchment where soil cores were extracted for determination of heavy metals, pollen, Cs-137, particle size, and organic matter.

3.4.4.1 Denundation Rate Estimates

To determine the catchment denudation rate, one bedload sand sample in the lower catchment stream and three rock fragments from granite hilltop in the upper catchment were collected for Be-10 analysis (Figure 3‑13). While Be-10 in stream sand can be used to estimate the long-term degradation rate of catchment as a whole, in-situ Be-10 in rock estimates long-term average rate of outcrop erosion (Lal, 1991). The samples were received as dried powdered material, and were then packed in 80-mm diameter, 25-mm deep thin-walled aluminium containers for counting.  Each container was sealed gas-tight to prevent Rn escape then stored for > 3 weeks to allow for Rn daughter equilibration.  
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Figure 3‑13 Location of stream bedload samples that were used to determine catchment denudation rates.

Counting was performed on the same Ge-gamma spectrometer for all the samples, to assist internal consistency of the data set. Counting times ranged from 50 hours to 135 hours, depending on sample mass and activity, in order to optimise counting statistics precision. The Ge-gamma spectrometer used was a liquid nitrogen-cooled Canberra n-type coaxial detector, Detector Model BE5025, Cryostat 7915-30ULB, operating at +4,000 V. Data was collected using Genie 200 software and analysed using the custom CSIRO software package “Gamaeyes”,

Denundation rates can be calculated from the inventory of Be-10 by employing the following equation:

N = (R-E*c)/λ








(3.8)

where N is the inventory of Be-10 in atoms/cm2; R is the fallout rate (atoms cm-2 y-1); λ is the decay constant of Be-10 (4.59E-7 years); E is the erosion rate in (g cm-2 y-1); and c is the 10-Be concentration in the eroded material in atoms g-1.  Denundation rates were calculated with the aid of CRONUS-Earth online calculator.

3.4.4.2 Erosion Rate Estimates

Lead isotopic signatures were also used to estimate erosion rates. From the CT-1 core (Figure 3‑12), approximately 0.5g of sample was digested in 1mL conc. nitric acid (AR grade, 69%) + 4mL conc. perchloric acid (AR grade, 70%) in an open tube block digester at 200oC for 6-8 hours. This procedure does not result in total dissolution of some silicates, for example quartz, feldspars and zircon. However, in chemically and physically mature sediments and soils, the majority of many metals are associated with clays and Fe-oxy-hydroxides along with organic matter and sulfides (Alloway, 1995). In such sediments digestion by perchloric and nitric acids are vigorous enough to allow pseudo-total analysis of most heavy metals (Ure, 1995). Recovery of As, Fe, Mn, Co, Ni, Cu, Zn, Cd and Pb is near complete in three different certified reference materials: NRC MESS-2 (marine sediment), NIST 2704 (river sediment) and NIST 2711 (soil).

Lead isotope ratios 208Pb/206Pb and 207Pb/206Pb were measured on an Agilent 7700X Inductively Coupled Plasma Mass Spectrometer (ICPMS) run in isotope ratio mode (5-10msec dwell times). Isotope ratios are normalised to the NIST 981 Standard Reference Material (208Pb/206Pb=2.1681 and 207Pb/206Pb=0.91464) which is analysed at two different concentration levels during calibration and drift control. A second certified reference material (NIST 982) and several in-house secondary standards (sediment and Pb cores) are analysed as additional check standards with each batch of samples. Precision ranges from 0.2 - 0.5% RSD depending on Pb concentration.

3.4.4.3 Sediment Production Estimates

Further, sediment proportions found in lower stream deposits were quantified by a comparison of Cs-137 between the depositional zone, the hillslopes, and the stream banks. A simple mass balance calculation was used to determine estimates of relative sediment contribution. 
3.4.4.4 Weathering rates

The relationship between total denudation (D), physical erosion (E) and chemical weathering (W) rate can be represented as the following (Riebe et al., 2003): 
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(3.9)

For individual elements of a rock and soil, the relationship can be written as:
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Where [X]rock and [X]soil are the concentrations in rock and soil of an element X; and WX is the chemical weathering rate. For an immobile element (in this case Zr), WX is zero, forming the following equation:
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(3.11)
Substitution produces a new equation:
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(3.12)

Equation 4 demonstrates that W is a function of D and the “Chemical depletion fraction” or CDF. It is the fraction of D which is accounted for by chemical weathering. Equation 4 can be used for individual elements by substituting equation 3 into equation 2, we have:
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Following normalizing, the equation becomes:
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(3.14) 

where CDFx is the cumulative density function for each element, showing chemical weathering rates as a fraction of total denudation on an element-by-element basis. Dissolved mass loss for each element from the four profiles is thus calculated as kg km-2 y-1, based on total denudation and CDFx. 

3.4.4.5 Volumetric Strain 

Volumetric strain is weathering-induced strain experienced by the catena soils and can be defined by the following equation:
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(3.15)
Positive values of strain represent volumetric expansion and negative values represent collapse. Strain expresses the net effect of changes in porosity and material density as soil develops (Kurtz et al., 2000; Riebe et al., 2003; Khomo et al., 2013). 


3.4.4.6 Pollen Analysis
Analysis of pollen assemblages for reconstruction of past vegetation regimes may have implications for long term climatic signals in the Nee Soon Catchment as well the potential effect of anthropogenic disturbances on floral communities. Pollen samples were sent to the University of Queensland, School of Geography, Planning, and Environmental Management for preparation and analysis. Procedures for removing inorganic and organic material and staining of pollen grains for microscopic analysis are described by Moss, 2013.

Pollen samples were prepared for analysis using sodium pyrophosphate to disaggregate the samples, which were then sieved using an 180 μm screen to remove the coarse material and an 8 μm mesh to split the clays from the silt-sized (including pollen and micro-charcoal) component. The silt fraction then underwent heavy liquid treatment (using sodium polytungstate; specific gravity ~2.0) to separate the organic fraction from the minerogenic component. Acetolysis (using a 9:1 acetic anhydride and concentrated sulphuric acid solution) was then undertaken on the pollen concentrate to remove excess organic material and stain the pollen grains. The samples were then mounted in glycerol for pollen and micro-charcoal was counted at 400( using a Leica compound light microscope, with a minimum of 300 pollen grains or two completely counted slides, while the micro-charcoal analysis involved counting all black angular fragments >5 to <180 μm across three evenly spaced transects at all depths. Pollen and micro-charcoal concentrations were determined from counts of exotic marker grains that were added as a tablet at the start of the analysis. 

3.4.5 Land-cover

Land-cover analysis draws on a variety of satellite and archival sources, including Landsat 8 image (2013), Pleiades satellite images (2014), topographic maps, and historical archived maps to investigate changes that potentially have left a footprint on ecosystems and environmental processes in this sensitive protected area in Singapore.  

3.5 Land Cover and Land Use

Nee Soon Swamp forest (NSSF) is the most distinctive and the last of Primary freshwater swamp forest in Singapore (Corlett, 1992; Turner, 1996a; Yeo and Lim, 2011). NSSF is situated at the northeast part of the Central Catchment Nature Reserve in Singapore, dominated by primary and old secondary vegetation, covering about 0.91 km2 /91 ha of land (Corner, 1987; Ng and Lim, 1992; Turner et al., 1996a; Taylor et al., 2001). Before 1819 Singapore’s vegetation was relatively natural condition and the island was under tropical rainforest (Figure 3‑14). Lowland dipterocarp forest in Singapore was apparently as diverse as a similar forest on the mainland (Wong, 1987). Freshwater swamp forest were covering about 5% of the island before the natural vegetation cover changed the place mainly from 1819-1900 (Corlett, 1991). Most of the primeval vegetation was cleared during the nineteenth and early twentieth century for agriculture, urbanization and land resources development (Table 3‑2).


[image: image111]
Figure 3‑14 Historical vegetation coverage in Singapore (1819) and general location of the Nee Soon Swamp Forest.
Table 3‑2 Timeline of Land-cover areas in Nee Soon Forest

	Year
	Land use/ Land cover of Nee Soon 

	1850s
	Gambier and Pepper Plantations, Freshwater Swamp Forest, Tropical Rain Forest, Dipterocarp Forest and Mangrove Forest

	1890s
	Chan Chu Kang Forest Researve, The Chasseriau Estate comprised Tapioca Plantation, Liberain Coffee, Nutmug and Seasonal Crops

	1910-1940s
	Municipal Catchment Area, Gambira and Pepper and Tapioca lands, Nee Soon Military Firing Range and Rubber plantation(around Seletar Reservoir),Water Pipeline, Swamp forest, Sundry tree cultivation, Sundry minor cultivation, Lalang Ferns

	1974-1985
	Belukar Plantation, Coconuts Palms, Fruit trees and vegetable gardens , Swamp forest, Rubber, Sundry tree cultivation, Sundry minor cultivation, Lallang Ferns and (Seletar reservoir expended, Enlarged the Upper Peirce Reservoir, Seletar Expressway)

	1989-2000
	Lower end of stream straightened (Reliable the stream line to incorporate amendments made since 1993)

	2002-2012
	Forest, Shrubs/ferns, lallang ,Other land use of Cultivation, Unclassified and protected area

	2013-2014
	Primary Forest, Old and Young Secondary forest, Swamp Forest, Shrubs /Ferns, Golf course/Grassland and Other lands


By 1830, gambier plantations were developed and extended from River Valley Road, Bukit Timah Road to Thomson Road, into the area now known as the Central Catchment Nature Reserve (Figure 3‑15). When the Choa Chu Kang Forest Reserve was gazetted (annual reports of the Forestry Department), it contained patches of primary dipterocarp forest as well as large areas of scrubland resulting from previous gambier and pepper cultivations. However, by the 1850s-60s, the planting of gambier and pepper was becoming less profitable in Singapore as it quickly exhausted the soil and plantations had to keep shifting. In addition, the shortage of firewood from the clearing of forests, and the lack of land and vegetation compounded the costs. The gambier plantations relocated but the soil and firewood supplies in the area were exhausted. 

The degraded and deforested state of the island was recognized in 1883 when Nathaniel Cantley’s Report on the Forests of the Straits Settlements was produced. The result of this “reckless migratory cultivation” was described by Cantley (1884). The concern was that crown forests of considerable value were being annihilated by the destructive agricultural practices of the gambier planters. The large areas of lalang and brushwood that had replaced the abandoned gambier and pepper plantations were unproductive due to degradation of the soils.
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Figure 3‑15 Gambier and Pepper plantations in Singapore in c.1850

A proposal in 1872 by Leopold Chasseriau to grow tapioca (derived from Manioc, Manihot esculenta) was warmly received by the government of the Straits Settlements and by 1879 the Chasseriau Estate comprised 1200 acres (485 ha) employing 450 workers. The Estate extended (north-south) from Woodcutter’s Trail to Adam Road, and east west from Bukit Timah road to the Seletar Road (Thomson Road) including that part of the Nee Soon catchment upstream from what is now the Woodcutter’s Trail. There is also evidence of agriculture north and northwest of the Woodcutters Trail, as well as terracing on some of the slopes. At this time, it is not known who held these areas, whether it was Chasseriau or another entity; however the existence of large expanses of Resam fern in these northern areas follows the same pattern as the former Chasseriau tapioca lands. 

Most of the tapioca was grown on former Gambier and pepper land, and there was little clearing of virgin forest. Clearing was first by Gambier planters and later Chasseriau would have had the brushwood cleared for tapioca. The embankment and the nearby hillslope terraces in the upper part of the Nee Soon catchment may have been built to store water for the Manioc plants. Given that Chasseriau ensured that the Estate coolies did not have to travel far to work, it is also likely that there were coolie lines located throughout the catchment at convenient locations allowing ready access of labourers to the tapioca fields as well as for supply of provisions. 

Chasseriau also solved a nutrient problem in Singapore by collecting ‘nightsoil’ and using it as manure on his Estate. The Nee Soon catchment may have been well fertilized as a result. There is a recipe published by Chasseriau for the soil preparation that involved burnt earth, composted vegetation and manure. From 1884, many of the larger forest patches were included in forest reserves, but most of these were eventually abandoned (Corlett, 1995a). By 1884-85 Manioc (due to a slump in tapioca prices) was being replaced by Liberian coffee (Coffea liberica) though it is thought that not all of the estate was dedicated to Liberian coffee and that the coffee crops were far less extensive than tapioca.

In 1900 the Estate was acquired for use as a municipal catchment (Kallang and Pierce Reservoirs constructed at the turn of the century) and became a nature reserve in 1951.  There is some evidence of field boundaries on the aerial photographs of the early 1950s along the swampy valley floor of the catchment, but their use is unknown. 

Despite being converted to a catchment reserve, rubber planting began by Ridley on the western side near Nukit Mandai in the first few decades of the 20th century. The rubber plant is invasive and we do find it today throughout the catchment particularly about the edges where the catchment historically adjoined the rubber plantation (Lower Pierce boardwalk area, upper Thomson Road). During this period the road systems in the lower catchment were built along with increasing classification of the area as forest reserve.

By 1910 as much as 20% of the 28.8km2 Central Catchment/Municipal Catchment was designated as forest reserve; the Lower Pierce reservoir was commissioned in 1912 (Figure 3‑16). The water catchment area in MacRitchie reservoir was extended to include Pierce Reservoir area. A military firing range was established prior to 1923; and a water pipeline was established prior 1958. In 1940 the Seletar Reservoir was built and expanded in 1967; the Upper Peirce Reservoir was enlarged shortly thereafter (ca 1970), potentially disturbing hydrological processes in some areas of Nee Soon catchment. 

Most historical maps classify vegetation in the central catchment simply as forest, but our analysis of the historical record recognizes it as likely secondary forest containing small patches of primary forests. Typically the occurrence of mature secondary native forest is an indicator of former gambier plantations while the occurrence of expanses of resam fern are indicates of the more recent cultivation of tapioca, Liberian coffee, and possibly pineapples.  
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Figure 3‑16 Land use /Land cover of Nee Soon Swamp Forest in 1890, 1910, and 1940. 

The vegetation of Singapore as a whole has been described by Corlett (1991a, 1992a). Wee (1964) mapped the vegetation of the nature reserves from the 1955 aerial photographs, in addition to field reconnaissance. He recognized five vegetation types: high forest (recognized only on Bukit Timah), regenerating high forest, regenerating swamp forest, belukar tua (old secondary forest), and belukar muda (young secondary forest, shrubland, grassland and fernland). Hill (1977) mapped the vegetation of the whole of Singapore, including the nature reserves, from aerial photographs. Within the reserves, he recognized five vegetation types: lowland rain forest, freshwater swamp forest, tall secondary forest (with crowns mainly >10 m high), low secondary forest (<10 m), and grass and scrub (including Dicranopteris fernlands). Wong et al. (1994), using 1990 aerial photographs, recognized four vegetation types within the Central Catchment Nature Reserve: Type 1, consisting of early successional vegetation with only scattered trees; Type 2, with many small-crowned trees 8-15 m tall; Type 3, with taller, larger-crowned trees; and Type 4, with some very large trees. These structural types were mapped in Turner et al. (1996b).
Murphy (1997) determined land cover from an NParks Central Catchment Survey and the FMS survey sheet (78-1939) to determine locations of forest, pipeline, old firing range and catchment (Figure 4.5.4). The Vegetation maps of 1958, 1974 and 1983 were reconstructed from the different Topographic maps (Figure 3‑18). In recent study, the Catchment Land use and land cover map (2013) of Nee Soon Freshwater Swamp Forest was reconstructed from Corlett (1997), the vegetation in the Nature Reserves, Proceeding of the Nature Reserves Seminar, Garden Bulletin Singapore 49: 147-159 (Figure 3‑18).
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Figure 3‑17 Land use /Land cover of Nee Soon Forest (1939)
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Figure 3‑18 Different types of Vegetation around the catchment (1958, 1974 and 1983).

In summary, the greater Central Catchment encompassing Nee Soon was likely relatively undisturbed swamp forest, and tropical rainforest until about the mid-19th century when large scale agricultural endeavors were established in Singapore. Historical documents suggest gambier, pepper, coffee, and tapioca were planted in the Nee Soon area between 1850 and 1880. The early to mid-20th century was characterized by the abandonment of these plantations but the expansion of the municipal water catchments and development of urban infrastructure, potentially disturbing hydrological processes in some areas of Nee Soon catchment. Most historical maps classify vegetation in the central catchment simply as forest, but contemporary maps identify mainly secondary forest containing thickets of primary species.  Our current estimates of land cover are the following: 65% secondary forest; 7% disturbed primary rainforest; 13% swamp forest; 7% ferns/shrubs; and 8% other lands (e.g., military, golf course etc.).

Table 3‑3 Catchment and sub-catchments areas

	Name
	km2
	ha

	Nee Soon Study Area
	7.55
	755

	Nee Soon Hydrological Catchment
	4.80
	480

	Lower 1 Sub-catchment
	0.62
	61

	Lower 2 Sub-catchment
	0.49
	49

	Lower 3 Sub-catchment
	0.80
	80

	Mid 1 Sub-catchment
	0.41
	41

	Mid 2 Sub-catchment
	0.44
	44

	Mid 3 Sub-catchment
	0.66
	66

	Up 1 Sub-catchment
	0.67
	67

	Up 2 Sub-catchment
	0.71
	71


Table 3‑4 Land-cover areas in Nee Soon Catchment

	Land cover type 
	Percentage (%) 
	Area (km2) 

	Primary Forest 
	7.71
	0.37

	Old Secondary Forest 
	37.91
	1.82

	Young Secondary Forest 
	16.81
	0.79

	Swamp Forest 
	18.95
	0.91

	Shrubs/Ferns 
	9.47
	0.45

	Other Lands 
	6.66
	0.32

	Golf Course 
	2.50
	0.12

	Total 
	100.00
	4.80
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Figure 3‑19 Percentage of vegetation type in the Nee Soon Catchment.
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Figure 3‑20 Land use/cover in the Nee Soon Catchment. 

3.6 Results

3.6.1 Heavy Metal Distribution
In the baseline study we determined elemental concentrations in the upper 10cm of the soil surface at 189 sites (Figure 3‑21A), initial analysis revealed an area of anomalous enrichment of heavy metals in the lower part of the catchment (Figure 3‑21B), where anthropogenic activity has been clustered over the last 60-70 years. The activities that potentially contribute to contamination include military activities, road building and maintenance, development of recreation areas including a golf course, historical agriculture, and construction of an underground pipeline.

In a follow-up investigation that considered the enrichment of elements within the soil profile relative to back-ground concentrations, we identified the following patterns: (a) the lower catchment was enriched throughout the soil profile naturally in elements including Mn, Cr, Ti, V, Sr, Ba, and As (Figure 3‑21C). This enrichment is believed to be related to zonation in the underlying granite; (b) great enrichment occurred in the upper 25-cm of the soil profile in Pb, Cu, and Sb (Figure 3‑21D).  The source of this contamination is believed to be a military firing range; (c) enrichment in the upper 50-cm of the soil surface was found at areas where excavation and filling with foreign material has occurred.
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Figure 3‑21 (A) Land-use types associated with sample locations in Nee Soon Catchment; (B) Number of enriched elements at each location; (C) Concentration of Mn in the catchment; (D) Concentrations of Pb in the catchment. Elements including Mn, Ti, Cr, V, Sr, Ba, and As are naturally enriched in the lower catchment, whereas Pb, Cu, Sb are anthropogenically-enriched on the military firing range and on disturbed lands near roads.

During the investigation, a small number of stream and ground water samples were collected from throughout the Nee Soon catchment.  Analyses for heavy metals revealed that only a few of the samples were enriched greatly over background rain water samples.  However, the sampling protocol was not geared toward investigating heavy metal leaching from potentially contaminated areas.  Thus, it is not known if the high concentrations of Pb, Cu, and Sb pose a threat to ecosystems in the stream system draining from the firing range.

3.6.2 Soil Catena
A soil profile excavated in the upper catchment (granite hill top site – GHT) contained a ~20cm thick A horizon of mainly grey and brown sandy loam with relatively high amounts of organic carbon (1-5% TOC) and capped with 3-8 cm of plant litter. A B horizon extending down to about 1m was composed of yellowish brown, sandy loam with TOC gradually decreasing from 1% to 0.3%. Below 1m, the matrix was dominated by reddish sands (60-80%) with low organic content (<0.2% TOC) with inclusions of yellowish saprolite horizons. Core samples taken from at this site demarcate a C horizon down to at least a depth of 7.5m. Soil pH (KCL) ranged from 2.85 to 3.83 in the A versus B-C horizons; bulk density for these two units were 0.48 g/cm3 and 1.18 g/cm3.

Due to the homogenous source of parent material in the catchment, core transects taken from the hillslope down into the mid and lower catchment indicate mainly differences in texture and organic content between sites, predominantly a result of flow regime dynamics and in situ processes. The stratigraphy in the mid catchment alternates between 15-50cm thick layers of brown and black clay loams with 4-7% TOC, to lighter, and coarser sandy loams (0.7-1.6% TOC). While in the lower catchment, thick packages (~50-70cm) of brown clays and silts rich in organic matter (5-20% TOC) are underlain by grey and black sandy loams with persistently lower organic content (2-3% TOC). Moreover, the thicknesses of the A horizons in the mid and lower catchment are 20-50cm thicker than in the upper catchment.

The stratigraphy throughout the catchment is largely a function of flow regime, most likely a result of a meandering stream channel (although this is not obvious today). Under slower stream conditions we’d expect finer grain sizes, however, accumulations of organic matter may be indicative of enhanced primary production, anaerobic soils limiting microbial degradation, slower sedimentation rates, or some combination of all three.  Thus, sediments in the mid and lower catchment are indicative of fluctuating depositional environments related to the history of the swamp forest and its surrounding upper catchment. 

3.6.3 Soil Carbon Storage
The highest Soil Organic Carbon (SOC) SOC values were found in the swamp forest.  Slightly lower concentrations found in the disturbed and dryland forest sites. Soil organic carbon generally decreased with depth in all land covers and reached similar concentrations at ~40cm depth (Figure 3‑22). The swamp forest samples had high variability of SOC concentrations between different samples. The primary characteristic that differentiate dryland forest and disturbed lands is vegetation type.  The dominant vegetation in disturbed areas are ferns or grasses, which likely indicate recent agricultural activity (O’Dempsey, 2014). The dryland forests consist of both primary and mature secondary forests. 

We initially hypothesized that vegetation differences, again which reflect prior agricultural disturbance, would have influenced affect SOC stocks, however such differences were not found. It is possible that the duration or intensity of agricultural activity in the study area did not alter the SOC content sufficiently to produce distinct differences. 

The turnover of fine roots in secondary forests, lower decomposition rates and differences in landscape position (upslope and downslope) are thought to account for higher SOC found in disturbed forests (Ngo et al., 2013) and may explain the distribution in the dryland and disturbed forests of NSSF. The SOC of both of these land types are remarkably similar to that of the secondary forests in BTNR (103.9 Mg C ha-1 in the top 1m), potentially indicating some degree of land cover disturbance. Additionally, some of the soils may have been partly enriched by organic matter due to nearby swamp forest spillover during times of flooding.

It is possible that a 100-cm soil depth is not sufficient for distinguishing between land covers at the site if the root depths of ferns and grasses extend down one meter (Russell et.al., 1998).  Had we sampled to 2-3 meters differences, the dryland forest land cover may have showed greater SOC because of deep rooting trees—although we have no data on root depth.  However, while possible differences may exist at these greater depths, but large uncertainties exist for belowground C pools (Lorenz and Lal, 2010). More study is required to fully ascertain these differences.
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Figure 3‑22 Soil organic carbon stocks in the NSSF catchment at 10cm intervals between disturbed, dryland forest, and swamp forest land cover types.

Using the values provided by Ngo et al. (2013) for Bukit Timah Nature Reserve, we estimate the C stored in the entire NSSF catchment is 152,266 Mg C, which is equivalent to 317 Mg C [image: image120.png]


. The highest concentrations of carbon stocks were found in the swamp forest (219 Mg C ha-1) with 96 Mg C ha-1 found in the dryland forest and 101 Mg C ha-1 in the disturbed forest (Figure 3‑23). 

Total soil carbon stocks for the entire NSSF catchment were an estimated 56,678 Mg C (in the top meter of the soil). The greatest total carbon stocks were held in the dryland forests (33,913 Mg C) because of large area this land cover occupied.

The calculations are based on the assumptions that are that the dryland and disturbed land covers exhibit similar features to the secondary forests of BTNR because of the similarity of SOC values and vegetation. The freshwater swamp forest was compared to the primary forest due to the lack of other available comparisons. The differences between the above-ground biomass is significant but should be balanced by the large amount of SOC stored in swamp forest soils. This estimation demonstrates the NSSF contains some of the highest concentrations of organic carbon in all of Singapore.

The Nee Soon carbon stocks however are not as extensive as those located in coastal C pools. Phang et al. (2015) analyzed the Chek Jawa coastal ecosystem in Pulau Ubin and determined a total carbon stock of 6,356 Mg C for an area only 31ha in size, including sandbars and mudflats without above-ground biomass. The mangrove habitat within it is of great significance, with a concentration of 497 Mg C [image: image122.png]


, exceeding the 374.5 Mg C [image: image124.png]


 in the proper swamp forests of the NSSF catchment.

Nonetheless, the NSSF is an important contributor to the overall carbon storage of forests in Singapore. Using the values from Ngo et al. (2013) again in conjunction with vegetation map data (Yee et al., 2011), the forest carbon stocks (primary, secondary and swamp forest) amounts to 4,336,401 Mg C which is equivalent to 277 Mg C [image: image126.png]


. The NSSF contributes 3.51% of total C while only comprising 0.54% of the total land area in Singapore. The NSSF, like the mangroves, hold a disproportionately large portion of total carbon stocks relative to its size in Singapore.
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Figure 3‑23 Soil organic carbon stocks per hectare for dryland (light brown), disturbed (brown), and swamp forest (dark brown).

3.6.4 Hydraulic Conductivity Survey

The highest median Ks values in the top 0.125m of the soils were measured in the secondary forest, with the lowest being in the cleared and barren land cover. Infiltrability was more than twice as high in this section of the soil as at the depth of 0.5m. The decrease of Ks with depth across all three land covers is typical of a natural case for tropical forest hillslopes with clay-rich horizons. High Ks values at the 0.125 m depth are maintained by a thick layer of roots and other biotic activity that occurs near the surface. The subsequent decline in Ks, over a depth increment of 0.5 m, may be due to the clay-rich subsurface soil (B horizon), which has a substantially higher bulk density than the epipedon (Ziegler et al., 2006). Similar results have been presented in several soils undergoing land use change in the humid tropics (Godsey and Elsenbeer, 2002; Malmer, 1996; Ziegler et al., 2004, Zimmermann and Elsenbeer, 2008; Zimmermann et al., 2006). 
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Figure 3‑24 Ks values at depth presented for each land cover type.

Land use influence on Ks is however limited to only the uppermost soil layer. For example, over the cleared and barren lands, Ks at the surface was much lower than for the other treatments. In general, a lower Ks value allows the formation of overland flow to be much more likely as rainwater is not able to infiltrate and percolate downwards. If Hortonian overland flow is generated, surface water will produce erosion that may lead to a net nutrient loss from the soil (Ziegler and Giambelluca, 1997). Finally, an increased sediment loading could adversely affect the water quality of the nearby streams, having potential ramifications on aquatic species. Transport of ecologically disruptive nutrients and sorbed chemicals generally degrades the landscape (Novotny and Chesters, 1989; Bilby et al., 1989; McCool and Renard 1990).

At the 0.5 m depths, Ks was largely indistinguishable across the three areas (Figure 3‑24). This has also been observed by other authors working in the tropics: In lowland Amazonia, land use was considered irrelevant for Ks values in depths below 20 cm (Godsey and Elsenbeer, 2002; Zimmermann et al. 2006) and in Ecuador, Ks differences between pasture, secondary forest and forest vanished in 50 cm soil depth (Zimmermann and Elsenbeer, 2008). These studies suggest that land use dependent factors directly influencing Ks occur close to the soil surface. These factors include root formation and soil faunal abundance and activity, which increase macroporosity and hence Ks (Ahuja et al., 1984). Conversely, activities such as trampling or soil erosion, reduce Ks.

Another possible reason that has caused the severe decrease in infiltration capacity in the near surface may be due to burning of the grass cover when clearing the land in the past. Burning promotes water repellency leading to the reduction in Ks value. Ultimately, overland flow generation has a much higher propensity in such areas due to surface sealing on the unprotected soils. Compacted surfaces, like the cleared and barren lands, contribute disproportionately to storm runoff hydrographs because low Ks allows generation of overland flow even during small storms when other runoff generation mechanisms may not be activated (Ziegler et al., 2004). Therefore, understanding the relationship between land cover change and erosion will aid subsequent improvement of soil conservation strategies. Such knowledge is of great importance for preserving the environment in the long run.

The lower values of Ks in the current fern and grass cover are likely due to its use as a cultivation site. Previously, Singapore cultivated gambier, rubber and pineapple as cash crops. Human trampling and suppression of larger woody vegetation likely caused additional compaction of the topsoil and reduced porosity. The reduction of Ks under these plantations will therefore, limit the rate of percolation of rainwater vertically downwards, leading to an easier formation of overland flow. Recovery under secondary succession (in this case fern and grass) is believed to require more than 10 years (de Moraes et al., 2006; Zimmermann and Elsenbeer, 2008).

After disturbance, secondary successional vegetation like the fern and grass cover was only able to recover Ks at the surface depth (0.125 m) to a certain extent. The recovery time of subsurface Ks (0.25 and 0.5 m) is longer than that for the surface Ks. This is because the roots network of the vegetative cover would initially establish nearer the surface and extend horizontally outwards, before growing deeper downwards as the soil is more compacted with depth. As such, the impact that human activity has on hydrologic response in a fragmented basin may linger long after the surface vegetation has evolved to a mature forested association (Ziegler et al., 2004). Grasslands potentially play two important roles in mitigating some of the hydrological impacts within the fragmented landscape: (1) they initiate a faster recovery of surface Ks, thereby reducing the period of time when overland flow generation is accelerated; and (2) they act as hillslope buffers, capable of infiltrating some depth of overland flow generated upslope (Ziegler et al., 2004). In either case, grasslands likely contribute to a reduction in hillslope surface erosion and subsequent sediment delivery to the stream. It, therefore, aids in the recovery but the extent is limited.

In the long run, the subsurface Ks may still be reduced compared to pre-disturbance (i.e. full recovery not achieved). This results from changes in vegetation, which equate to changes in rooting depth, root density and root turnover. These phenomena influence Ks by affecting total porosity and pore connectivity. Reductions may also be related to surface lowering via erosion, such that deeper, compacted soil layers with reduced Ks are now located closer to the surface. In general, vegetation has shown to help recover the Ks at depth for disturbed landscapes but to varying degrees.

The secondary forest had the highest median Ks value at all depths, in comparison to the other two land covers. Although prior studies have shown that undisturbed forest covers have higher infiltration rates, as characterised by higher Ks values recorded (Zimmerman and Elsenbeer, 2008, Ziegler and Giambelluca, 1998, Gray, 1973), it is clear that this land cover had been disturbed previously. We suggest that the secondary forest cover has facilitated in the recovery of the Ks value. The luxuriant vegetation growth at the secondary forest sites may possess root systems that enlarge the moisture and nutrient absorbing spheres of the plants, which resulted in enhanced infiltration rate and water holding capacity of the soil (Chang, 2006). The vegetation cover also contributes to the development of rich soil organic matter by providing nutrients through the decomposition of leaves. Soils high in organic matter provide a good habitat for soil biota, such as earthworms, that through their burrowing activities, increase pore space and create continuous pores linking surface to subsurface soil layers which further enhance infiltration rates (USDA, 2008).

Given a constant rainfall intensity, the high Ks values for the secondary forest vegetation cover suggest there is a significantly higher water consumption at that particular location to absorb the amount of rainfall. But contrastingly, certain locations may be repelling that same amount of water. Therefore, such spatial variability within a small area may lead to a consequent loss in water resources at some locations but not others and can also affect soil structure, nutrient redistribution and erosion processes locally without necessarily affecting discharge response in the same magnitude (Miyata et al., 2010). Therefore, these variations must be taken into account during catchment monitoring and planning as a whole.

Significant vertical decreases in Ks throughout a soil profile can form high slope parallel fluxes of subsurface water and contribute to return flow downslope (Ziegler et al., 2006) due to slowed deep infiltration of water. In addition, if depth related decreases in Ks are large enough to create a perched water table, a substantial lateral subsurface flow component may be produced during larger storms and transformed into return flow on the hillslope. The return flow could even occur in areas where it would not likely occur prior to disturbance (Ziegler et al., 2004). Nonetheless, such occurrences are dependent on the geomorphological structure of the landscape and the storm characteristics (including antecedent soil moisture). 

A water table was observed thrice over the secondary forest vegetation cover at 0.36, 0.28 and 0.42 m depths over the course of this study. It was noted that the night prior to these experiments, there were heavy thunderstorms. This capability to bypass some portion of the low Ks subsoil may contribute to the observed rapid rise of the local water table. Therefore, these are points of converging subsurface flow (Ziegler et al., 2006). On the other hand, if the vegetation is planted in small sparse patches, resulting in a mosaic of high and low infiltration areas created on the landscape, the areal extent of the groundcover may also be sufficient such that the vegetation plots are arranged in a way capable of intercepting overland flow. The high infiltration rates of the vegetated areas may be sufficient to absorb water that does not infiltrate in the adjacent open areas of low Ks (Ziegler and Giambelluca, 1998). In general, the areal extent and spatial arrangement of planted vegetation in the area complements each other in determining if the basin-scale overland production can be reduced or increased.

Reduction of subsurface Ks provides evidence that human disturbance has altered typical subsurface hydrological pathways, thereby creating an opportunity for overland flow to be generated on fragmented hillslopes. Profiles beneath human-disturbed surfaces show an enhanced reduction in Ks with depth, as compared with relatively undisturbed forested lands. If depth related decreases in Ks are large enough to create a perched water table, a substantial lateral subsurface flow component may be produced during large storms, resulting in the generation of return flow. The subsurface Ks patterns observed below the non-forest land covers, therefore, probably described the range that exists below all disturbed surfaces. Over time, the root structures associated with advanced secondary vegetation covers should act to counter reduced Ks. This recovery to a pre disturbance magnitude would likely take much longer than the recovery of the surface Ks. Thus, the impact of land cover conversion on overland flow generation may linger on the fragmented landscape long after the characteristics of the surface vegetation indicate otherwise. 
3.6.5 Fluxes of Q, ions, metals

3.6.5.1 Stream Chemistry Distribution

Stream discharge estimations are presented below and are juxtaposed with rainfall distribution over the study period (Figure 3‑25).Three stream systems were sampled for ions and heavy metals to represent the entire catchment: Up1Mid2Low3, Up2Mid2Low3 and Mid3Low3. Up1Mid2 and Up2Mid2 largely exhibited similar water chemistry (Figure 3‑26, Figure 3‑27, Figure 3‑28, Figure 3‑29, Figure 3‑30, Figure 3‑31, Figure 3‑32, Figure 3‑33, Figure 3‑34, Figure 3‑35). Mid3 however has higher concentrations than the other two systems across all the ions and parameters tested except pH, Fluoride and Nitrate. The ion concentrations in the Mid3 streams contain large fluctuations throughout the stream unlike the more stable ion concentrations in the Up1, Up2 and Mid2 streams. This could be due to the fact that the Mid3 stream runs parallel to the pipeline and an exposed path next to the pipeline which may supply ions due to enhanced runoff or even erode the cementing of the pipeline into the Mid3 stream. 

The Low3 stream has larger fluctuations in concentrations over the different sampling periods as compared to the upper catchment streams. The pH is the only parameter that remains largely constant in the lower catchment over the sampling period, suggesting highly variable seasonal influences on stream chemistry.

The concentrations of chloride, sulfate, sodium, potassium, magnesium, and calcium all increase downstream. Of these ions, all but potassium have a spike in concentration in the mid-stream at around 1250 m from the end of the sampling transect. The samples from with these spikes in the concentrations are found in an area upstream of the confluence of Mid1 and Mid2. Fluoride exhibits no significant changes in concentrations going downstream. Nitrate is the only ion that exhibits the opposite trend where the concentrations upstream are higher than downstream. 

Chemically, the firing range stream (Low2) is similar to the other streams in the catchment. The presence of the firing range did not appear to introduce any extra input of these measured chemicals into the stream however considerably few sampling points were measured due to limited access. Further investigation of the influence of the firing range on the stream chemistry are required. The concentrations of ions also do not change much from upstream to downstream within our sampling area. There was only one sampling period (May 2014) that the concentrations of all the ions except nitrate were significantly higher than during other periods. This is not consistent within the catchment for that sampling period as ion concentrations in May 2014 in the other streams are not as high. 

The pH of the streams increase from upstream to downstream by about 1, this trend is consistent over the different sampling periods only with Nov 2015 having a much lower pH reading (3.5-5.5) than the other periods. Fluoride levels were higher at the start of the project at 0.08ppm before dropping to current day levels of >0.02 ppm after September 2014.  The fluoride levels have remained low for 2015. The PUB does introduce fluoride in the drinking waters of Singapore and the average concentrations in the tap water is 0.48ppm (PUB website
). Thus the fluoride levels in the streams are very low in comparison. 

Calcium is an element that is not normally present in a freshwater stream system and thus the increasing trend of calcium is surprising. The ion concentrations in the upper streams are at 2ppm and increases to an average of 4ppm in the Low3 stream. The data indicates that the higher concentrations of calcium ions in the Low 3 stream is mainly coming from the Mid3 stream as Up1, Up2 and Mid2 streams have low concentrations of calcium ions. This could be due to the pipeline that runs parallel to the stream and the construction and material used for the pipes and stands are leaching calcium ions into the stream via surface runoff—but this situation was not verified by sampling.  Further, these differences are likely not ‘practically’different.

Potassium levels fluctuate in a year, most noticeably high (2-8ppm) in Q5 and Q9, both in the February to June period of 2014 and 2015. After this period the concentration drops back down to about 1ppm for the rest of the year. These periods are the drier months of the year or following the dry period of February. Magnesium concentrations shows a clear relationship with the amount of rainfall from that period, increasing in concentration during periods of low rainfall. This is most likely due to a concentration effect with less water to dilute the ions.  

3.6.5.2 Seasonal Fluctuations
The concentrations of ions over the different sampling periods are also determined by the amount of rainfall during that period due to the addition or lack of water. Looking at Aug 2014 as a wet period with a total rainfall of 225 mm and Aug 2015 as a dry period with a total rainfall of 121.6 mm. Cations (sodium, potassium, magnesium and calcium) concentrations were higher during dry periods and lower during wet periods. The concentrations of anions (fluoride, chloride, sulphate and nitrate) generally increase during a wet period as compared to a dry period. 

The ion concentrations in Nov 2015 behave as if it is in-between a dry and wet period. This could be due to the fact that Nov 2015 was after a period of low rainfall (May and Aug 2015) and November 2015 itself being a wet month with total rainfall of 281.4 mm. The solubility of different ions and the fluctuating pH associated with seasonal changes in the hydrological catchment likely play a significant role in these chemical distributions. However, largely the stream chemistry appears to persist within a normal range of concentrations for freshwater systems.
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Figure 3‑25  Mean daily rainfall and discharge for the main stream channel in the lower catchment of NSSF.
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Figure 3‑26 Changes in pH values over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑27 Changes in electrical conductivity over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑28 Changes in fluoride ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑29 Changes in chloride ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑30 Changes in sulphate ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑31 Changes in nitrate ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑32 Changes in sodium ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑33 Changes in potassium ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑34 Changes in magnesium ion concentrations over time in the main stream channels in the entire catchment of NSSF.
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Figure 3‑35 Changes in calcium ion concentrations over time in the main stream channels in the entire catchment of NSSF.

3.6.6 Groundwater and Surface Water Chemistry

Sodium, chloride, sulphate and calcium concentrations are greatly affected by the location of the sampling site (Figure 3‑36, Figure 3‑37). At the headwaters, DP8, DP7, and DP4, the concentrations of these ions are higher in the groundwater. In sites along the stream, GP2, 3, 4, the concentrations of these ions are much higher in the stream water and also possessing more variability over the different samples taken. Following this trend, the electrical conductivity is also higher in the groundwater than in the headwaters but increasing further downstream. The increase in these chemical ions caused the increase in EC in the streams.

GP 2, 3 and 4 are located downstream of the Mid 3 stream, the chemical ion concentrations are similar to the Mid3 stream chemistry and are higher than those in the Mid2 stream. DP5 located upstream of the Mid2 stream has stream water results that shows much lower ion concentrations compared to Gp2, 3 and 4. This stream water chemistry affects the ground water chemistry increasing the ion concentrations in the ground water.

Fluoride, Potassium and Magnesium concentrations no not vary much between ground and stream water across the sampling sites. Sites along the streams have higher concentration as compared to those in the head waters but the differences between ground and stream water at that site are small. Nitrate concentrations are higher in the stream water in most sample sites but the concentrations are still low at around 1ppm.

The pH does not differ in ground water and stream water across all sites. The pH in the headwaters are lower (5 - 5.5) and increases downstream (5.5 - 6) following the trend from the stream water. 

DP1 and DP2 are located on the Low1 stream where it is fed mainly by the reservoir water and are not connected to the main stream running within the swamp forest. The chemistry at these 2 sites are different from those within the swamp forest showing higher concentrations of fluoride, chloride, potassium and sulphate as compared to the other sites. All of the ion concentration values from DP1 shows great variations over the different sampling periods.
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Figure 3‑36 Comparison of chemical concentrations between ground and stream water samples at DP8.
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Figure 3‑37 Comparison of chemical concentrations between ground and stream water samples at GP3.

3.6.7 Heavy Metals in groundwater and streams

Preliminary results of heavy metal concentrations in stream and groundwater indicate that the streams in Nee Soon Swamp Forest are predominantly within normal concentrations. It is important however to note differences in the distribution of certain metals of interest, particularly those that were found to be potentially enriched in the soils via anthropogenic inputs. A few of these metals are presented in Figure 3‑38 and may demonstrate evidence for important chemical dynamics.

The streams and groundwater stations influenced by the firing range streams appear to be significantly enriched in Mg, K, Ca, and Na compared to the upper catchment. Specifically samples taken from or near DP1 have highly enriched values in both the stream and the groundwater. It is possible that the enriched soils in this area of the swamp are leaching metals into the groundwater and subsequently into the stream however further investigation of concentration ranges in this area are required.

Samples taken downstream of the pipeline may suggest enhanced leaching on the surface and subsequently draining into the streams. The groundwater concentrations are typically comparable to the upper catchment however the streams are significantly enriched suggesting the metals are not leaching from the soils. Several anomalously concentrated samples in the upper catchment however suggest that there may be significant temporal variability associated with seasonal conditions. Furthermore, a general enrichment of certain metals in the lower catchment may result in higher concentrations found in the streams and groundwater, indicating that a more refined sampling strategy may be necessary to determine heavy metal influences on the NSSF hydrology.
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Figure 3‑38 Average heavy metal concentrations of potential contaminants ranging from the upper catchment, the firing range, and downstream of the pipeline.

3.6.8 Chemical Fluxes in the Soil Catena
3.6.8.1 General Elemental Distributions

A number of elemental concentrations distributed through the catena demonstrate accumulation in the A horizons. Elements generally indicating this process include Ba, Ca, K, Mg, Sr and Na. The similar distribution patterns within the soil profiles between A and B horizons suggesting minimal mixing in the soil profiles, or a stable soil profile.

The accumulation of elements in the A horizon may be influenced by TOC or particle size. Numerous studies have reported positive correlations between the amount of metals in soil and TOC or clay content. Organic compounds affect heavy metal concentrations by various processes such as adsorption, complexation and chelation (Ferraz and Lourenço, 2000; Du Laing et al., 2009). The main complexes are formed between metals and numerous reactive groups (such as COO- groups) (Vedagiri and Ehrenfeld, 1992; Paré et al., 1999) and fulvic acid and fulvate (Tipping et al., 1998; Charlatchka and Cambier, 2000) compounds. The role of particle size in controlling metals is mainly through the clay fraction with high surface charge (Evans, 1989). 

Correlation analysis (Spearman r) between elemental concentrations and soil properties in A and B horizons at Nee Soon shows that TOC has significant correlation with K, Mg, in A horizon and with Ca and Mg in B horizon. For clay, in A horizon, K is positively correlated with clay and Ti is negatively correlated with clay. For B horizon, clay is negatively associated with Na, however, positively correlated with V and Fe. The low number of elements correlated with TOC and clay, as well as the low correlation coefficients (maximum r = 0.6, p = 0.01, for Ca and TOC) suggested in Nee Soon, TOC and clay only play negligible role in controlling metals in soil.

When considering elemental distribution in terms of each soil profile, peaks of elemental concentrations are observed in the A horizon. As mentioned above, these two hillslopes are probably free from pollution. Profiles NT2, NT4, NT5, NT8 and NT9 are those having elevated metal concentrations. Ba, Cu and K show peaks in profile NT2; Cr and Na show peaks in profile NT4; profile NT9 are elevated in Cr, Ti, Co and Mn concentration meanwhile profile NT9 shows enrichment of Ba, Ca, V, K, Mg, Fe (for NT5 only) and Sr. The elemental accumulation may also be related to topography, in which more elements accumulate in gentler parts of hill slopes (Table 3‑5 and Figure 3‑39)

Table 3‑5 Number of enriched elements in accordance with slope steepness
	Profile
	Enriched element
	Steepness (degree)

	NT2
	Ba, K
	Steep (42)

	NT4
	Cr, Na
	Gentle (29)

	NT9
	Cr, Ti, Co, Mn
	Gentle (8)

	NT5/NT8
	Ba, Ca, V, K, Mg, Sr, Fe
	Gentle/flat (13/7.5) 



[image: image143]
Figure 3‑39 Slope steepness of soil profiles in grey scale. The darker the colour, the more steep the profile is. 

Table 3‑6 Spearman correlations between elements and soil properties in soil profiles
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*. Correlation is significant at the 0.05 level (2-tailed).





**.Correlation is significant at the 0.01 level (2-tailed)

3.6.8.2 Denundation Rate

Denundation Rate

Long-term denudation rate was calculated from the analysis of the concentration of Be-10 in the stream sand at the catchment outlet. The chemical depletion fraction normalized by Zr was used to estimate the weathering fraction of the denudation as detailed in the methods section above. By a difference calculation the physical erosion rate is estimated:

(Tons/km2/year)

Denudation

Erosion
Weathering

23.4


5.6


17.8

The Nee Soon denudation of 23.4 tons/km2/year is relatively low compared with other reported figures for granite catchment. Denudation rate at Nee Soon is considerably lower than that from estimates of the Rio Icacos watershed, Puerto Rico (average D in amalgamated soils is 90 ± 21 t.km-2.yr-1) (Riebe et al., 2003); almost half of the granitic soil denudation rate of 53 ± 3 m/Ma in the Bega Valley, South-eastern Australia (Heimsath et al., 2000); within the range of NW Australia (10-27 m/Ma) but higher than a SE Australian site (1-7 m/Ma) (both are samples from soil profiles collected by Fifield et al., 2010). Nee Soon has similar D to that from Panola Mountain, GA, USA (23 ± 3 t.km-2.yr-1). 

This low rate is not surprising however considering the low physical erosion rates, with gently sloping hills. The Nee Soon soil physical erosion rate was calculated at 5.6 tons/km2/year, a small figure, which is comparable with northern Australia, reported by Lal et al., 2012 (1.5-5m/Ma or 3.9-13 tons/km2/year) (Lal et al., 2012) despite different regional geology and climatic conditions. Compared with tropical average denudation rates, Nee Soon has a relatively high rate (Portenga and Bierman, 2011).

The chemical weathering is 17.8 tons/km2/year, accounting for 76% of the total denudation rate. This suggests most of the elemental loss in Nee Soon soil is in dissolved form. The high chemical weathering fraction is consistent with Zhao et al., 1994 who claimed that the main weathering processes in Singapore are due to chemical decomposition (Figure 3‑40). Nee Soon soil is derived from Bukit Timah granite (PWD, 1976) and has totally lost its rock texture and most of its strength (Zhao et al., 1994) suggesting deep weathering processes. The chemical weathering rate at Nee Soon is also within the ranges found elsewhere from granite (Riebe 2001b). Compared to other findings regionally, chemical weathering at Nee Soon is higher than that from undisturbed steep-land catchment that developed on granite in a Malaysian peninsular (11.5 t.km-2.year-1) (Vegas-Vilarrubia et al., 1994). 
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Figure 3‑40 Relationship between climate and type of weathering (from Zhao et al., 1994)

3.6.8.3 Volumetric Strain and Chemical Depletion Fraction (CDF)

Volumetric strain shows the expansion or collapse of a soil profile relative to the parent rock. Volumetric strain is calculated by the relative concentration and density of the parent rock and soils. Our analysis shows largely that the hillcrest (NT1 and 3) has undergone volumetric expansion and corresponds with high concentrations of the immobile element Zr. Conversely, the hillslope toe (NT10 and 11) has undergone volumetric collapse and corresponds with low concentrations of Zr (Table 3‑7). Chadwick et al., (2009) found that crests and hillslopes collapsed by the increase of Zr concentration and footslopes expanded by depletion of Zr (Chadwick et al., 2009). Our result follows this pattern as well, especially in the collapse of profiles NT10 and NT11 (Figure 3‑41).

The soils at NT1 and NT3 expanded roughly 50%, while soils at NT10 and NT11 collapsed by about 50% relative to the initial volume of rock. Brimhall and Dietrich, 1987 proposed that the collapse of a layer could be due to dissolution of minerals, at Nee Soon we proposed that chemical weathering leads to dissolution loss of profiles NT10, NT11 and could be responsible for volumetric collapse. The volumetric strain is also constrained by a comparison of the chemical depletion fraction of elements Ca, Na, Ba, K, V, Al, Fe. Individual element CDF values were calculated in addition to whole soil CDF (Figure 3‑42). The higher CDF of the hillcrest and lower CDF of the hillslope toe corroborate our volumetric strain calculations (Figure 3‑43).

The fraction of Na and Ca lost due to chemical weathering within profiles NT1 and NT3 are proportional to the level of collapse. Higher CDF_Na or CDF_Ca, meaning more Na and Ca are lost in weathering processes, corresponds to lower volumetric expansion and vice versa. For collapsed profiles NT10 and NT11, CDF of Ba, Ca, V, Al, and Fe are correlated with the level of collapse. Thus, in terms of elemental loss and gain, volumetric strain changes still shows correlations with changes in elemental concentration.

Table 3‑7 Volumetric strain and Weathering Rate for NT1, NT3, NT10 and NT11.

[image: image147.emf]Profile Depth (cm)Strain

W (t/km

2

/yr)

NT1-S1 14.5 0.582535 14.71

NT1-S2 20 0.638706 12.78

NT1-S3 25 0.233311 14.3

NT1-S4 31.5 -0.13032 14.71

NT1-S5 37 0.419627 12.16

NT3-S1 10 0.451649 13.34

NT3-S2 15 0.456627 12.78

NT3-S3 23 0.140581 13.34

NT3-S4 29 -0.01515 14.63

NT3-S5 36.5 0.739363 6.02

NT3-S6 42 0.223365 9.75

NT10-S1 4 -0.57508 19.65

NT10-S2 10.5 -0.50356 19.24

NT10-S3 18.5 -0.64885 19.86

NT10-S4 24.5 -0.72368 20.27

NT10-S5 32.5 -0.60685 19.01

NT10-S6 39.5 -0.65024 19.24

NT10-S7 45.5 -0.51245 19.06

NT11-S1 7 -0.26284 18.95

NT11-S2 13.5 -0.47536 19.06

NT11-S3 20.5 -0.53549 18.09

NT11-S4 26.5 -0.54081 18.23

NT11-S5 31.5 -0.50382 17.55

NT11-S6 37.5 -0.47742 17.43
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Figure 3‑41 Comparison between Zr concentration and volumetric expansion (+ x axis)/collapse (- x axis) of 4 profiles. High concentrations of Zr corresponding with a more negative strain rate indicate soil collapse in the hillcrest (left figure), relatively low Zr concentrations corresponding with positive strain rate indicate soil expansion (right figure).
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Figure 3‑42 Chemical depletion fraction in 4 whole soil profiles.
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Figure 3‑43 Correlation between elemental CDFs and volumetric strain. The hillcrest (NT1 and NT3) largely show expanding volumetric strain, while the hillslope toe (NT10 and 11) show collapsing volumetric strain.

Overall, volumetric strain in Nee Soon soil profiles is correlated well with chemical weathering rate in the soil as a whole as well as with weathering fractions of individual elements, namely Na, Ca, Ba, V, Al and Fe. Volumetric strain is also correlated with the amount of Zr in a soil profile. These findings could be typical for a tropical environment where chemical weathering is expected to account for a large amount of total denudation. Our study site’s results could be generalized to humid tropical forested environments (Figure 3‑44).
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Figure 3‑44 Climatic effects on weathering processes in Nee Soon soil profiles. Blue dot is value from Nee Soon.

3.6.8.4 Mobility of Elements and Dissolved Loads
The concentrations of 15 elements are plotted against depth (A and B horizon boundary) to reveal depletion or enrichment of an element within a profile (Figure 3‑45). Concentration in the soil is normalized to concentration in the bedrock. It is obvious that most of the elements show depletion when rock is converted to soil during pedogenesis, including: Ba, Ca, K, Mg, Sr, Na, Ti, Mn, Co and Zn. The other elements showing enrichment include Cr, Ni, V, Al, Fe and Zr. Among these, Al, Fe and Zr show very high enrichment. The depletion and enrichment distributions are likely a function of chemical mobility (Munroe et al., 2007). 

The amount of chemical loss from the catena by weathering is presented as dissolved annual load (Table 3‑8). Potassium, Na, Ti and Fe, as expected, show the most losses. Other trace elements have lost a smaller amount downslope. Only Al is enriched. The dissolved loss calculations have results as the relative mobility of elements (normalized to Zr) where only Al shows enrichment.

From the above analysis we’ve determined that most of the elements in the soil are lost by chemical weathering instead of physical erosion. Because the dissolved load in a stream outlet contributes to the total amount of material removed from a catchment and is determined by several factors e.g. chemical weathering of rock or sediment, biological processes, atmospheric input and evaporation/crystallization (Firth and Fisher, 2012), we thus, provide an estimate of total dissolved loads to compare with our calculations of dissolved mass loss.

In a separate analysis, water, samples from the hydrological outlet were analysed for elemental concentration (mg/l). Combining these data with discharge values (Leonard et al., 2000), we calculated a total elemental load of the catchment of 16 tons/km2/y in 2014 and 20 tons/km2/y in 2015. This is similar to the long-term chemical weathering rate of the catchment (17.8 tons/km2/y) and provides an indication of how much of the soil/slope/land contributes materials to the stream network in the form of dissolved load. Similar values observed between long-term chemical weathering and short-term dissolved load suggests that chemical weathering of rock and sediment is the main source contributing to elemental loss in stream of the catchment.
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Figure 3‑45 Elemental loss and gain calculated as (Xsoil/Xrock) in 4 soil profiles. The value of 1 means no enrichment or depletion; less than 1 means depletion and more than 1 means enrichment.

Table 3‑8 Dissolved mass loss of elements from NT1, NT3, NT10 and NT11 profile (kg/km2/year). Negative values mean the elements are enriched in the soil.
[image: image154.emf]Profile

Depth 

(cm)

Ba Ca Co  Cr K Mg Mn Na Ni Sr Ti V Zn Al Fe

NT1-S1 14.5 0.74 0.68 0.019 0.068 45.8 2.89 1.17 159.1 0.008 0.13 18.63 0.12 0.43 -27322 198

NT1-S2 20 0.76 0.61 0.016 0.056 42 2.92 0.82 111.3 0.012 0.14 15.9 0.11 0.38 -24658 178

NT1-S3 25 0.73 0.6 0.013 0.066 39.5 2.58 0.78 106 0.011 0.13 15.16 0.13 0.35 -18603 220

NT1-S4 31.5 0.66 0.45 0.013 0.059 34.5 2.36 0.74 92.5 0.016 0.12 14.56 0.13 0.33 -15554 229

NT1-S5 37 0.7 0.44 0.017 0.05 41.8 2.65 0.78 94.4 0.01 0.12 15.55 0.11 0.4 -24337 162

NT3-S1 10 0.57 0.54 0.016 0.025 41.3 2.74 0.6 173 0.008 0.12 13.79 0.07 0.43 -15825 196

NT3-S2 15 0.55 0.5 0.016 0.008 33.4 2.49 0.58 103.5 0.008 0.11 13.31 0.09 0.34 -11529 188

NT3-S3 23 1.48 0.87 0.02 -1.044 76.3 6.73 0.73 80.8 -0.019 0.17 15.69 -3.4 0.46 -6762 100

NT3-S4 29 0.55 0.63 0.013 0.008 24.1 2.2 0.65 50.5 0.015 0.13 11.9 0.11 0.5 -9316 226

NT3-S5 36.5 0.33 0.42 0.009 -0.041 17.4 1.4 0.36 90.5 -0.002 0.07 8.18 0.06 0.2 -11577 90

NT3-S6 42 0.49 0.42 0.014 -0.059 25.3 2.04 0.55 68.4 0.008 0.1 11.92 0 0.33 -17739 104

NT10-S1 4 0.3 0.75 0.026 0.153 16.4 2.16 0.89 65.4 0.03 0.11 18.83 0.26 0.71 -1522 481

NT10-S2 10.5 0.26 0.57 0.025 0.142 12.8 1.81 0.91 59.3 0.022 0.1 18.6 0.23 0.75 -1060 433

NT10-S3 18.5 0.3 0.56 0.032 0.156 14.9 2.02 1.22 68.1 0.024 0.1 24.36 0.33 0.76 -655 463

NT10-S4 24.5 0.24 0.47 0.022 0.15 11.3 1.59 0.95 55.1 0.023 0.08 20.47 0.39 0.77 94 466

NT10-S5 32.5 0.33 0.48 0.023 0.134 12.4 1.83 0.89 52.2 0.017 0.09 18.46 0.23 0.52 -1400 409

NT10-S6 39.5 0.3 0.45 0.025 0.144 14.1 2.05 1.03 40.2 0.023 0.11 19.32 0.21 0.73 -3280 469

NT10-S7 45.5 0.35 0.68 0.023 0.138 14.8 2.13 1.05 41 0.028 0.12 19.8 0.06 0.72 -3335 460

NT11-S1 7 1.24 0.79 0.027 0.136 80.7 7.13 0.73 73 0.029 0.19 16.36 0.1 0.58 -5249 445

NT11-S2 13.5 1.06 0.72 0.027 0.131 69.8 5.62 0.63 65.1 0.021 0.17 14.72 0.22 0.44 -2224 426

NT11-S3 20.5 0.82 0.56 0.016 0.112 54.3 4.19 0.46 62.3 0.017 0.14 12.09 0.18 0.36 -2317 362

NT11-S4 26.5 0.86 0.51 0.018 0.111 56.7 4.27 0.5 62.8 0.011 0.14 13.1 0.19 0.84 -2694 374

NT11-S5 31.5 0.62 0.55 0.014 -1.19 12.2 1.68 0.59 85.8 -0.025 0.18 15.74 0.13 0.58 -4172 314

NT11-S6 37.5 0.98 0.52 0.021 0.1 72 5.09 0.5 53.3 0.008 0.13 13.48 0.05 0.56 -5571 333

Average 0.63 0.63 0.57 0.019 -0.02 36 3.02 0.75 79.7 0.013 0.12 15.83 0 0.52 -9025 305


3.6.9 Oxygen and Hydrogen Isotopes

A total of 390 rainfall (n = 109), stream (193), groundwater (78), and reservoir (10) samples were collected throughout the catchment for oxygen and hydrogen isotope analysis to explore relationships between these end-members.   The relationships between δ2H and δ18O for rainfall, streamflow, groundwater, and reservoir water are shown in Figure 3-46.  The local meteoric water line (dashed in Figure 3.46) is distinctly defined across its range by Continental Rainfall (red crosses plotting in the lower left-hand side of the line) and SW Monsoonal Rainfall (blue and green crosses plotting on upper right-hand side of the line).  
The plotting of stream water (either blue, red, or green circles) in the center of the meteoric water line provides evidence that the stream water largely originates from rainfall, rather than deep groundwater recharge.  However, there is a “seasonality” in the signal.  Samples collected during periods of SW Monsoon Rainfall or Continental Rainfall are pulled along the meteoric water toward the midpoints of these fields, respectively, suggesting that a substantial portion of the stream water is ”new” water, generated by quick flow that is associated with rainfall events.  

The groundwater samples are similar to the streamflow values (for seasons).  It is likely that the groundwater collected in these shallow wells (~1m) is also new event water (from rainfall events), rather than ”old”, deep groundwater.  Also noticeable is that some streamflow values are displaced below the meteoric water line.  This deviation from the line may indicate that reservoir water (represented by the circle) mixes with the stream water and groundwater by seeping into the catchment underground at some locations.  However, this potential impact, and the recharge relationships speculated upon above, are based on examination of only a handful of data.  These impacts and processes should be investigated further through rigorous analysis of more samples collected in systematic manner.  Other isotope that was collected provide a glimpse of the spatial distribution of isotopic values, but do not further our understanding of runoff generation and recharge processes in the catchment beyond what is shown in Figure 3.46.
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Figure 3-46.  The relationships between δ2H and δ18O for rainfall, streamflow, groundwater, and reservoir (10 points not shown inside the ellipse) for three periods extending from November 2014 and December 2015.

3.6.10 Pollen Analysis
A pollen diagram has been constructed for a composite core from the downstream swamp area. In summary the litho-stratigraphy of the composite core is from the base: Black Clay with TOC values between 3 and 15%; Grey Clay with TOC of about 3%; Dark Brown Clay with TOC of about 12%; and Brown Clay with TOC of about 8%.   Radiocarbon dates (14C), based on pollen extracts dated by accelerator mass spectrometry, provide most of the chronology along with 210Pb(ex) dating and the first appearance of the nuclear weapons test isotope 137Cs. These two fallout nuclides have been found only in the upper 40 cm of the cores, along with two ‘modern’ 14C dates (i.e. less than 1950CE). 
The ages of the litho-stratigraphic units are therefore: Black Clay about 19,000 to 600BCE; Grey Clay about 600BCE to 500CE; Dark Brown Clay about 1500 to 1950CE; and Brown Clay 1950 to 2014CE (Figure 3-47). 
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Figure 3‑47 Comparison of pollen taxa over the depth of 0 to 150 cm below the surface for a sediment core collected in the lower swamp of Nee Soon Catchment.
The results allow the following interpretations.

1. The vegetation in the Black Clay period was a time when old growth forest taxa amounted to 60% with high fern spores and palms, variable grass that appears to be positively correlated with charcoal concentrations and hence fire (based on only two samples). Old growth forest pollen was only about 20% at about 600BCE. Without more analyses of the pollen nothing can be said of the climate at this time, and this account of the vegetation is likely to change when more pollen counting is complete.

2. The vegetation in the Grey Clay shows increasing values of old growth forest taxa, increasing ferns, moderate amounts of grass, and increasing palms suggesting that during the period from about 600BCE to 1000CE there was increasing rainfall, because the other key variable for vegetation, temperature, can be assumed to have varied little at the equator in this time period. That rainfall was plentiful is also suggested by the low values of charcoal.

3. The vegetation in the Dark Brown Clay consists of gradually increasing old growth forest, high fern counts, decreasing grass and slightly decreasing palms with high charcoal counts. This is the period after the Little Ice Age (LIA) when rainfall appears to have increased at Nee Soon. Too few data are available to define the LIA vegetation.

4. There is little change in the vegetation at the transition from the Dark Brown Clay to the Brown Clay that, from 210Pb(ex) dating, begins in about 1950CE. The old growth forest, ferns, grass and charcoal are essentially unchanged across the boundary. Old growth forest increases slightly to the present. Given that the most likely start of major clearing and disturbance of the forest is in the 1890sCE, it appears that the period between the beginnings of disturbance and 1950CE is not represented in the composite core. The entire Brown Clay unit represents a period of forest reestablishment.

3.6.11 Ground Penetrating Radar
Ground Penetrating Radar Study

Important Ground Penetrating Radar parameters are listed in Table 3-9. GPR data were post-processed and topographically corrected using Reflex-W software (Reflex-Win v.7.5, K.J. Sandmeier, 1997-2014). The same basic processing steps were applied to each trace:
· Move Start Time – to correct for drift in the signal, and bring air wave and ground wave signals back to time zero.

· “De-wow” filtering – this removes low frequency electrical “noise” or bias in the traces that is generated by the equipment, a value of 4 ns was used

· Automatic Gain Control (AGC) – a maximum gain of 250 was applied

· Running average (3-traces) – performs a running average enhancing gently dipping reflections

· Vertical (downtrace) averaging (7- sampling points) – performs low pass filtering on each trace in the time domain

· Background removal – a filtering process that reduces the visual appearance of multiples of the air/ground waves and antenna ringing by removing the normalised average trace from all traces.
· Topographic correction - applied using relative elevation values, collected using a Garmin 550T handheld GPS unit. 

Table 3-9: GPR acquisition parameters for lines collected at Nee Soon Catchment

	Line
	Frequency (MHz)
	Average Velocity (m/ns)
	Time Window (ns) 
	Equivalent depth  (m)
	Step Size/ Sampling Interval (m)
	Stacks
	Length (m)

	00
	250
	0.11
	400
	22
	0.1
	32
	45.2

	01
	250
	0.11
	400
	22
	0.1
	16
	1197.4

	02
	250
	0.11
	400
	22
	0.1
	16
	106.3

	03
	250
	0.11
	400
	22
	0.1
	16
	270


Velocities of the subsurface materials were determined by interactively adapting the E-M wave velocity to match diffraction hyperbolae present within GPR lines. Using this method a velocity of 0.11 m/ns was found to be the best fit for the diffraction hyperbolae above the saturated zone. This velocity is typical of wet granite (Baker et al., 2007) and generic “soil” (Jol and Bristow, 2003; Neal and Roberts, 2000). A time window of 400 ns was set to allow for maximum collection of data as, under good ground conditions, this would be equivalent to 20 m depth at 0.11 m/ns velocity; close to the theoretical maximum detection limits for the 250 MHz antennae.

Five radar facies were identified from the GPR profiles and interpreted in Table 3-10. Total two lines were examined and interpreted including Line 00 and Line 01-03. Line 00 was collected downslope towards the swamp area and the stream where the NUS water quality sonde (Upper Sonde) is located (Figure 3-48, 3-49). All five radar facies are present within this profile. For line 01-03, data were collected along the Woodcutters trail with majority of RF1 and RF2 facies; and small patches of RF3, FR4 facies. The RF5 (swamp deposits) facies is only encountered within the stream valleys. There are two stream valleys located 700-1000 m and 1070-1350 m along transect, with a bridge crossing the stream between 876 and 803 m (Figure 3-50, and Figure 3.-51).  

For all profiles, despite the collection time window being set at 400 ns, the radar penetration depth is limited and rarely exceeds 2.5 m, especially on the steeper slopes to the north and west. A maximum penetration depth of > 8 m is exhibited in the river valleys, possibly due to i) slight changes in mineralogy and electrical permittivity of the valley fill sediment and ii) the reduction in signal velocity due to the presence of water.

The minimum depth to bedrock (0 m) is encountered at the top of the Tor, where bedrock crops out at surface.  Despite commencing Line 01-03 at the Tor, in order to characterize the bedrock signal, there is little variation between the bedrock and regolith signals, possibly due to the similarity of the parent rock and its weathering products. With the possible changes in sediment characteristics in the swamps, it is possible to detect the interface between RF1 and the overlying material, giving an inferred maximum depth to bedrock of 9 m. It must be noted, that the RF1 horizon may not represent the true solid bedrock interface, rather it may only represent the interface between the residual soil and the moderately weathered GIII (50-90% rock) weathering horizon, with the true bedrock depth possibly being anywhere from 20-70 m.

GPR facies analysis of Line 01-03 indicates that the most promising locations to core, in order to collect swamp/valley sediments and prove to bedrock, would be the eastern sides of the swamps, close to the eastern banks of the streams that flow through them. At both of these locations, the RF1 boundary appears to be closer to the ground surface and is overlain by a package of swamp/valley sediments. For Line 00, the most promising core location would be the western extremity of the profile line, closest to the stream that flows through the swamp, as this would capture the greatest quantity of valley and swamp sediments.

In summary, depth to bedrock was established at some localities along the profiles, but is variable, and maximum depth is unknown. Ground conditions have a major effect on the efficacy of GPR, with the best results being obtained from non-conductive environments. Possibly due to high clay content within the regolith, penetration depth over the Nee Soon investigation area was limited. Facies analysis indicates that the best coring locations are within the swamps, to the east of the courses of the present streams.

Table 3-10. Radar facies description and interpretation

	Image
	Facies
	Description
	Interpretation

	
[image: image157]
	RF1
	Strong discontinuous undulating reflection found at depth overlying zone of noise and signal attenuation
	bedrock

	
[image: image158]
	RF2
	Undulating sub-horizontal (ground following) reflections with frequent 

Hyperbolae
	weathered bedrock

	
[image: image159]
	RF3
	Similar to RF2, but fainter indicating a highly attenuated signal
	weathered bedrock

	[image: image160.emf]
	RF4
	Sub-horizontal to gently dipping semi -continuous reflections
	hill wash

	[image: image161.emf]
	RF5
	undulating, gently dipping and trough shaped reflections
	swamp/valley infill/stream deposits
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Figure 3-48. Line 00 showing both the un-interpreted section (above) and interpreted section (below).
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Figure 3-49. Line 01-03 collected along the Woodcutters Trail
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3.7 Management Concerns and Recommendations

Effective conservation of the Nee Soon Catchment will require strategies informed of the dynamic baseline of the system, as well as the sources of current anthropogenic disturbance. While conservation efforts may be primarily concerned with preserving the unique ecosystems and highly diverse floral and faunal communities, these systems are intrinsically linked to the geomorphic and hydrological stability of the catchment. Thus, the underlying hydrology and sedimentary processes must be considered when implementing management efforts.

3.7.1 Hillslope soil Erosion
Soil erosion reduces the water holding capacity as a result of rapid water runoff, causing soil organic matter and nutrients to be transported downslope. This process can greatly affect species diversity of plants, animals, and microbes by rapidly exporting water, nutrients, and other biological resources out of the biological system (Zuzao and Rodriguez, 2008). Erosional processes are enhanced by a reduction in forest land cover (Rahman et al., 1991); the canopy of vegetation stabilizes the hillslopes through the adsorption of rainfall and binding root systems drawing moisture from the groundwater. This protects the ground surface by shielding it from rain impact as well as removing water from the soils and reducing the frequency of soil saturation and subsequent surface runoff. Landscape modifications to facilitate farming, irrigation, and drainage has altered stream flow and subsequently contributed to sedimentation in low lying areas (Schumm, 1973).

3.7.2 Stream Channel Erosion

Stream channel bunding in the lower catchment has significantly deepened the valley floor preventing water from spreading towards the expressway. This enhances erosion along the stream channel and limits the development of the swamp forest area as well as likely increasing the sediment load to the Lower Seletar Reservoir. One potential strategy for mitigating these enhanced erosional processes is to fill in the channel to restore the hydrological functioning of the swamp. However, this intervention may affect fish communities that have since developed in the channel.

3.7.3 Recreation
Other causes for enhanced erosion rates are the presence of trails and traffic of trekkers, bikers, and hunters who damage tracks and bridges. The clearing of vegetation and increased activity along this area increases the soil mobility and transport of sediments. Restricting visitors to the catchment and repairing damage to the tracks and bridges would help serve to stabilize these processes. Forest recovery and replanting of endemic floral families aids in not only the ecological resurgence of the reserve, but also the retention of water, sediments, and nutrients in the system.

3.7.4 Fires and Tree Fall
An excavation of a soil pit in the upper catchment uncovered 200 year old charcoal remains, indicating clear evidence of fires. Fires along the hillslopes and dryland forests are not only capable of clearing out large swaths of old primary and secondary forests, but may expose the slopes to significant erosion during subsequent inundation. Therefore the catchment must be readily accessible for fire fighters appropriately trained for operation in a nature reserve. However, it may be that some floral species require fire for germination and the relative importance of hillslope stability and ecological succession must be considered.

3.7.5 Construction and Development
The construction of the firing range, golf course, and expressway within or in close proximity to the NSSF may be affecting the water and soil quality of the stream channels. Analysis of soils for heavy metals throughout the reserve find that soils in the lower catchment are significantly more enriched than in the upper catchment. Due to the compositional homogeneity of soils in the enriched and normal zones, it has been concluded that some components of the heavy metal enrichments may be a result of these nearby developments. 

A pipeline cutting across the catchment from the Upper Seletar Reservoir to the Lower Pierce Reservoir did experience early problems with line breakages due to defective operation of the pump pipeline and contributed to significant erosion in the lower catchment (Murphy, 1997). It is important to ensure that the pipeline does not leak and that the bund along its side does not erode into the swamp.

Finally, the dam at the mouth of the Upper Seletar outlet when opened has been observed causing regular back-flooding into the swamp flushing the system with reservoir water. Strategies to pre-vent back-flooding should be investigated.

3.7.6 Carbon Storage
Friess et al. also estimated the entire island had an average of 60 Mg C [image: image167.png]


, which is more than the mean stocks held by a 100 other global cities (Dobbs et al., 2014). Considering the urbanized state of the island, the natural areas disproportionately hold the majority of the carbon stocks on the island. Sites like the NSSF should thus continue to be protected and managed carefully in order to maximize its carbon sequestration potential. 
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4 Vegetation Ecology 
Kwek Yan CHONG, Louise NEO, Wei Wei SEAH and Hugh Tiang Wah TAN 
1.1 Field study
1.1.1 Aims

The first aim was to collect plant samples and data on vegetation cover and structure that were needed by other teams. For example, our identification and vouchering of specimens from which fresh plant material was handed to the Cryogenics Collection, Imaging, and Barcoding (“Cryo”) team will contribute to building a comprehensive DNA barcode database of the plants of Nee Soon catchment. Measurements of tree diameters will be converted via published equations on tree allometry to estimates of tree height and root depth; tree height estimates and leaf area index measurements will be used to calibrate the values derived from remote sensing by the Mapping, Data Management, and GIS team; tree height, root depth, and leaf area index were then required by the Numerical Modelling team for use in the hydrological model; finally, the hydrological conditions of our randomly distributed plots were used to validate the predictions of the hydrological model.

The second aim was to investigate the ecological relationships between soil, hydrology, and the plant communities in the Nee Soon Swamp Forest. Specifically, we asked: how does the plant community structure vary across the soil and hydrological conditions in the Nee Soon catchment? What are the plant species that are characteristic of the freshwater swamp forest plant community?

The third aim was to build a more comprehensive list of the vascular plant flora of the Nee Soon catchment through a spatially extensive sampling compared to all previous floristic surveys that have been conducted in this area (e.g., Turner et al., 1996; and most herbarium specimens which have been collected from forest edges such as along the Nee Soon pipeline).

4.1.1 Methods

4.1.1.1 Vegetation plots
Forty vegetation plots were established. The locations of the plots were randomly generated using ArcGIS version 10 (see Figure 4‑1), stratified by elevation categories derived from the elevation contours provided by the Mapping, Data Management, and GIS team: (1) 0–10 m, (2) 11–20 m, (3) 21–30 m, (4) 31–40 m, and (5) >40 m above sea level. Within each category, 20 random locations were generated. These were visited and surveyed, cycling through the elevation categories in turn. Locations that were within 60 m of established plots were discarded to spread out the spatial distribution more evenly. The objective was to obtain a representative and unbiased sample of the wet–dry gradient throughout the catchment, with approximately half of the plots located in wet areas. In some instances, the plots were shifted a few metres from their original computer-generated location if the conditions in the field were not ideal for setting up the plot (plot numbers appended with an ‘a’ in Figure 4‑1).
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Figure 4‑1 ArcGIS-generated random locations of vegetation plots; only those within the Nee Soon catchment are shown. The 40 plots that were chosen and eventually completed are shown as open squares, while the locations that were not used are shown as dots. The elevational categories by which the locations were stratified are represented by the following colours: 0–10 m (dark blue), 11–20 m (light blue), 21–30 m (yellow), 31–40 m (pink), and >40 m (red) above sea level. The rectangular area outlined in red represents the restricted zone around the Nee Soon firing range, while the blue lines show the approximate stream lines in the catchment.
Of the 40 plots, we classified 21 plots as “wet plots” (by the presence of a water body within the plot) and 19 plots as “dry plots” (by the absence of a water body within the plot). Each plot measured 20 × 20 m, with the sides running along the North–South, East–West directions (Figure 4‑2). White, 15-mm diameter, polyvinyl chloride (PVC) pipes were hammered into the ground at each corner such that they protruded about waist to chest height above the ground/water level. The pipe ends were capped, and now have been tagged with plastic discs bearing the NParks logo in two colours: blue representing wet plots and green representing dry plots. These plots are therefore “semi-permanent”, allowing for re-surveys in the future.
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Figure 4‑2 Layout of a vegetation plot. The sides of the plot generally run from North–South and East–West. PVC pipes were hammered into the ground at each corner (open circles) and labelled with signage. Each grid square represents 1 m2. Numbers on the grid in blue (1–9) indicate the approximate spots where hemispherical photographs were taken to estimate the plant area index.

Within each plot, all vascular plant species that were observed were recorded. Where field identification was not possible, a voucher specimen was collected. Almost all voucher specimens collected were vegetative, i.e., no flowers/fruits were available.

The diameters at breast height (DBH) of all woody stems >5-cm DBH were measured and recorded. Again, where field identification was not possible, an attempt was made to collect branches for closer examination and to be made into voucher specimens. When branches were too high to be collected even with an extendable pruners (with about 6 m reach), we examined the leaves through a pair of high-powered (10 × 50) binoculars or photographed them with a long zoom lens, and then searched for fallen leaves that matched these on the ground. Sometimes, if shorter, younger individuals deemed to be of the same species were present nearby and had accessible branches, these were collected from instead. These matching leaves and branches may then also be used as voucher specimens. When the tree crown was too high for the leaves to be clearly viewed even through a binoculars or a long-zoom lens, or where infestation by climbers obscured the visibility of the leaves, scrapings of the inner bark and sapwood were taken.

For all vouchered specimens, one or two fresh leaves were handed over the Cryo team, labelled with a voucher number. Inner bark or sapwood samples were also handed over to the Cryo team to extract DNA barcodes as a last resort to provide a putative identification for trees which tended to be very tall and likely rare.

In addition, the distance of each large stem (≥10 cm DBH) from the nearest two sides of the plot was estimated to the nearest 0.5 m and mapped onto a grid of 1 × 1 m squares that represented the plot area (Figure 4‑2). A total of 866 stems were mapped, of which the overwhelming majority are trees and not lianas.
Towards the end of the project, we re-visited the 40 plots to thoroughly re-examine unidentified trees with the aid of some suggested identities provided to us from the sapwood sequencing and barcoding performed by the Cryo team, and with the increased expertise of the team members following many months of intensive taxonomic work on previous collected voucher specimens. 

4.1.1.2 Plant taxonomy
The fresh plant specimens were pressed and dried in an oven at about 60°C for a few days. Dried and pressed specimens were first sorted into morphotypes (groups of morphologically similar specimens that were likely to be the same species). The morphotypes were then classified into likely plant families according to taxonomic “spot characters” such as the leaf type and arrangement, venation, presence and colour of latex or resin, and other special features such as swelling of parts of the leaf stalk, etc. Members of the research team were then assigned to take charge of the further identification of a few families each.

To identify the specimens, we consulted published taxonomic keys and descriptions, and/or matched them with other specimens collected and identified earlier, or those that have been deposited in the Singapore Botanic Gardens’ Herbarium (SING) and identified by visiting experts. Before bringing the specimens to SING, they were frozen at −20°C for at least 72 h to kill off any insects, and then re-dried in an oven.

4.1.1.3 Leaf area index
Hemispherical photographs of the canopy above each plot were taken at nine spots arranged in a 3 × 3 grid in the centre of the plot, at least 5 m away from the sides of the plot. A full-frame digital single-lens reflex camera (Canon 6D) was mounted on a tripod with a three-way bubble level in the flash hot shoe. The camera was fitted with a circular fisheye lens (Sigma 8-mm F3.5 EX DG). At each spot, six photographs were taken at a height of 1.3 m from the ground, at three shutter speeds (1/60s, 1/100s, 1/160s) and two aperture sizes (f/5.6, f/22).

For each plot at each shutter speed/aperture size combination, the leaf area index (LAI; although more accurately, plant area index) was calculated from the photographs taken at the nine spots using the free software CAN-EYE version 6.312 (Jonckheere et al., 2004; Weiss & Baret, 2004). There are four formulae for calculating the “true” plant area index: CE version 6.1, CE version 5.1, P57, and Miller, of which the software developer recommended CE version 6.1 and Miller. This data was then handed over to the Mapping, Data Management, and GIS team for validation of MODIS-generated estimates of LAI.

4.1.1.4 Topsoil characterization
Within each plot, soil surface samples were collected from around the same nine points that the hemispherical photographs were taken. The soil samples were air-dried and sorted through a 2-mm sieve to remove plant debris and soil particles that were coarser than sand. Soil texture, i.e., percentage of sand, silt, and clay, were estimated using the hydrometer method (Kroetsch & Wang, 2007). The nine soil samples for each plot were then combined to a single sample per plot and sent to the Animal and Plant Health Centre of the Agri-Food and Veterinary Authority of Singapore for analysis of total nitrogen (N), extractable phosphorous (P), extractable potassium (K), and total organic carbon (TOC) content.
4.1.2 Data analysis

All data analysis was conducted in the statistical programming environment R version 3.2.2 (R Core Team 2015).

We carried out Ward’s hierarchical clustering using Bray-Curtis dissimilarities to examine if there were phytosociological associations with the wet-dry classification of plots. Because most lianas could not be identified to species despite our best efforts, we focused our analysis on the tree communities only. 

Principal components analysis (PCA) was carried out on the soil characteristics: % sand, silt, and clay, N, P, K, and TOC, to summarize the major gradients in soil characteristics. Log-transformed values of N, K, and TOC were used. We examined the scree plot of the proportion of variance explained by each PCA axis to determine the number of principal components to be used for subsequent analysis.

We then used distance-based Redundancy Analysis (db-RDA; also known as Canonical Analysis of Principal Coordinates, CAP) to constrain the ordination of tree communities according to the major PCA axes and the wet-dry classification of the plots. As with hierarchical clustering, we used the Bray-Curtis distances, which produced less outlying points and resulted in a higher proportion of total inertia constrained compared to using χ2 distances (equivalent to Canonical Correspondence Analysis) or Euclidean distances (equivalent to classical Redundancy Analysis). We then partitioned the inertia constrained into the proportion attributable to soil characteristics (the PCA axes combined) and hydrology (the wet-dry classification) respectively. The statistical significance of the marginal proportion of inertia constrained by either factor after taking into account the other factor was assessed using permutational F-tests with 999 permutations.

After identifying plots that likely represent the freshwater swamp forest tree community, we used indicator species analysis (Dufrene and Legendre, 1997; using stem counts) and the multinomial classification method (using the simple majority rule) of Chazdon et al. (2011) to identify the tree species that are swamp specialists, as well as any species that may be indicative of non-swamp communities. The multinomial classification method also identifies “generalists”, i.e., species that can be found in both types of habitat.
4.1.3 Results

4.1.3.1 Tree community structure along soil and hydrological gradients
Hierarchical clustering of tree communities grouped 13 of the 21 wet plots in one cluster (hereafter Cluster 1), with the remaining wet plots grouped together with the dry plots in another cluster (hereafter Cluster 2; Figure 4‑3).
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Figure 4‑3 Hierarchical clustering of plots according to tree community composition. Plot numbers in blue represent wet plots and those in green represent dry plots. Cluster 1 is shown on the left, while Cluster 2 is shown on the right.

The first and second PCA axes (PCA 1 and 2, respectively) represent 75% of the total variation in the eight soil variables measured (Figure 4‑4). PCA 1 can generally be interpreted to represent a clay-sand gradient, with higher pH, K, N, and TOC content in the direction of higher sand content. PCA 2 generally represents a sand-silt gradient, with lower pH, K, N, and TOC content in the direction of higher sand content. Wet plots were significantly higher in PCA 1 scores (t = -6.93, p-value <0.001) and lower in PCA 2 scores (t = 2.06, p-value = 0.048) than the dry plots.
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Figure 4‑4 Principal Components Analysis biplot of soil characteristics of the vegetation plots and boxplots of the first and second axis scores. Colours in biplot and boxplots: blue—wet plots; green—dry plots. Symbols used in biplot: circles—Cluster 1; triangles—Cluster 2 (from the hierarchical clustering analysis).

Consistent with the strong association between wet-dry classification of plots and PCA 1 scores, db-RDA showed that wet and dry plots differentiated along RDA axis 1 scores on which PCA 1 was also more strongly loaded. Furthermore, Cluster 1 plots from the hierarchical clustering analysis also formed a distinct group in the db-RDA biplot (Figure 4‑5), and well-aligned with the direction of increasing PCA 1 scores. On the other hand, the other plots with low RDA axis 1 scores were distributed along RDA axis 2 on which PCA 2 was more strongly loaded. Wet plots from Cluster 2 generally had lower RDA axis 2 scores.

We therefore interpret Cluster 1 as representative of the freshwater swamp forest tree community with sandier soil, higher soil nutrient content, and more alkaline soil and water. Cluster 1 versus 2 plots will herafter known as swamp versus non-swamp plots. Meanwhile, the wet plots in Cluster 2 likely represent tree communities along forest streams.
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Figure 4‑5 Results of distance-based Redundancy Analysis. Vegetation plots are represented by the following symbols and colours: blue—wet plots; green—dry plots; circles—Cluster 1; triangles—Cluster 2 (from the hierarchical clustering analysis). Variables used to constrain the tree community were the first (PCA 1) and second (PCA 2) axes of the Principal Components Analysis of plot soil characterisitcs, and the hydrological classification of the plots (centroids of the two groups indicated by “wet” and “dry”). Inset Venn diagram indicates the proportion of inertia constrained by the soil and hydrological factors.

Of the 14.7% of total real inertia (excluding imaginary inertia) constrained by the three variables, 7.15% could be attributed to the soil characteristics (i.e., PCA 1 and 2) alone, and this proportion was statistically significant (p-value = 0.006). On the other hand, the 3.28% attributable to hydrology (i.e., the wet-dry classification) was only marginally statistically significant (p-value = 0.056). There was a large proportion of overlap in inertia explained by both soil and hydrological factors due to the relationship between each PCA axis and the hydrological category.

Therefore, soil characteristics appear to be more important in structuring tree communities than a simple wet-dry hydrological classification. However, sandy, high-nutrient, alkaline soil in flooded environments is not always occupied by a freshwater swamp forest tree community. For example, plots Q404a and Q319a have relatively higher PCA 1 axis scores, but the tree community belongs under Cluster 2.

4.1.3.2 Freshwater swamp tree species

Results from both the indicator species analysis and the multinomial classification are consolidated in Table 4‑1. Species identified by consensus of the two methods to be swamp specialists are Baccaurea bracteata, Lophopetalum multinervium, Pometia pinnata, Pandanus atrocarpus, Macaranga recurvata, Pternandra coerulescens, Palaquium xanthochymum, Mussaendopsis beccariana, and Horsfieldia crassifolia.

Species identified by consensus to be non-swamp indicators are Gironniera nervosa, Rhodamnia cinerea, Timonius wallichianus, Prunus polystachya, and Aporosa frutescens. 

Species identified by the multinomial classification method to be generalists of swamp and non-swamp habitats regardless of the majority rule employed are Campnosperma squamatum, Xanthophyllum flavescens, Timonius flavescens, Bhesa paniculata, and Garcinia parvifolia.

Table 4‑1. Results from Indicator Species Analysis and the Multinomial Classification method showing species characteristic of swampy areas, non-swampy areas, and generalists, arranged in increasing order of species scores on RDA axis 1 to show the non-swamp to swamp gradient.

	Species
	Indicator Species
	Multinomial Classification
	RDA 1

	Oncosperma horridum
	
	non-swamp
	–0.331

	Gironniera nervosa
	non-swamp
	non-swamp
	–0.280

	Rhodamnia cinerea
	non-swamp
	non-swamp
	–0.273

	Timonius wallichianus
	non-swamp
	non-swamp
	–0.266

	Aporosa symplocoides
	
	non-swamp
	–0.207

	Prunus polystachya
	non-swamp
	non-swamp
	–0.134

	Aporosa frutescens
	non-swamp
	non-swamp
	–0.116

	Knema malayana
	
	non-swamp
	–0.089

	Archidendron clypearia
	
	non-swamp
	–0.069

	Garcinia parvifolia
	
	generalist
	–0.049

	Bhesa paniculata
	
	generalist
	–0.029

	Macaranga gigantean
	
	generalist
	–0.013

	Strombosia ceylanica
	
	generalist
	–0.003

	Litsea erectinervia
	swamp
	
	0.022

	Symplocos fasciculate
	
	generalist
	0.023

	Scaphium macropodum
	swamp
	
	0.026

	Melanochyla caesia
	swamp
	
	0.026

	Blumeodendron tokbrai
	swamp
	
	0.031

	Baccaurea polyneura
	swamp
	
	0.038

	Gymnacranthera forbesii
	swamp
	
	0.039

	Diospyros lanceifolia
	swamp
	
	0.048

	Magnolia singapurensis
	swamp
	
	0.049

	Osmelia philippina
	swamp
	
	0.049

	Timonius flavescens
	
	generalist
	0.051

	Vatica pauciflora
	swamp
	
	0.052

	Glochidion rubrum
	swamp
	
	0.052

	Syzygium incarnatum
	swamp
	
	0.053

	Macaranga bancana
	
	generalist
	0.055

	Neesia malayana
	swamp
	
	0.056

	Horsfieldia sucosa
	swamp
	
	0.058

	Knema conferta
	swamp
	
	0.059

	Cryptocarya ferrea
	swamp
	
	0.059

	Kopsia singapurensis
	swamp
	
	0.062

	Radermachera pinnata
	swamp
	
	0.075

	Diospyros oblonga
	swamp
	
	0.077

	Elaeocarpus mastersii
	
	non-swamp
	0.083

	Mastixia trichotoma var. maingayi
	swamp
	
	0.084

	Alstonia angustifolia
	
	generalist
	0.086

	Myristica elliptica
	swamp
	
	0.087

	Horsfieldia crassifolia
	swamp
	swamp
	0.107

	Xanthophyllum flavescens
	
	generalist
	0.113

	Mussaendopsis beccariana
	swamp
	swamp
	0.118

	Madhuca tomentosa
	
	swamp
	0.124

	Syzygium pachyphyllum
	
	generalist
	0.148

	Palaquium xanthochymum
	swamp
	swamp
	0.149

	Gluta wallichii
	
	swamp
	0.152

	Pternandra coerulescens
	swamp
	swamp
	0.170

	Macaranga recurvata
	swamp
	generalist
	0.180

	Pellacalyx axillaris
	
	swamp
	0.251

	Campnosperma squamatum
	
	generalist
	0.255

	Pandanus atrocarpus
	swamp
	swamp
	0.267

	Pometia pinnata
	swamp
	swamp
	0.315

	Gynotroches axillaris
	
	generalist
	0.452

	Lophopetalum multinervium
	swamp
	swamp
	0.535

	Baccaurea bracteata
	swamp
	swamp
	0.628
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Figure 4‑6 Relative occurrence of tree species in (a) wet versus dry plots and (b) swamp versus non-swamp plots. Sizes of circles represent relative abundance (i.e., no. of stems) of each species across all the vegetation plots. For clarity, only the names of the most common nine species are indicated. Points along the dotted black line represent equal occurrence in the two kinds of plots, while blue lines present twice as often occurrence in wet/swamp plots as dry/non-swamp plots, and vice versa for green lines.

4.1.3.3 Floristics and records of note

From the field surveys and of the specimens collected, we have so far identified 665 species from 117 families to a reasonable degree of confidence, of which 287 from 60 families were trees with at least one stem ≥5-cm DBH recorded in the plots. The species list is provided in Appendix C.1.

The families with the greatest number of species with trees ≥5-cm DBH were the Myristicaceae (23 species), followed by the Phyllanthaceae (21 species), the Myrtaceae (20 species), and the Lauraceae (17 species). Overall, the largest family were the Rubiaceae (41 species), followed by the Annonaceae (40 species), and the Myrtaceae (31 species). The Moraceae tied with the Phyllanthaceae (28 species each) for the fourth most speciose family overall. The Phyllanthaceae was the most abundant tree family in terms of stem counts (217 stems), followed by the Euphorbiaceae (145 stems), the Rubiaceae (136 stems), the Myristicaceae (126 stems), Myrtaceae (124 stems), and the Rhizhophoraceae (112 stems). The most dominant family in terms of basal area were the Anacardiaceae (8.95%), most of which were contributed by two species: Campnosperma squamatum and Campnosperma auriculatum. The family Combretaceae was represented by a single individual of Terminalia subspathulata but it was the largest tree measured (DBH=206.4 cm) and alone contributed 8.67% of the total basal area of trees. There were 12 species of Dipterocarpaceae, of which 11 species had at least one stem ≥5-cm DBH recorded in the plots, and was the fifth most dominant family by basal area.

Nine species are potential rediscoveries of species presumed locally extinct in the 2nd edition of the Singapore Red Data Book (Tan et al., 2008): Baccaurea macrophylla (Phyllanthaceae), Deplanchea bancana (Bignoniaceae), Dioscorea stenomeriflora (Dioscoreaceae), Elaeocarpus griffithii (Elaeocarpaceae), Erycibe maingayi (Convolvulaceae), Syzygium glabratum (Myrtaceae), Syzygium leptostemon (Myrtaceae), Syzygium pseudocrenulatum (Myrtaceae) and Trigoniastrum hypoleucum (Trigoniaceae). In addition, there are seven likely new species records: Aglaia yzermannii (Meliaceae), Cryptocarya nitens (Lauraceae), Dacryodes incurvata (Burseraceae), Hopea ferruginea (Dipterocarpaceae), Litsea resinosa (Lauraceae), Melanochyla angustifolia (Anacardiaceae), and Securidaca philippinensis (Polygalaceae); and three new likely varieties for Singapore: Horsfieldia polyspherula var. sumatrana (Myristicaceae), Knema curtisii var. curtisii (Myristicaceae), and Syzygium claviflorum var. maingayi. Some of the other rediscoveries (e.g., Deplanchea bancana) or new records (e.g., Hopea ferruginea, Securidaca philippinensis) have been previously collected from the Nee Soon catchment or other localities by other workers. Except for Cryptocarya nitens (de Kok, 2015) and Litsea resinosa (Chong et al., 2016), the other records have not been published. Six of the rediscoveries, four of the new species records, and all of the new varieties were found as trees with at least one stem ≥5-cm DBH and can be easily revisited for collection of flowering or fruiting material in the future.
The final tally of species, rediscoveries, and new records for Singapore will likely be higher. Furthermore, here we only report the number of species that were encountered in our 40 randomly located vegetation plots; there are locally rare species that appear to be restricted to the Nee Soon Swamp Forest but were not found in our plots. The checklist by Wong et al. (2013) is a more comprehensive list but requires updating and corrections. It should also be cautioned that our sampling, focused on the tree and understorey plant communities, will be under-representing groups such as epiphytes and lianas. Many of the rediscoveries of species formerly presumed to be Extinct in Singapore were epiphytic orchids from the Nee Soon Swamp Forest (e.g., Ang et al., 2010; Lok et al. 2011). Future surveys could therefore have increased focus on these groups.

4.2 Seedling experiments

4.2.1 Aims

Through the field-based study, we found that soil conditions were tightly coupled with hydrological conditions, i.e., wet and dry plots tended to have particular soil conditions (Figure 4‑4). This makes it difficult to determine if soil or hydrology was more important in structuring the plant communities in the Nee Soon catchment.

Furthermore, drought scenarios are anticipated for the Nee Soon catchment as a result of a changing climate. The effects of drought conditions are difficult to investigate through a field-based study.

Therefore, we conducted a manipulative experiment on seedlings of common tree species to disentangle the relative effects of soil and hydrology, and to investigate the effects of drought. The seedling stage of trees is the most vulnerable and experiences the highest rates of mortality; changes in seedling survival and growth responses will determine the future tree community.
4.2.2 Methods

4.2.2.1 Study species

Eleven common species were originally targeted for collection. This included eight of the nine species that were both abundant as well as widely distributed among the wet and dry or swamp and non-swamp plots (Figure 4‑6; Oncosperma horridum was not considered as it was the only palm and is hence monocotyledonous, with a likely different seedling biology from the other species). Timonius flavescens was at first targetted as a congeneric comparison to Timonius wallichianus, as we observed the former to be more common in wet plots and the latter to be more common in dry plots. Timonius flavescens and two other species that were originally targeted: Campnosperma squamatum and Xanthophyllum flavescens eventually turned out in the multinomial classification method to be generalists (Table 4‑1).
After the first few collection trips, we found that seedling availability was low for five species. Therefore we eventually narrowed down the target species to six. Aporosa frutescens, Gironniera nervosa, and Macaranga bancana were collected from the dryland (non-swampy) areas only, while Strombosia ceylanica, Gynotroches axillaris, and Baccaurea bracteata were collected from the swampy areas only, where the seedlings were respectively more frequently encountered.
4.2.2.2 Seedling collection

For the purpose of the seedling collections, the Nee Soon Swamp Forest catchment area was divided into three zones: Firing Range, Nee Soon Pipeline, and Woodcutter’s Trail (Figure 4‑7).
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Figure 4‑7 The three zones over which seedling collections were made. Markers represent the locations of the vegetation plots (red: dry plots; blue: wet plots).

Most of the seedling collections took place during the first field season: Aug 2014–Jan 2015. When we determined that there would be insufficient seedlings for the last round of experiment, several more collection trips were made again during a second field season: Mar–May 2015. During each field season, 30–40 seedlings per species were collected from each of the three zones.

Seedlings of the six species measuring 20–40 cm tall were collected and immediately placed into a plastic ziplock bag containing damp sphagnum moss to minimise dessication and water stress. All leaves were stripped off the seedling except for the youngest fully expanded leaf which was cut in half, to reduce transpirative water loss. Soil that was characteristic of the dryland and swampy areas respectively were also separately collected during each seedling collection trip and transported out of the forest.

Subsequently, the seedlings and soil were brought back to the NUS Native Plant Nursery located at Research Link at the Kent Ridge Campus. The seedlings were transplanted into planting bags with the type of soil they were collected from and held in deep shade (75% shade netting), receiving regular watering (15–30 min twice daily, morning and evening) to allow for recovery from transplantation shock. Planting bags for seedlings collected from swampy areas were wrapped around the bottom half in transparent polythene to keep in water and simulate the high water table of the swampy areas from which the seedlings were collected. The survival of the seedlings was monitored weekly.

4.2.2.3 Experimental treatments

The actual experiment began when the survival rates stabilized after 4–8 weeks. In most cases, the seedlings showed signs of new leaf or shoot development.

In total, five rounds of experiments were carried out. In each round, 18 seedlings per species were randomly selected and each seedling of a species was randomly allocated to one of the different treatments.

First, the total number of leaves, leaf dimensions (length and width), and shoot length were measured for each of the seedlings. Subsequently, the seedlings were carefully uprooted to minimise damage to the roots and the root lengths were measured.

Next, the seedlings were transplanted accordingly. For seedlings collected from swampy (wet) areas, one out of every two seedlings will then be transplanted into the empty root ball of a randomly selected seedling collected from a dry site, and the others will be transplanted into the empty root ball of a randomly selected seedling from a wet area, and vice versa for seedlings collected from dry areas.

Afterwards, each of the transplanted seedlings was randomly assigned to one of the three different water regimes: flooded, normal, and drought. For the normal regime, the transplanted seedlings were watered twice daily in a week on weekdays with 50 ml of water each time. For the flooded regime, the watering quantity and frequency followed the normal regime, except that planting bags of transplanted seedlings were kept in a plastic container of water up to three-quarters the depth of the planting bag throughout the period of experiment. Lastly, for the drought regime, the transplanted seedlings were neither watered nor kept in a plastic container of water. Two shelters with transparent acrylic roofs were built to keep the seedlings out the rain for the purpose of controlling the water regime.

The seedlings were monitored for signs of mortality daily on weekdays for eight weeks. At the end of the monitoring period, each surviving seedling was carefully extracted from the soil and the roots were washed as clean as possible. The total number of leaves, leaf dimensions (length and width), leaf areas and fresh mass of two randomly selected leaves, shoot length, root length, shoot fresh mass, and root fresh mass were measured. The separate parts of the seedlings were then dried for a period of three weeks before leaf dry mass, shoot dry mass, and root dry mass were measured.

4.2.2.4 Data analysis

The proportion of seedlings that survived over time was plotted on Kaplan-Meier survival curves and compared between treatments and soil type for each species.

From the measurements of leaf area, leaf width, and leaf length at the end of the experiments, we first fitted a linear model of area as a function of width and length. This model had an R2 of 99.2%. We then used this model to estimate the leaf areas for the leaves where only length and width were measured but not area.

The seedling traits listed in Table 4‑2 were calculated and used in Principal Components Analysis (PCA) to examine correlated patterns of seedling responses to the treatments and soil type. SRR, LRR, and RRR were log-transformed. Only seedlings with all the trait values available were used; many Strombosia ceylanica seedlings did not have any leaves either at the start or at the end of the experiment, hence resulting in a lower sample size.

Table 4‑2 List of seedling traits used in Principal Components Analysis.

	Trait
	Abbreviation
	Description

	Net change in no. of leaves
	leafnum_diff
	Difference in the number of leaves between the start and the end of the experiments.

	Change in shoot length
	SL_diff
	Difference in the length of the shoot between the start and the end of the experiments.

	Change in longest root length
	RL_diff
	Difference in the length of the longest root between the start and the end of the experiments.

	Total dry weight
	dry
	Sum of dry shoot, and root weights.

	Average leaf size
	LAmean_diff
	Difference in the mean estimated area of leaves at the start and the end of the experiments.

	Specific leaf area
	SLA
	Leaf area divided by leaf dry mass. Where more than one leaf was measured for a seedling, the averages of the values were taken.

	Total moisture content
	moist_tot
	(Total fresh weight-total dry weight)/Total fresh weight

	Shoot:root ratio
	SRR
	Ratio of the shoot dry weight to the root dry weight.

	Lamina:root ratio
	LRR
	Ratio of the total estimated area of leaves to the length of the longest root.

	Root diffusedness
	RRR
	Ratio of the root dry weight to the length of the longest root.


We examined the first few PCA axes in decreasing proportion of variance encompassed for biologically interpretable patterns in the loadings of the seedling traits. These PCA axis scores were then used as response variables in two-way mixed-effects Analysis of Variance (ANOVA) test for the effect of treatments, soil type, and the interaction between treatment and soil type on seedling responses. The batch of experiment was controlled for a random intercept in the mixed-effects ANOVA.

4.2.3 Results

4.2.3.1 Survival

Almost no seedlings survived the drought treatment in the soil type collected from the dry sites, but the soil type found in the wet sites of the swamp forest was able to buffer the effects of drought for all species (Figure 4‑8). For wet specialists and Strombosia ceylanica, >80% of seedlings survived in the flooded treatments and/or wet soil types. For the dry specialists and Macaranga bancana, there was substantial mortality especially in the flooded treatments. Gironniera nervosa performed the worst with complete mortality in flooded treatments (Figure 4‑8). The overall poor survival rates of Gironniera nervosa can be explained by the poor ability to deal with “transplant shock”—the second time inflicted upon the seedlings since collection.
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Figure 4‑8 Proportion of seedlings of each species that survived over time in each treatment (green—normal; red—drought; blue—flooded) and soil type (solid lines—dry soil type; broken lines—wet soil type).

4.2.3.2 Trait responses

We interpret the first PCA axis (PCA 1) as reflecting increased growth, while the second PCA axis (PCA 2) reflect investment in aboveground biomass and light capturing ability in the positive direction of the axis versus investment in belowground biomass and root growth in the negative direction of the axis. These two PCA axes together compose of 44.3% of the original variance in the ten seedling traits used. The third and fourth PCA axes were not found to be biologically interpretable and hence were not tested in subsequent mixed-effects ANOVA.
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Figure 4‑9 Biplot of Principal Components Analysis of seedling traits (abbreviations in Table 1). Open circles are data points for surviving Gironniera nervosa and seedlings in the drought treatment which were not used in subsequent mixed-effects ANOVA analysis. Inset graph shows the scree plot for for all the PCA axes.

As very few seedlings survived drought treatments, and no Gironniera nervosa seedlings survived flooded treatments, we only tested non-drought treatments and the other five species in the mixed-effects ANOVA. There was no evidence for interaction between treatment and soil types for all species (Table 4‑3). For Aporosa frutescens, both treatment and soil type had additive effects on PCA 1, but not on PCA 2 (Table 4‑3); growth was reduced by both flooding as well as the wet soil type (Figure 4‑10). For Macaranga bancana, Baccaurea bracteata, and Gynotroches axillaris, flooding treatment significantly reduced growth but not soil type (Table 4‑3; Figure 4‑10). For Macaranga bancana, Gynotroches axillaris, and Strombosia ceylanica, flooding also resulted in significantly greater investment in belowground biomass but not soil type (Table 4‑3; Figure 4‑11).

Table 4‑3 Two-way Analysis of Variance results for PCA Axis 1 and 2 scores for each species; *: 0.01<p-value<0.05, ***: p-value<0.001.

	
	
	
	F1,df

	Species
	df
	Intercept
	Treatment
	Soil Type
	Treatment

× Soil Type

	PCA1
	
	
	
	
	

	
	Aporosa frutescens
	34
	1.76
	12.44*
	10.19*
	0.18

	
	Macaranga bancana
	35
	1.25
	8.10*
	0.07
	0.79

	
	Baccaurea bracteata
	47
	12.32*
	15.63*
	0.04
	0.03

	
	Gynotroches axillaris
	46
	7.99*
	8.27*
	0.02
	0.32

	
	Strombosia ceylanica
	7
	2.29
	0.95
	1.53
	0.58

	PCA2
	
	
	
	
	

	
	Aporosa frutescens
	34
	3.69
	2.29
	3.78
	2.60

	
	Macaranga bancana
	35
	6.30*
	6.02*
	0.31
	1.60

	
	Baccaurea bracteata
	47
	1.25
	1.81
	0.27
	0.83

	
	Gynotroches axillaris
	46
	33.72***
	4.71*
	0.05
	0.93

	 
	Strombosia ceylanica
	7
	3.56
	8.39*
	2.27
	0.07
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Figure 4‑10 Means and standard errors of PCA axis 1 scores for each species in combinations of treatment (green—normal; blue—flooded) and soil type (white background—dry soil type; gray background—wet soil type).

z[image: image178.png]dry soil type wet soil type dry soil type wet sail type
Aporosa frutescens Macaranga bancana

dry soil type wet soil type dry soil type wet soil type dry soil type wet soil type
Baccaurea bractsata Gynotroches axillaris Strombosia ceylanica





Figure 4‑11 Means and standard errors of PCA axis 1 scores for each species in combinations of treatment (green—normal; blue—flooded) and soil type (white background—dry soil type; gray background—wet soil type).

4.3 Conclusions

Although the field study found that soil conditions appeared to be more important than the presence of open water in structuring tree communities, experiments with seedlings showed that for three of the five species, flooding had a significant effect on growth responses but not the soil type. Taken together, these results suggest that flooding leads to the formation of the tree community structure and the accompanying soil properties in the freshwater swamp forest over time. Seedlings growing in the swamp forest substrate will be more resilient against short-term droughts.

Many uncommon and rare species are restricted to the swampy parts of the Nee Soon catchment. The catchment is also a hotspot of new plant records and rediscoveries of species presumed to be extinct in Singapore. The Nee Soon Swamp Forest is therefore of high floristic conservation value locally.

4.4 Recommendations

From our studies, we predict that non-swamp species are more vulnerable to the anticipated changes in the hydrology of the Nee Soon catchment in the future. In some sense, this may be good news, as the swamp flora is generally more unique and tends to be locally rarer. We expect about 2–4 weeks from the onset of a severely receded water table in originally swampy areas following extreme drought before mass die-offs of seedlings will occur so this provides some buffer time for action to be taken, for example, for manual irrigation to be set up. However, the time lag periods for saplings and mature trees were not investigated in our study. We expect it to take longer given the deeper roots of the larger individuals, but water stress may also be amplified. The trees mapped in the 40 vegetation plots that have now been handed to NParks, will provide baseline data for future monitoring.

Furthermore, the plant species that we found to be rare or restricted to the Nee Soon Swamp Forest should be targeted for propagation. These propagules can then be transplanted elsewhere. For example, they can be used for restoring other potential freshwater swamp sites. The community assembly patterns within the Nee Soon Swamp forest may provide further insight on restoration strategies. For example, species such as Gynotroches axillaris and Pellacalyx axillaris are commonly found in other swampy areas in the Central Catchment Nature Reserve, but these sites seldom have other swamp indicator species such as Baccaurea bracteata, Lophopetalum multinervium, Mussaendopsis beccarriana, Palaquium xanthochymum, Pometia pinnata, etc. and almost never have the rarer swamp Syzygium spp. or nutmegs (Myristicaceae family). Two main reasons can be suggested: (1) these species are dispersal limited from establishing in other swampy sites outside of the Nee Soon catchment; (2) specific soil or biotic conditions are limiting the establishment of these species. The first reason can be easily overcome by transplanting propagules obtained from the Nee Soon Swamp Forest. The second reason would require more detailed studies and experimentation that involve swampy sites outside of the Nee Soon catchment.
Regarding concerns about increasing tree falls and diebacks, our opinion is that these are more likely to occur (1) for large trees (2) of species with weaker wood, and more often observed (3) along forest edges, such as around the firing ranges and along the pipeline. Only systematic monitoring and dedicated data collection can test these hypotheses, and determine the extent of the issue, together with possible solutions. We suggest that this could begin with large trees, e.g., >10-cm DBH, within visual range of the forest edge. These should be measured, mapped, identified, tagged, and checked for liana infestation of the crown that may cause it to be at risk of being pulled down by other falling trees. Whenever researchers, ground staff, or members of the public report that a tree fall has occurred, the manager in charge of the area should visit the affected site and (1) determine if any of the mapped trees have been affected, (2) salvage any crown epiphytes and rare climbers that may have been brought down by the tree fall, (3) log the exact locality, spatial extent of the affected area, and the estimated time of occurrence of the event for future analyses. These can be supplemented by regular, e.g. bimonthly to half-yearly surveys along the forest edges to check the status of these trees. The field guides that we hope to publish from this study, in addition to the voucher specimens we have collected and that will be deposited in the two Singapore herbaria, should help future researchers and staff to identify most of the large trees.

Floristic exploration of the Nee Soon catchment should continue, with more emphasis on epiphytes and lianas as these were under-represented in our surveys. In addition, a catchment-wide survey focused on identifying very large trees, e.g., >30-cm DBH, may yield more rediscoveries, new records, or rare species that can be targeted for conservation action.
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5.1 Introduction & Aims

This Chapter presents a review of hydrologic effects on aquatic in-stream fauna, namely benthic macroinvertebrates and fish and the results and analysis of stream assessments conducted during this study. A review of the historic literature published on the ecology of NSSF is presented in Chapter 1. The primary goals of this Chapter on the ecology of the aquatic fauna of the NSSF are therefore to: 
i. Establish the status of Nee Soon freshwater swamp forest in terms of aquatic biodiversity;

ii. Identify periodic flux in hydrology and key components of the aquatic biodiversity;

iii. Identify and assess root causes of impacts, potential issues that may threaten the ecological integrity of the swamp forest streams,;

iv. Recommend (in the context of point iii);

a. management elements to be addressed);

b. possible mitigation of long-term negative impacts

c. future research 

d. a viable, long-term monitoring programme and sampling protocols to ensure continued protection and good management

Field surveys consisted of a spatially extensive survey of aquatic fauna encompassing 40 stations within the NSSF catchment and repeated surveys conducted fortnightly at three stream sites over 13 months. The results from the spatial survey were primarily aimed at determining the overall composition and distribution of the aquatic faunal community in the NSSF, providing an important quantitative baseline for the faunal composition of the NSSF. An additional objective was to examine the environmental factors which influenced the distribution of the faunal community within the NSSF, which would assist greatly in management of the NSSF and future conservation efforts. Among the objectives of the temporal survey was to analyse the change in diversity, richness and abundance in fauna over the period of the temporal survey. An additional objective was to look at different hydrological and environmental factors and determine if they influenced diversity, richness and abundance. Results from the spatiotemporal surveys and analyses were used to establish appropriate i) faunal response metrics and ii) temporal scales relevant for response modelling of the aquatic fauna of NSSF streams. In the context of this chapter; timescales discussed represent “acute, short-term” (hours/days), “short-term” (weeks/months), “long-term” (years) and “longer-term” (decadal) periods. (Please note that this will differ in other Chapters of this report whereby “long-term” change in the pollen record for example is presented over centuries.) Water-level data logged alongside temporal faunal sampling, hydrologic regimes observed are also described in this Chapter. These data are later used to establish relevant hydrologic metrics for modelling and incorporated into faunal response models. These models were then used to demonstrate the effects of variation in hydrologic condition on aquatic faunal communities and inform recommendations for future monitoring, research and management to protect and conserve the aquatic communities of the forest streams.
5.2 Impacts of Changing Flow Regime on Aquatic Biodiversity 

The apparent ongoing climate change has been attributed to human-induced alterations, and is now amply considered a major threat to (Ricciardi and Rasmussen, 1999; Vorosmarty et al., 2010; Jenkins, 2003; Thuiller, 2007; Woodward et al., 2010; Maclean and Wilson, 2011). The high rates of freshwater biodiversity decline observed in the past decades, far greater than those measured in terrestrial ecosystems, have been mostly attributed to habitat destruction and non-native species invasions, and are likely to be intensified by the ongoing effects of climate change (Vorosmarty et al., 2010). 

Global circulation models project an increase in annual average air temperature of 1-5 ⁰C before the end of this century (IPCC, 2007; EEA, 2008). Trends of water temperature in streams and rivers will likely be affected, and warming is expected to occur globally, as a result of changes in climate-dependent factors, such as solar radiation and heat fluxes (Caissie, 2006; Nelson and Palmer, 2007; Webb et al., 2008). Available long-term environmental data have already highlighted significant warming trends in many rivers over a large geographical area e.g. in Scotland (Langan et al., 2001), France (Daufresne et al., 2004), Switzerland (Hari et al., 2006), Australia (Webb and Nobilis, 2007) or England (Durance and Ormerod, 2009). These trends have been especially pronounced over the past three decades (IPCC, 2007). 

Alterations in global precipitation patterns, both seasonal and inter-annual, are also expected, as well as increases in the intensity, duration and/or frequency of extreme climate events, which could lead to massive floods, prolonged droughts and intense fires (Arnell, 2004; Milly et al., 2005; Alcamo et al., 2007; Beniston et al., 2007; EEA, 2008). 

Consequently, climate changes would have deep ecological consequences to the riverine ecosystem, both through direct (alteration in temperature and natural flow regime) and indirect pathways (alteration in water quality or chemical characteristics) which rivers and rivers organisms could be affected by the changing discharge and temperature (Figure 5‑1; Conlan et al., 2005).

The effects of temperature and water quality on aquatic organisms are well-established (Pollard and Huxham, 1998; Barbour et al., 1999; Caissie, 2006). Water temperature plays a fundamental role in organism survival, growth, metabolism, phenology (development times, emergence, diapause, voltinism) and behaviors in biotic interactions (Durance and Ormerod, 2010; Walther, 2010; Woodward et al., 2010). As most aquatic organisms are ectotherms, there are specific ranges of temperatures that they can tolerate for an extended time period, which determines their local and regional distribution (e.g. Haidekker and Hering, 2008; Ohlberger et al., 2011). Changing temperature regime would potentially affect the distribution, abundance, inter-specific interactions, community composition, altitudinal and geographic range. Alteration of chemical properties beyond the tolerable ranges of aquatic organisms would similarly affect the local aquatic biodiversity. 

The alteration of flow regimes is often claimed to be the most serious and continuing threat to ecological sustainability and their associated flood-plain wetlands (Naiman et al., 1995, Sparks 1995, Lundqvist 1998; Ward et al., 1999). River flow is a valuable predictor of the instream physical environment, and a significant factor in understanding riverine ecosystems (e.g. Statzner and Higler, 1986; Poff and Allan, 1995; Poff et al., 1997; Lancaster and Mole, 1999; Naiman et al., 2002; Matthaei et al., 2003; Olden and Poff, 2003; Wood and Armitage, 2004; Wright et al., 2004). A number of different methodological approaches have been proposed to assess ecologically important components of the flow regime (e.g. Jowett and Duncan, 1990; Biggs, 1995; Wood et al., 1999; Poff, 2002; Boulton, 2003; Lake, 2003; Lytle and Poff, 2004), including the Indicators of Hydrologic Alteration (IHA) procedure (Richter et al. 1996; Olden and Poff, 2003; Table 5‑1), which identified five facets of the flow regime that may be ecologically relevant: (i) magnitude of monthly water conditions; (ii) magnitude and duration of extreme water conditions; (iii) timing of annual extreme water conditions; (iv) frequency and timing of high and low pulses and (v) rate and frequency of water condition changes.

However, there is a lack of critical knowledge in selecting the most appropriate hydrological parameters, preventing reliable predictions on how the biota will respond to altered flow regimes (Bunn and Arthington, 2002). Alteration of benthic invertebrate communities in response to low-flow events at numerous natural and artificial waterways could be influenced by different driving forces such as change in habitat, chemical and/ or hydrological parameters (Dewson et al., 2007). Consequently, a drought event could result in alteration in invertebrate community composition, reduce in invertebrate diversity, reduce or increase invertebrate abundance. For example, invertebrate abundance across the same riverine system during prolonged (multi-year) drought in California were reduced (via reduced habitat suitability) at already water-stressed habitats (e.g. first order streams) or increased (via concentration effect) at perennial sites (e.g third order streams/ river) (Beche et al., 2009). Alteration of fish community composition during the prolonged drought event were similarly site-specific, and were affected by the connectivity across the networks (Beche et al., 2009). 

The four basic principles of natural flow regime on aquatic biodiversity is thus essential to set the background to comprehend the impacts of changing flow regimes on aquatic biodiversity in riverine systems (Figure 5‑3; Bunn and Arthington, 2002). These principles are: 

· Principle 1:  Flow is a major determinant of physical habitat in streams, which in turn is a major determinant of biotic composition. 

· Principle 2: Aquatic species have evolved life history strategies primarily in direct response to the natural flow regimes. 

· Principle 3: Maintenance of natural patterns of longitudinal and lateral connectivity is essential to the viability of populations of many riverine species.

· Principle 4: The invasion and success of exotic and introduced species in rivers is facilitated by the alteration of flow regimes.
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Figure 5‑1 Possible broad-scale effects on river organisms through direct changes in precipitation or discharge, or indirect effects, for example through interactions with water quality (after Conlan et al., 2005).
Table 5‑1 Ecological responses to alterations in components of natural flow regime (from Poff et al., 1997). 
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Figure 5‑2 Summary of effects of decreased stream flow on habitat conditions and invertebrate community abundance, diversity and composition (from Dewson et al., 2007).
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Figure 5‑3 Graphical representation of the natural flow regime of a river showing how it influences aquatic biodiversity via several inter-related mechanisms (Principles 1 – 4) that operate over different spatial and temporal scales (from Bunn and Arthington, 2002).
Principle 1:  Flow is a major determinant of physical habitat in streams, which in turn is a major determinant of biotic composition.

The shape and size of river channels, the distribution of riffle and pool habitats, and the stability of the substrate are all largely determined by the interaction between the flow regime and local geology and landform (Frissel et al., 1986, Cobb et al., 1992, Newbury and Gaboury 1993). In turn this complex interaction between flows and physical habitat is a major determinant of the distribution, abundance, and diversity of stream and river organisms (Schlosser 1982, Poff and Allan 1995, Ward et al., 1999, Nilsson and Svedmark 2002). This is evident at even the smallest spatial scales, where subtle variations in flow and near-bed velocities can dictate the distribution and abundance of particular species of plants and animals (e.g., Wetmore et al., 1990). Close associations with physical habitat can be found in many stream organisms ranging from algae and aquatic plants to invertebrates and fish (Table 5‑2).

Physical disturbance from floods (and droughts) is thought to be a major determinant of the spatial and temporal dynamics of benthic communities in streams (e.g.  Resh et al., 1988). Macroinvertebrates are vulnerable to rapid diurnal changes in flow, and riverine system with erratic flow patterns (such as river reaches below hydroelectric dams; Munn and Brusven 1991), are typically characterized by species-poor macroinvertebrate communities (Table 5‑2). Larval drift is a well-known phenomenon in river science, in which aquatic insects drift either passively from disturbances such as turbulence flows and increased predators, or actively (i.e. voluntarily) from unfavourable environment such as the lack of resources (prey) and increased sedimentation (Tanida, 2009). Sudden increases in flow can cause catastrophic downstream drift to the extent that as much as 14% of the standing crop of benthic biota can be eliminated due simply to drift resulting from increased shear stress (Layzer et al., 1989).  

Many fish species display a preference for particular types of habitat such as pools, riffles, or backwater areas (Matthews 1985, Angermeier 1987, Pusey et al., 1993). The richness of the fauna often increases as habitat complexity increases, with depth, velocity, and cover being the most important variables governing this relationship (Gorman and Karr 1978, Schlosser 1982, Felley and Felley 1987, Pusey et al., 1995). Fish assemblage structure (i.e., taxonomic composition and relative abundance pattern) is also strongly related to habitat structure (Meffe and Sheldon 1988, Pusey et al., 1993, 1998, 2000). Consequently, changing flow regimes affect fish diversity and the functional organisation of fish communities in affected rivers (Table 5‑2).

Principle 2: Aquatic species have evolved life history strategies primarily in direct response to the natural flow regimes.

Although the life history patterns of many riverine biota are primarily influenced by temperature regimes, the timing of particular flow or inundation events also play important roles in influencing the life history of some taxa (Table 5‑3; Sweeney 1984, Resh et al., 1988). For example, the life history patterns of atyid shrimps (Atyidae) breeding are strongly modified by the prevailing hydrology (see Hancock and Bunn 1997). Many stream invertebrates recorded in Australia and New Zealand have flexible life history patterns, which are thought to be a direct response to highly variable and unpredictable discharge regimes (Winterbourn et al., 1981, Marchant et al., 1984, Lake et al., 1985). Evidence of greater synchrony of development is found only in regions with a more predictable flow regime (e.g., Bunn 1988). 

Flow plays a profound role in the lives of fish with critical life events linked to flow regime (e.g., phenology of reproduction, spawning behavior, larval survival, growth patterns and recruitment) (Welcomme 1985, Junk et al., 1989, Copp 1989, 1990, Sparks 1995, Humphries et al., 1999). Many of these life events are synchronized with temperature and day length, such that changes in flow regime that are not in natural harmony with these seasonal cycles may have a negative impact on riverine fish (Table 5‑3). 

Principle 3: Maintenance of natural patterns of longitudinal and lateral connectivity is essential to the viability of populations of many riverine species.

The viability of populations of many species of fully aquatic organisms depends on their ability to move freely through the stream network. Large migratory macroinvertebrates such as shrimps and crabs are an important component of the biota of tropical and subtropical streams because of their direct influence on ecosystem level processes, such as primary production, organic matter processing, sedimentation, and the composition of benthic algal and invertebrate communities (Table 5‑4; Pringle et al., 1993, Pringle and Blake 1994, Pringle 1996). Diadromous fishes, which migrate long distances within the main channels and larger tributaries of rivers, are particularly sensitive to barriers to longitudinal passage because obstruction of their migratory pathways may interfere with the completion of their life cycles (Table 5‑4). The disappearance or decline of the major migratory fish species often follows river impoundment and the blocking of passage in the system (Bonetto et al., 1989, Cadwallader 1986, Harris 1984a,b; Joy and Death 2001, Welcomme 1985, 1992)

Hydrological connectivity between the river channel, floodplain, and groundwater structures the spatiotemporal heterogeneity of floodplain habitats (Ward and Stanford 1995), leading to characteristic high biodiversity (Ward et al., 1999). The lateral expansion of floodplain habitats during flooding creates important spawning, nursery and foraging areas for many fish species and a variety of other vertebrates (Lowe- McConnell 1985, Welcomme 1985, Cadwallader 1986, Junk et al., 1989, Ward et al., 1999). The extent and duration of river flooding during the wet season can determine whether and for how long fish can gain access to nursery habitats and food (Bayley 1991, Heiler et al., 1995), and whether fish will remain trapped in isolated floodplain waterbodies or are released back into the river system (Lowe-McConnell 1985). Mortality of fish trapped in dry season refuges may be very high due to deteriorating physicochemical conditions, reductions in food availability, and lack of refuge from predators (Kushlan 1976, Lowe-McConnell 1985, Woodland and Ward 1990). In turn, the duration and frequency of connection during periods of high flow (Halyk and Balon 1983, Hillman 1986), periodic isolation of floodplain waterbodies, and the proximity of such habitats to the main river channel are important in determining the composition of fish assemblages (Kushlan 1976, Hickley and Baley 1986, Lloyd and Walker 1986). 

Principle 4: The invasion and success of exotic and introduced species in rivers is facilitated by the alteration of flow regimes. 

The establishment of non-native species following naturally and artificial altered flow regimes has been documented for both fish (Marchetti and Moyle, 2001; Eby et al., 2003) and invertebrate (Mouthon and Daufresne, 2006) communities. Although fish species have been introduced into a wide variety of environments, the greatest success has been achieved in waters which have been dammed, diverted, and otherwise modified, creating permanent standing water (reservoirs) and more constant flow regimes than previously existed (e.g., Moyle 1986, Arthington et al., 1990) (Table 5‑5).

Natural flow regimes tend to favour native species (Lytle and Poff, 2004), but only if the invader differs ecologically from the native species (e.g. the “unlike [or unique] invader” hypothesis of invasion, Alpert, 2006). However, when a non-native species has a similar ecology as a native species, success depends largely on superior competitive ability and/or predation on native species (Ayala et al., 2007).
Table 5‑2 Summary of biotic responses to altered flow regimes in relation to flow induced changes in habitat (principle 1; from Bunn and Arthington, 2002).
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Table 5‑3 Summary of life history responses to altered flow regimes (principle 2; from Bunn and Arthington, 2002).
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Table 5‑4 Summary of biotic responses to loss of longitudinal or lateral connectivity (principle 3; from Bunn and Arthington, 2002).
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Table 5‑5 Summary of biotic responses to altered flow regimes in relation to invasion and success of exotic and introduced species (principle 4; from Bunn and Arthington, 2002).
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5.3 Materials and Methods

5.3.1 Data collection

In order to establish the ecological conditions across the Nee Soon swamp forest, forty study sites (20 m reach) were selected across the stream network to capture a range of small, intermediate and larger sized streams. Sites were surveyed once during wetter periods/seasons between October 2013 and September 2014 (Q1-Q6; Figure 5‑4). Study sites selected were representative of different stream orders (Table 5‑6; Strahler, 1952). First order streams were generally shallow, receiving water input only from precipitation, overland-flow or ground-water discharges. Water from first order-stream drains downstream towards the second order and the third order streams, which were in turn characterised as more permanent and deeper channel with large volume of discharge. 

Additionally, three sites comprising a first-order, second-order, and third-order stream (NS38, NS33 and NS18 respectively; refer to Figure 5‑5;) were surveyed fortnightly between November 2013 and February 2015, a period of 13 months (Q4 to Q8) to reflect the changes in the Nee Soon swamp forest through time (Figure 5‑5; Table 5‑7). All methods used to carry out this survey were identical to that used to carry out the spatial survey, and all data were also recorded in the same way.
The physicochemistry for each survey site were determined in-situ with handheld multimetric probes, such as YSI556 (YSI Incorporated, Yellow Springs, OH, USA) and Odeon turbidity meter (AQUALABO, France) for measurement of physicochemical parameters (Table 5‑8). Additionally, 1500 mL of water was also collected on-site for subsequent laboratory determination of 12 parameters including metal and nutrient concentrations conducted in accordance to APHA standards (Table 5‑8). 

Hydrological conditions of each survey site were determined with measurements of velocity, width and depth at the 5th and 15th metre mark along the 20 m reach (Figure 5‑6). Depth (m) was measured at the centre of the stream with a meter ruler, while width (m) was measured bank-to-bank with a transect tape measure. Velocity (m/ s) at each sampling point was recorded using HACH FH950 flowmeter (Marsh-McBirney CO, USA) for over 30 seconds. Rate of flow or discharge (m3/s) for each sampling point was subsequently determined as the product of cross-sectional area (width x depth; m2) and average velocity (m/ s). 

Additional hydrological data was also recorded using pressure/level sensor (Level TROLL 500, In-Situ Inc.) at three Nee Soon sites (NS33, NS38 and NS18) along the same tributary (Figure 5‑5) between December 2013 and January 2015. Water depth or elevation (m) was logged by the installed pressure/level sensor at 15-minute interval, based on the changes in water and atmospheric pressures against zero pressure.

In hydrography, stream order represents the hierarchy of streams from the source (or headwaters) downstream (Strahler, 1952). The three study sites were selected to represent the hydrological conditions of different stream order within the Nee Soon swamp forest. The first order stream (NS33) was short and shallow, receiving water input only from precipitation, overland-flow or ground-water discharges. Water from first order-stream drains downstream towards the second order (NS38) and the third order (NS18) streams, which was characterised as permanent and deeper channel with large volume of discharge. 

The biotic community of each survey site was determined with corresponding fish and macroinvertebrate sampling methodologies. Sampling of fish and decapods was carried out using 0.6 × 0.4 m push nets (mesh size 2 × 2 mm), for 10 minutes (measured while the net was submerged) along a 10-metre transect (Figure 5‑7). All fish captured were identified and measured using dial callipers to the nearest millimetre, and then released at the site of capture. All fish names follow Kottelat (2013).  
Macroinvertebrate were sampled with kick nets (D-frame, 250 µm) using the 2+1 sampling method (Bradley and Ormerod, 2002) at both margins and centre of a 5 m reach of the survey site. The kick net was held in a vertical position and stuck repeatedly against the sediment as it was moved upstream for a distance of 5m along each margin/ bank (for 15 seconds each) and along the centre of the stream (for 30 seconds; see Figure 5‑7). Macroinvertebrate samples were preserved in the field with molecular grade isopropanol and transported to the laboratory for storage and processing. Individuals were counted and identified to the lowest practical taxonomic level (in most cases, family level).  Taxa from Phylum Annelida were identified to Sub-classes Oligochaeta, Polychaeta and Hirudinea, while selected taxa from Phylum Arthropoda – Amphipoda, Collembola, Copepoda, Diptera (Pupae), Isopoda and Ostracoda, were identified to Order. Primary references used for taxonomic identification include Blakely et al. (2010), Clews et al.  (2010), Yule and Yong (2004), Dudgeon (1999) and the Mekong River Commission Key (MRC, 2008).
Habitat surveys were conducted with the Tropical Stream Habitat Survey (adapted from UK Environmental Agency, 2003 and Harding et al., 2009; see Appendix D.6) to characterise the physical and assess, in broad terms, the physical structure of freshwater streams and rivers. Habitat survey was carried out along a 20 m transect, and observations were made along a 1 m spaced sections (see Figure 5‑8). At each section, information relating to the channel, banks and adjacent land was recorded. This includes predominant channel substrate and flow type; habitat features; modifications to the channel and banks; channel vegetation types; vegetation structure of the banks and banktop and land-use (Table 5‑9).
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Figure 5‑4 Spatial survey study sites in the Nee Soon freshwater swamp forest. Amongst the sites surveyed, 34 sites (■) were surveyed between October 2013 and January 2014, while 6 sites (Δ) were surveyed between June 2014 and September 2014. 

Table 5‑6 Spatial survey study sites in the Nee Soon freshwater swamp forest.

	Location
	Latitude
	Longitude
	Stream Order
	Location
	Latitude
	Longitude
	Stream Order

	NS01
	1.376042
	103.8061
	1
	NS21
	1.394542
	103.8129
	3

	NS02
	1.377622
	103.8052
	1
	NS22
	1.396451
	103.8133
	3

	NS03
	1.379895
	103.805
	2
	NS23
	1.396775
	103.8133
	3

	NS04
	1.37951
	103.8017
	1
	NS24
	1.392918
	103.804
	1

	NS05
	1.380295
	103.8034
	2
	NS25
	1.394873
	103.8084
	1

	NS06
	1.381487
	103.805
	3
	NS26
	1.396771
	103.8104
	1

	NS07
	1.38255
	103.8051
	3
	NS27
	1.39875
	103.813
	3

	NS08
	1.38035
	103.7972
	1
	NS28
	1.399743
	103.8128
	3

	NS09
	1.381519
	103.8
	2
	NS29
	1.39925
	103.8085
	1

	NS10
	1.383311
	103.8024
	2
	NS30
	1.399045
	103.81
	2

	NS11
	1.384597
	103.8019
	1
	NS31
	1.400021
	103.8109
	3

	NS12
	1.383759
	103.8041
	2
	NS32
	1.400008
	103.8117
	3

	NS13
	1.385153
	103.8053
	3
	NS33
	1.381885
	103.812
	1

	NS14
	1.384214
	103.805
	3
	NS34
	1.38425
	103.8138
	1

	NS15
	1.385849
	103.8058
	3
	NS35
	1.383433
	103.8118
	2

	NS16
	1.387174
	103.8072
	3
	NS36
	1.384657
	103.8112
	2

	NS17
	1.388602
	103.8083
	3
	NS37
	1.386748
	103.8104
	2

	NS18
	1.390531
	103.8092
	3
	NS38
	1.388439
	103.8096
	2

	NS19
	1.391361
	103.8096
	3
	NS39
	1.39029
	103.8101
	2

	NS20
	1.391889
	103.8108
	3
	NS40
	1.392693
	103.8117
	2
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Figure 5‑5 Temporal survey study sites (NS18, NS33 and NS38) in the Nee Soon freshwater swamp forest between November 2013 and January 2015.
Table 5‑7 Survey dates for temporal survey study sites (NS18, NS33 and NS38) between November 2013 and January 2015.
	SO
	NS18
	NS33
	NS38

	1
	28 Nov '13
	05 Dec '13
	04 Dec '13

	2
	07 Jan '14
	08 Jan '14
	07 Jan '14

	3
	21 Jan '14
	22 Jan '14
	21 Jan '14

	4
	04 Feb '14
	05 Feb '14
	04 Feb '14

	5
	18 Feb '14
	19 Feb '14
	18 Feb '14

	6
	04 Mar '14
	05 Mar '14
	04 Mar '14

	7
	18 Mar '14
	19 Mar '14
	18 Mar '14

	8
	08 Apr '14
	09 Apr '14
	08 Apr '14

	9
	22 Apr '14
	23 Apr '14
	22 Apr '14

	10
	07 May '14
	08 May '14
	07 May '14

	11
	20 May '14
	21 May '14
	20 May '14

	12
	04 Jun '14
	05 Jun '14
	04 Jun '14

	13
	17 Jun '14
	18 Jun '14
	17 Jun '14

	14
	01 Jul '14
	02 Jul '14
	01 Jul '14

	15
	15 Jul '14
	16 Jul '14
	15 Jul '14

	16
	29 Jul '14
	31 Jul '14
	29 Jul '14

	17
	12 Aug '14
	14 Aug '14
	12 Aug '14

	18
	25 Aug '14
	26 Aug '14
	25 Aug '14

	19
	09 Sep '14
	11 Sep '14
	09 Sep '14

	20
	23 Sep '14
	24 Sep '14
	23 Sep '14

	21
	08 Oct '14
	09 Oct '14
	08 Oct '14

	22
	20 Oct '14
	21 Oct '14
	20 Oct '14

	23
	04 Nov '14
	05 Nov '14
	04 Nov '14

	24
	18 Nov '14
	19 Nov '14
	18 Nov '14

	25
	02 Dec '14
	03 Dec '14
	02 Dec '14

	26
	15 Dec '14
	17 Dec '14
	15 Dec '14

	27
	06 Jan '15
	07 Jan '15
	06 Jan '15

	28
	18 Jan ‘15
	19 Jan ‘15
	18 Jan ‘15

	29
	3 Feb ‘15
	4 Feb ‘15
	3 Feb ‘15

	30
	14 Feb ‘15
	15 Feb ‘15
	14 Feb ‘15


Table 5‑8 Physicochemical variables measured between 2013 and 2015. For each variable, the method and detection limits (D.L.) are provided

	Name
	Parameter
	Method
	D.L.

	Ammonia (mg/L)
	NH3
	APHA: Pt 4500-NH3 (H)
	0.005

	Alkalinity (mg/L)
	CaCO3
	APHA: Pt 2320B
	2

	Aluminum (mg/L)
	Al
	APHA: Pt 3125B
	0.003

	Chloride (mg/L)
	Cl
	APHA: Pt 4110B
	1

	Dissolved Organic Carbon (mg/L)
	DOC
	APHA: Pt 5310B
	1

	Iron (mg/L)
	Fe
	APHA: Pt 3125B
	0.0015

	Manganese (mg/L)
	Mn
	APHA: Pt 3125B
	0.0003

	Nitrate (mg/L)
	NO3
	APHA: Pt 5310B
	0.0075

	Ortho-Phosphate (mg/L)
	PO4
	APHA: Pt 4500-P (G)
	0.003

	Total Nitrogen (mg/L)
	TN
	APHA: Pt 4500-N (B)
	0.01

	Total Phosphorus (mg/L)
	TP
	APHA: Pt 4500-P (H)
	0.003

	Dissolved oxygen (mg/L)
	DO
	YSI556 (Sensor: YSI 559)
	0.01

	Conductivity (µs/cm)
	COND
	YSI556 (Sensor: YSI5560)
	0.001

	pH
	pH (units)
	YSI556 (Sensor: YSI556A)
	0.01

	Temperature (°C)
	TEMP
	YSI556 (Sensor: 5560)
	0.01

	Turbidity (NTU)
	TURB
	Odeon Turbidity Meter
	0.01

	Elevation (m)
	Elevation (Water-level, or “Depth”)
	Level Troll 500
	0.005
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Figure 5‑6 Schematic diagram illustrating within reach locations of the Hydrological survey
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Figure 5‑7 Schematic diagram illustrating within reach locations of the Biotic survey
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Figure 5‑8 Schematic diagram illustrating within reach locations of the Habitat survey
Table 5‑9 Habitat survey parameters measured between 2013 and 2015.
	Measurement
	Description

	Riparian vegetation
	% cover of vegetation types

	Bank stability
	Stable, moderately stable, moderately unstable, unstable

	Bank composition
	Soil, sand, clay, silt, gravel, pebble, cobble

	Amount of vegetative protection
	Optimal, sub-optimal, marginal, poor

	Instream vegetation
	Broad lead, thin/fine, submerged, emerged, floating, amphibious, moss, algae

	Substrate type
	Soil, sand, clay, silt, gravel, pebble, cobble

	Transect flow and physical attributes
	Roots, over hanging vegetation, bars-vegetated, bars-bare, canopy cover, pneumatophores. 

Marginal dead water, pool, run, glide, riffle, rapid.


5.3.2 Biotic metrics

Biotic metrics that reflect the diversity and traits of the macroinvertebrate, fish and decapods assemblages were calculated from the field data (Table 5‑10). Biotic metrics were selected based on ecological assessments of aquatic systems internationally (Resh and Jackson, 1993, Barbour et al., 1999) and locally (Clews et al., 2014, Blakely et al., 2014). 

Richness metrics were calculated based on the total number of taxa in the community. A high richness (high No. of Taxa) in an assemblage could indicated robustness of an assemblage, suggesting that niche, space, habitat and food source are adequate to support survival and propagation of many species. Similarly, total number of taxa from key indicator groupings (such as Diptera, Odonata, Ephemeroptera, Trichoptera, Plecoptera and Odonata) would also reflect the ability for the ecosystem to support varied taxa.  No. of ETO taxa also represented the number of sensitive taxa to pollutants, and are widely used in monitoring of both lotic and lentic systems (Barbour et al., 1996). 

Composition metrics provide information on the make-up of the assemblage and could be indicative of the community robustness based on the premise that a healthy and stable assemblage will be proportionally represented across distinct taxa (% Diptera, % Odonate and % ETO) in the assemblage. Conversely, a disturbed ecosystem with reduced competition from the absence of sensitive taxa, would be represented by dominance of distinct tolerant taxon or taxa (% dominant taxon, % non-insects, % Oligochaeta) in the assemblage. Composition metrics were calculated based on the number of individuals from distinct taxon or taxa over the total abundance from each sample.  

Community diversity metrics (Simpson and Shannon diversity indices) also provide measures of community composition through the incorporation of relative abundance of all taxa into a single metric score. Simpson and Shannon diversity indices differ in that the former placed more weightage on common taxa (Gerritsen et al., 1998).
Simpson’s diversity index (1 – D) was calculated as:
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where pi is the proportion of individuals in the “ith” taxon of the community and s is the total number of taxa in the community. Its value range from zero indicating a low level of diversity to one, indicating a high level of diversity.
Shannon diversity index (H’) was calculated as:
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where pi is the proportion of individuals in the “ith” taxon of the community and s is the total number of taxa in the community. Its value increases as the number and distribution of taxa (biotic diversity) within the community increase.
Other metrics

Community metrics of biological (e.g. body-shape, mobility) and ecological (e.g. current preference, drift propensity) traits provided the potential to define and to monitor changes in the communities due to disturbances (Menezes et al., 2010). Traits conferring resistance or resilience to drying (e.g. desiccation resistant, strong dispersals) or to floods (e.g. streamline body shape, drift dispersal), based on reported traits diversity patterns to annual variability of streams (Beche and Resh, 2007), were also calculated for macroinvertebrate assemblages  based on the proportion of taxa or individuals with the corresponding traits (see Table 5‑10). Taxa traits were in turn derived from reported traits (common to the Family-level) from the Freshwater Biological Traits Database (EPA, 2010).

Similarly, the status of fish, such as native/introduced, as well as endangered status (Singapore Red Data Book and IUCN Red list) were also represented as proportion of taxa or individuals across all sites (see appendix D.1). 
Table 5‑10 Definition for selected biotic metrics, describing the community diversity and traits of fish, decapod and macroinvertebrate assemblage

	Metrics
	Definition

	Taxa Richness
	No. of distinct aquatic taxa for macroinvertebrate families and fish species 

	Abundance
	No. of individuals

	No. Diptera Ind.
	No. of Dipter individuals

	No. Ephemeroptera Ind.
	No. of Ephemeroptera individuals

	No. Trichopterans Ind.
	No. of Trichoptera individuals

	No. Odonates Ind.
	No. of Odonata individuals

	No. Crustacea/Mollusca Ind.
	No. of Crustacea and Mollusca individuals

	No. ETO Ind.
	No. of Ephemeroptera, Trichoptera and Odonata individuals

	Simpson (1 – D)
	Simpson's diversity index

	Shannon (H’)
	Shannon diversity index

	No. Active dispersals Ind.
	No. of active dispersals individuals

	No. Passive dispersals Ind.
	No. of passive dispersals individuals

	% Active dispersals Ind.
	% of active dispersals individuals, i.e. individuals from taxa rarely reported in drift samples.

	% Passive dispersals Ind.
	% of passive dispersals individuals, i.e. individuals from taxa abundant or common in drift samples.

	No. Active dispersals Taxa Ind.
	No. of active drift dispersals macroinvertebrate

	Introduced Fish
	No. of introduced fish

	Native fish
	No. of native fish


5.3.3 Data Analysis

All data were primarily handled using R software packages “plyr” (Wickham, 2011), “dplyr” (Wickham and Francois, 2015) and “tidyr” (Wickham, 2015). Statistical analyses of spatial and temporal surveys, as well as faunal responses to hydrological conditions in Nee Soon swamp forest were undertaken with R (version 3.2.1), a language and environment for statistical computing (R Core Team, 2015).

5.3.3.1 Spatial survey - Macroinvertebrate
Spatial variation in ecological conditions was assessed based on the variation in environmental (consisting of physicochemical, hydrological and habitat data) and macroinvertebrate data across the classified groups of study sites. Study sites were in turn classified based on agglomerative hierarchical clustering (Wards’s method) on dissimilar matrix (Euclidean distance) constructed from the physicochemical and hydrological data-sets. Variation of biotic and environmental components across the classified groups and amongst the 40 spatial survey sites were subsequently demonstrated with data visualisation tools.

5.3.3.2 Spatial survey – Decapods and Fish

Variations of decapods and fish communities across 40 spatial survey sites were demonstrated with data visualisation tools. To determine the distribution of fish communities across all sites, fish data was projected onto an ordination space using the non-metric multidimensional scaling (NMDS) method from the vegan package in R (Oksanen et al., 2015). NMDS is a rank order correlation and distance-based method which is ideal for a zero-inflated ecological dataset. 

The effects of environmental variables on the distribution of fish was investigated based on the generalised least squares (GLS; Venables et al., 2002) test on environmental against fish data. GLS was used over alternative methods in order to account for spatial autocorrelation between sampling sites. The environmental variables (consisting of physicochemical, hydrological and habitat data) were reduced into compound variables prior to the analysis, using a principal component analysis (PCA) on the physicochemical, hydrological and habitat data recorded during the course of the survey. The resultant compound variables, which were formed from the principal component (PC) axes representing major trends in environmental variables, were in turn tested against fish diversity and richness using GLS method, to elucidate the relationship between the environmental data and the distribution of fish observed across the 40 sites. 

5.3.3.3 Temporal Survey

Changes in the aquatic communities (macroinvertebrates, decapods and fish) were reviewed against the high frequency flow water elevations recorded at the three temporal survey sites (NS18, NS33 and NS38) between November 2013 and January 2015. Data visualisation of biotic data (such as diversity metrics, total length of fish) were used to further demonstrate the potential relationship of the biotic communities to the changing environmental conditions. 

5.3.3.4 Faunal Response to Hydrological Conditions

Over the course of the bi-weekly faunal sampling, very few samples were collected times coinciding with high-flow evets or immediately following peak flows. By chance, the majority of samples were collected prior to high-flow events (Figure 5‑35). Statistical elucidation of acute faunal responses to hydrologic events was therefore not possible for this study but warrants further investigation (see Section 5.2 for potential acute and chronic effects of hydrology on aquatic fauna). 

Faunal responses presented are therefore based on invertebrate data collected fortnightly and observed water-level data recorded continuously at three stations over a 13 month period. These observations represent first order small streams (NS33), intermediate sized second order streams (NS38) and the largest third order streams found within the NSSF catchment (NS18).

Hydrologic condition during a period of one week antecedent to faunal sampling was used to capture the general condition in period preceding sampling. This period was selected to capture conditions relevant to that sampling event (and not overlapping events), responses anticipated by movement drifting and active movement of invertebrates and local recolonization over a number of days (see Section 5.2) and because temporal patterns observed in invertebrates (Section 5.4.3.2) tended to reflect more (“short”-term) intra-annual conditions throughout the study period. The effects of hydrology on faunal communities operate differently under the two contrasting extremes of drought and flood/high flow (see Section 5.2). To capture these two opposing conditions and examine the additive effects of both types of hydrologic conditions on fauna, the effects of daily minima and maxima over the period antecedent to faunal sampling were investigated.

Patterns in temporal variation in both hydrology (5.4.1) and invertebrates (Section 5.4.3.2) indicate strong spatial variation in both hydrologic regimes as well as invertebrate faunal communities. Applying a mixed effects modelling approach, response models were explored with and without inclusion of a term to account for spatial variation that allowed for an intercept "shift" for each site. When the fit and confidence of models with/without separate intercept terms were compared, both were higher for the models that included separate intercept terms for each site. Models that included an intercept shift for each site were therefore selected as the most appropriate to model faunal response to hydrologic condition. 

Models which included separate slope and intercept terms for each site, were rejected on the basis that the data density was insufficient to support such models (only 26 matched data points per site). Preliminary examination of models which included a separate term to model separate slopes for each site suggested that the models were indeed "overfitted" as a result of deficiencies in the number of observations per station. Whilst the model fits were relatively high (>70% R2), statistical confidence in models was low ("wide" Confidence Intervals around model fits).

(Equation 2 presents the models applied to establish faunal responses to variation in water level as the additive effects of daily minima and maxima over a one week period antecedent to faunal sampling.
(Equation 2)
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where the faunal response variables were represented by the macroinvertebrate metrics - Taxa Richness and Abundance. Mean daily minima and maxima in stream water-levels were fitted with cubic smoothers (degree of freedom = 10) as additive predictors of faunal response with intercept shifts accounting for variation in stream orders.

Generalised Additive Models (GAMs)

Macroinvertebrate faunal response to changes in hydrological conditions were evaluated through application of Generalised Additive Models (GAMs) using the “mgcv” package in R (Wood, 2006). Unlike linear regression modelling whereby linear (straight line) associations between predictor and response variables are fitted, GAMs use smoothing functions (splines) in non-linear models to fit curves to the data points (Hastie and Tibshirani, 1999). The dependent variable values are predicted from a combination of predictor variables, which are "connected" to the dependent variable via a smoothing function, ‘s’. The smoothing is performed with respect to the partial residuals; i.e., for every predictor, the spline fit is found that best represents the relationship between the response variable and the (partial) residuals computed by removing the effect of all other predictors. 
The “partial plots” presented in this report, show the model fits as smoothed predictor variable partial values (i.e., the fittted results for that predictor after removing the effect of other predictor variables) plotted against the observed data. The model fits are represented by solid lines and the 95% confidence band (CIs, dashed lines) represent confidence in the model fit. 

5.4 Results

5.4.1 Variation in stream water-levels

Hydrological regimes of the Nee Soon swamp forest stream was reflective of the seasonal dry-wet cycles of the local climate (Chia and Foong, 1991). At all three sites, higher than average in-stream water-levels (elevation) were observed during the wet-phases of early northeast monsoon (November to December, while lower than average water-levels were observed during the dry-phase of the late northeast monsoon season (January to early March; Figure 5‑9). High water-levels also recorded, especially at the second order (NS38) and third order streams (NS18), during the southwest monsoon period between June and September.

The survey coincided with exceptionally dry-period during the dry-phase of the northeast monsoon in 2014, where record dry spell was recorded in Singapore from 13 January to 15 March 2014 (McBride et al., 2015). The hydrology within Nee Soon swamp forest reflected the phenomenon in part, where water levels were lower than average in the first quarter of 2014 (Figure 5‑9). This impact of the drought was particularly apparent at the higher order streams (NS38 and NS18), where minimum level was recorded in March 2015. 

Despite some synchrony in reflecting seasonal changes, the average water-levels and responses to precipitation events were not uniform across the three stream orders. The shallow first order stream (NS33) maintained an overall low water level (≈ 11 cm in depth; Table 5‑11). Peak water-levels were reached rapidly during precipitation events (typically within an hour; e.g. Figure 5‑10), typically returning to a baseline water-level within three hours (e.g. Figure 5‑10).

The second order stream (NS38) maintained a high overall water level (≈ 11 cm in depth), but the water level could fluctuate widely (from less than 1 to 60 cm; Table 5‑11). Response of the second order stream differed greatly from that of NS33, where peak water-levels were reached after (i) an initial rapid and sharp increase from torrential downpour/overland flow, followed by (ii) a more gradual increase likely from inflow from adjoining first order streams and/or groundwater discharges (Figure 5‑10). The second order stream also demonstrated a more gradual recovery to a stable water-level (e.g. over six hours after peak water-level; Figure 5‑10).

The hydrograph of the third order stream (NS18) was general more similar to that of the second order stream (NS38) but took a longer time to reach peak water-levels (over 3 hours) and recovery to stable water-levels (over 12 hours after peak) following precipitation events (Figure 5‑10).
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Figure 5‑9 Water depth (Elevation) at first (NS33), second (NS38) and third order (NS18) streams in Nee Soon swamp forest between December 2013 and January 2015. The mean water level recorded for each site is denoted by horizontal line.

Table 5‑11 Mean and rage of water-levels (elevation) at first (NS33), second (NS38) and third order (NS18) streams in Nee Soon swamp forest between December 2013 and January 2015.

	Location
	Elevation (m)

	NS33
	0.108 (0.006 - 0.54)

	NS38
	0.173 (0.006 - 0.644)

	NS18
	0.131 (0.025 - 0.634)
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Figure 5‑10 Water depth (Elevation) at first order – NS33 (black), second order – NS38 (blue) and third order – NS18 (purple) streams between 8 and 11 July 2014.
5.4.2 Spatio-temporal Variation in Fish & Decapods

5.4.2.1 Spatial Variation in Fish & Decapods
The spatial survey collected a total of 21 species of fish out of a total of 595 individuals and 7 species of decapods out of a total of 601 individuals. All species caught during the course of the spatial survey have been previously recorded from the NSSF (Ng, 1997; Ng & Lim, 1997), with no new species being found. During the course of the spatial survey, six species historically recorded from the NSSF (Silurichthys hasselti, Aplocheilus panchax, Pseudomystus leiacanthus, Clarias leiacanthus, and Anabas testudineus) were not recorded. However, these species were found during the course of other, additional qualitative surveys which have not been included in the results of this current quantitative spatial survey, so the overall species count has not decreased. 

When considered from the perspective of stream order, with the entire NSSF drainage taken as a whole, first order streams were the least diverse streams, with a mean Shannon diversity of 1.04, compared to second and third order streams, which had a mean Shannon diversity of 1.27 and 1.43 respectively. 

Third order streams usually were also the most abundant in terms of fish and decapods, with a mean abundance of 43. First and second order streams were generally less abundant, with a mean abundance of 24 and 20 respectively. Richness also followed the same pattern, with third order streams the most rich in species and second and first order streams following after. 

However, when richness, abundance and diversity were considered site by site, an interesting observation was that sites in the north (NS21-NS22, NS27-NS32) of the Nee Soon drainage displayed the highest richness and abundance (Figure 5‑11) throughout the NSSF, regardless of their stream order. However, several of these sites (NS 27-NS28, NS30-NS32) had high proportions of introduced species found there (Figure 5‑12), which contributed significantly to their richness and diversity. This is probably due to those sites being connected directly via a spillway to the Upper Seletar Reservoir. This reservoir harbours multiple introduced species (Ng & Tan, 2010), several of which have successfully established themselves in these sites on the outskirts of the NSSF. However, none of these species have so far been found within the rest of the NSSF drainage. This is a situation which requires constant monitoring, since introduced species have the potential to affect the ecosystem in the NSSF if they manage to establish themselves via predation and competition with the native species (Cox & Lima, 2006).
The sites nearest to the reservoir (NS28, NS31 & NS32) also appear to form a distinct community (Figure 5‑13). This result suggests that these sites are distinct from the other sites in the NSSF drainage, with many species, including introduced ones, only being found in these sites. This could be due to multiple reasons, including proximity and connectivity to the reservoir. 

To further investigate the effect of environmental variables on the distribution of fish, a principal component analysis (PCA) was run on the environmental variables recorded during the course of the survey in order to condense the environmental variables into four PCA axes, which explained a total of 62% of the variance in the environmental parameters (Figure 5‑14). Generalised least squares (GLS) were then used to construct a model to see the contributions of the PCA axes to fish diversity and richness. GLS was used over alternative methods in order to account for spatial autocorrelation between sampling sites. Decapods were not included in this analysis in order to simplify the analysis. 

The results indicate that overall fish diversity and richness is significantly positively correlated (p = 0.003 and p < 0.001 respectively) with the PC1 axis (Figure 5‑14). The strongest variables influencing the PC1 axis are % of sand and % silt in the in-stream substrate, the stream depth and the stream order (Table 5‑12). All of the variables mentioned are positively correlated to site diversity and richness, except % of silt, which is negatively correlated to site diversity and richness. 

There are several possible reasons for the increased diversity and richness with increasing depth and stream order. Firstly, it is possible that more microhabitats exist in deeper, more complex streams. This would then lead to the opening of additional niches and thus allow for more species to establish themselves there (Gorman & Karr, 1978; Barila et al., 1981). Additionally, increased nutrient input in the downstream sites (via receiving nutrients from multiple lower order streams) might also be the reason for the increased diversity and richness. Kiffney et al. (2011) suggest that flow from tributaries may increase habitat complexity and increase nutrient influx in downstream channels, which in turn leads to higher biodiversity. That said, other studies have found that this may not necessarily be the case in tropical streams (Pearson & Connolly, 2000), so additional research will be needed to confirm or to reject this hypothesis. 

However, it must also be remembered that some (but not all) of the sites which show higher diversity are sites where introduced species have established themselves. Therefore, the proximity of the site to the Upper Seletar Reservoir, which serves as a constant source of propagule pressure for the introduced species (Yeo & Chia, 2010), may be a confounding factor, as the sites nearer the link to the reservoir are usually of a higher stream order. Further analysis will be needed to in order to confirm this. 

Another caveat is that only factors which affect diversity and richness as a whole were identified during this study. It is possible that the presence or absence of individual species have different environmental requirements which were not revealed by the overall analysis, or that different species are affected differently by certain environmental variables. For example, an ongoing study suggests that the native decapod Macrobrachium malayanum outcompetes the introduced species Macrobrachium nipponense in conditions with lower pH and lower temperature, but has no advantage when pH and temperature is higher (unpublished data, Tan, C.LY). This may suggest that a certain level of biotic resistance (Hunt & Yamada, 2003; Kestrup & Ricciardi, 2009) may exist in some species, which may be a fruitful field of enquiry to pursue in the future, especially with regards to conservation and management of the NSSF.

In conclusion, the spatial study confirms that so far, the fish and decapod community within the NSSF is still relatively untouched. This survey is also valuable as the first quantitative study to solely focus on the fish and decapod community within the NSSF, which will serve as a good baseline for any future studies. Another important finding is that introduced species of fish and decapods are thus far limited to the outskirts of the NSSF, with none having successfully established themselves inside the NSSF. This bodes well for the continued survival of the threatened populations of native fish and decapods within the NSSF, which serves as a vital refuge for them. However, constant vigilance must be maintained to ensure that introduced species do not successfully establish themselves within the NSSF, as this may have dire effects on the native species due to competition or predation.
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Figure 5‑11 Total number of fish and decapod species (richness) and individuals (abundance) across 40 study sites.
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Figure 5‑12 Total number of individuals of introduced and native species across 40 study sites.
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Figure 5‑13 Non-metric dimensional scaling (NMDS) ordination showing the distribution of fish species in the 40 spatial sites sampled. Two sites have been removed due to zero fish species recorded there.
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Figure 5‑14 Principal component analysis (PCA) biplot indicating environmental variables correlated with the PC1 axis.
Table 5‑12 PCA loadings and variables

	Variables
	PC1 loadings

	Depth
	0.37

	% Sand
	0.37

	Stream order
	0.34

	% Silt
	-0.37


5.4.2.2 Temporal variation in Fish & Decapods
The temporal survey collected a total of 14 species of fish from a total of 1311 specimens, and a total of 7 species of decapods from a total of 2371 specimens. Again, all species recorded during the course of the temporal survey have previously been recorded from the Nee Soon Swamp Forest, with no new species records during the course of the survey. 

The total Shannon diversity at each temporal site does not appear to show any temporal trend over the course of the year (Figure 5‑15), with all three sites showing no clear trend. When the Shannon diversity is compared to the hourly instream water levels as taken from a high frequency recording device (Figure 5‑15), there does not appear to be any correlation as well.

Total abundance, on the other hand, shows a clear trend, with a distinct peak in numbers caught around the January-February period (Figure 5‑16). This trend is most clear in the second and third order sites (NS 38 and NS18 respectively).  
However, the correlation between the total abundance of fauna and the hourly water level is less clear. Some peaks appear to coincide with low water levels (January-February 2014), while others appear to coincide with higher water levels. This may have several reasons, one of which being that the dry phase of the 2013-2014 North-East Monsoon was unusually early and severe, causing lower water levels than average during the period of January-February 2014. If the peak in abundance was caused by a natural cycle such as a spawning season, it may have occurred during that period regardless of water levels. The peak in abundance may also be a sampling artefact, due to the fact that it becomes easier to capture fish and decapods when water-levels are lower.  However, the peaks in January suggest that some seasonality is present in the population here.
Total faunal richness (Figure 5‑17) also demonstrates a similar trend to that shown by total faunal abundance. Peaks occur in roughly the same time period, which is January-February, and again coincide with both high and low water levels. This suggests that the factors driving abundance and richness over time are similar or correlated.  Again, the unusually strong drought during January-February 2014 as well as sampling artifacts may be contributing to these results as well. Further analyses will allow for more detailed investigation into the causes of these patterns and trends. 

Anecdotal observations suggest that the Northeast Monsoon (December-February) is a spawning period for many species of fish, which may have been the cause of the increased abundance as well as richness during the January-February periods.  Therefore, we examined the mean length over time of the five most common fish species caught at each site to see if any trend existed. Only the five most common species were chosen to ensure that there was sufficient data to see if any trend existed. 

In site NS18, the third order stream, four out of five of the most common species demonstrated a general decreasing trend in mean length over time, especially during the January period (Figure 5‑18).  However, the mean length increases again after January. Only the forest halfbeak (Hemirhamphodon pogonognathus) did not exhibit a similar trend.  In site NS38, which is a second order stream, the same pattern of a marked decrease in mean length during January was again noted in all species except H. pogonognathus (Figure 5‑19). This overall trend does not reoccur in the first order stream, site NS33, where only one species, the grey-banded loach (Nemacheilus selangoricus) appears to exhibit a similar trend, and the other species show no substantial trends (Figure 5‑20). Taken as a whole, these results would suggest that many species, including the two-spot rasbora (Rasbora elegans), the saddle barb (Barbodes banksi), the harlequin rasbora (Trigonostigma heteromorpha), and the spotted eel-loach (Pangio muraeniformis) have a defined breeding season, as the mean length of these species shows a well-defined decrease during the December to January period. This trend then suggests an increase in the number of fry present, which is good evidence that the spawning season for these species is during this period. The lack of this trend appearing in the first order stream (NS33) also suggests that spawning mainly occurs in higher order streams, which are deeper and wider and thus provide more microhabitats and hiding places for the vulnerable fry. 

A defined spawning period is common in many species of fish, and is hypothesised to be a way of causing predator satitation through overwhelming numbers (Munro et al., 1990; Molles, 2009). Other possible hypotheses are that this season provides optimum environmental conditions for the survival of the fry, as well as increased food availability due to the increased area covered by water (Munro et al., 1990). This has many implications, especially for management and conservation, as all these species are native and endangered species in Singapore, with almost all of them being listed in the Singapore Red Data book as being threatened, primarily due to loss of habitat (Davison et al., 2008). If any significant disturbance to their habitat occurs during their spawning season, this may have serious effects on the long term viability of the populations of these fishes. 

Hemirhamphodon pogonognathus appears to differ from the other common species in the three temporal sites, with no obvious trend. This would suggest that H. pogonognathus have no clearly defined breeding season, but produce offspring all year round instead. They are known to be live bearers (Baker & Lim, 2012), which may potentially reduce the threat to their young which are born more developed and able to care for themselves, hence the lack of need for a spawning period. 

With regards to introduced species, there were almost no introduced species found throughout the length of the temporal study, with only occasional specimens of the marbled gudgeon, Oxyeleotris mamorata being recorded. This species is native to Singapore, but only to the coastal and estuarine areas, and is considered introduced in inland waters. However, the numbers recorded were very low (4 individuals over 90 sampling occasions). It is therefore, unlikely that this species would have any disproportionate impact on the abundance, richness or diversity of the sites over the period examined.
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Figure 5‑15 The left y-axis gives the hourly instream water level against date, while the right y-axis gives the Shannon diversity against date. Shannon diversity is in blue, while water level is in grey. NS33 is a first order site, NS38 is a second order site, while NS18 is a third order site.
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Figure 5‑16 The left y-axis gives the hourly instream water level against date, while the right y-axis gives the total abundance of fish and decapods against date. Shannon diversity is in blue, while water level is in grey. NS33 is a first order site, NS38 is a second order site, while NS18 is a third order site.
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Figure 5‑17 The left y-axis gives the hourly instream water level against date, while the right y-axis gives the total richness of fish and decapods against date. Shannon diversity is in blue, while water level is in grey. NS33 is a first order site, NS38 is a second order site, while NS18 is a third order site.
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Figure 5‑18 Mean length over time of the five most common fish species in NS18 (third order stream).
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Figure 5‑19 Mean length over time of the five most common fish species in NS38 (second order stream)
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Figure 5‑20 Mean length over time of the five most common fish species in NS33 (first order stream)
5.4.3 Spatio-temporal Variation in Macroinvertebrates

5.4.3.1 Spatial Variation in Macroinvertebrates
Three groups of study sites were identified based on the physicochemical, hydrological and habitat data collated across the 40 study sites (Figure 5‑21). Each group were in turn named based on the location of the member sites within the Nee Soon swamp forest, e.g. “edge habitat” for the four sites (NS22, NS27, NS31, NS32) located at the edge of the swamp forest (Figure 5‑22). 

Biotic community across the three groups were markedly different, especially for the four “edge habitat” sites, which were characterised with high richness (number of taxa), abundance  (number of individuals) and more variable diversity (Shannon’s diversity) than sites from the “secondary forest” and “swamp forest proper” (Figure 5‑23).  Macroinvertebrate taxa such as crustaceans – Ostracoda (Figure 5‑26) and Atyidae (Figure 5‑27) and molluscs - Thiaridae (Figure 5‑28), as well as aquatic dragonflies (Odonata), mayflies (Ephemeroptera) and caddisflies (Trichoptera) larvae were also more abundant in the “edge habitat” sites (Figure 5‑23). 

The higher abundance at the “edge habitat” sites were likely due to the different physicochemistry and habitat conditions present as compared to the “secondary forest” and “swamp forest proper” sites (Figure 5‑24). The higher pH and ionic contents (specific conductance and chloride ions) from the “edge habitat” sites provide suitable conditions for calcium carbonate accretion, thereby allowing molluscs (which are mostly absent in the Nee Soon swamp forest) to establish (Figure 5‑28). 

As the most-downstream areas of the Nee Soon swamp forest stream, the biotic community found in the “edge habitat” sites could also be resulted from a “concentration” effect, where organisms (e.g. passive drifters such as Chrionomids; Figure 5‑30) could be wash down from upstream sites. The abundance of water at the “edge habitat” sites, with higher flow and cross-sectional areas (Figure 5‑24), also facilitated for a larger biotic community, especially for pelagic organisms such as Atyidae (Figure 5‑27) and Corixidae (Figure 5‑29) individuals. 

The habitat at the “edge habitat” was distinctly lack in complexity, as apparent from the lack of tree canopy, small trees, while dominated by fast-growing herbs (Figure 5‑24). Consequently, the lack in habitat diversity was reflected by the lack of representations, especially from the Orders Collembola (Figure 5‑31), Plectoptera (e.g. Perlidae; Figure 5‑32) and Megaloptera (e.g. Sialidae; Figure 5‑33), which were present in the other two habitats. The lack of canopy also encouraged the proliferation of taxa with higher resistance to dessication such as Hydrophilidae beetles (Figure 5‑34). 
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Figure 5‑21 Agglomerative hierarchical clustering (Ward’s method) based on the dissimilarity in environmental parameters (psychochemical, hydrological and habitat) across 40 study sites. 
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Figure 5‑22 Classification of three groups of study sites across Nee Soon swamp forest stream – swamp forest proper (red), secondary forest (blue) and edge habitat (green).
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Figure 5‑23 Median and interquartile ranges of selected macroinvertebrate metrics across the three groups of study sites – edge habitat (“Edge”), secondary forest (“Sec.Forest”) and swamp forest proper (“Swp.Forest”). 
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Figure 5‑24 Median and interquartile ranges of selected environmental metrics across the three groups of study sites – edge habitat (“Edge”), secondary forest (“Sec.Forest”) and swamp forest proper (“Swp.Forest”). 
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Figure 5‑25 Total number of macroinvertebrate taxa (taxa richness) and individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑26 Total number of Ostracoda individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑27 Total number of Atyidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑28 Total number of Thiaridae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑29 Total number of Corixidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑30 Total number of Chironomidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑31 Total number of Collembola individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑32 Total number of Perlidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.
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Figure 5‑33 Total number of Sialidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.


[image: image220]
Figure 5‑34 Total number of Hydrophilidae individuals and overall number of individuals (abundance) across “swamp forest proper” (blue), “secondary forest” (purple) and “edge habitat” (black) study sites.

5.4.3.2 Temporal variation in Macroinvertebrates
The temporal survey conducted in Nee Soon swamp forest coincided with two periods of high flow during the northeast monsoon seasons in December to early January, and a period of low flow during a prolonged dry period between January and May 2014 (Figure 5‑35).  The biweekly macroinvertebrate data collated from the three study sites (NS33, NS38 and NS18) reflected the changes in flow, such as an increase number of taxa and abundance during the two periods of high flow in December 2013 and December-January 2014/ 2015 (Figure 5‑37). 

Macroinvertebrates are transported downstream by the current in a phenomenon known as drift, and the entry can be active or passive in response to changes in hydrological (flow and velocity), physicochemistry and biotic pressures (e.g. predators and competitions) (Poff and Ward, 1989). The increased macroinvertebrate individuals at the third order stream (NS18), corresponded with exceptionally high numbers of Dipterans (Figure 5‑39), specifically Chironomidae (Figure 5‑40). Larval Dipterans are predominantly passive drifters and were susceptible to wash-down effects during high flow events. Similarly, the increased number of active drift-dispersal taxa recorded at the third order stream (NS18; Figure 5‑41) also contributed to the number of taxa in the periods of high flow.

Alteration of macroinvertebrate compositions was also apparent during the low flow period across all three sites (Figure 5‑37). This was partly contributed by a reduced number of Ephemeroptera, Trichoptera and Odonata taxa (Figure 5‑42), such as Gomphidae (Figure 5‑43) which was sparse or absent during the low flow period. The changes in composition could be attributed to directly to decreased flow or indirectly through other changes in habitat, physicochemistry (Dewson et al., 2007).

Macroinvertebrate communities also varied vastly due to the different type of stresses present from the different order of streams. The first order stream (NS 33), which possess less quantity of water as habitat for the aquatic biota, were more susceptible to the impacts from the low flow period (Figure 5‑35; Figure 5‑36). This was apparent from the consistently least abundance and richness recorded at NS33 during this period (Figure 5‑37). 

In summary, the macroinvertebrate community reflected the high flow and low flow period, providing key indications of short-term environmental changes and climate cycles. The bi-weekly sampling were however unable to provide immediate response to acute changes, such as peak flow/flash flood events (Figure 5‑35; Figure 5‑36). Alternative methodology, such a drift-net sampling could be considered for future studies in the evaluation of acute changes. 
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Figure 5‑35 High frequency water-levels (Elevation, recorded at 15 minutes intervals) and total number of macroinvertebrate taxa (Taxa Richness; recorded biweekly) between November 2013 and January 2015 for NS18, NS33 and NS38.
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Figure 5‑36 High frequency water-levels (Elevation; recorded at 15 minutes interval) and total number of macroinvertebrate individuals (Abundance; recorded biweekly) between November 2013 and January 2015 for NS18, NS33 and NS38.
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Figure 5‑37 Total number of macroinvertebrate taxa (taxa richness) and individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑38 Total number of Chironomidae individuals and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑39 Total number of Diptera individuals and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑40 Total number of Chironomidae individuals and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑41 Total number of active drift-dispersal taxa and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑42 Total number of Ephemeroptera, Trichoptera and Odonata (ETO) taxa and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.
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Figure 5‑43 Total number of Gomphidae individuals and overall number of individuals (abundance) for each sampling occasion from November 2013 to January 2015.

5.4.4 Faunal Response to Hydrological Conditions

Variation in the average minimum and maximum stream water-levels had differential effects on stream macroinvertebrates, in terms of both their richness (number of taxa) and abundance (number of individuals) (Figure 5‑44; Figure 5‑45). When minimum water-levels were at their lowest, the richness and abundance of invertebrates were reduced. As the minimum stream water-level increased so did the number of invertebrate taxa and individuals captured. Conversely, when maximum stream water-levels were greater, the richness and abundance of invertebrate fauna was reduced. 

 An examination of the slopes of the partial response of both the abundance and richness of fauna to the minimum and maximum water-levels (Figure 5‑44; Figure 5‑45) reveals that magnitude of effects of low water-level (minima) on stream fauna (abundance and richness) are more pronounced than the effects of water-level maxima. Model confidence (as indicated by the 95% confidence intervals around the model fits) suggest that the effects of stream-level on faunal abundance is stronger than effects on richness (Figure 5‑44; Figure 5‑45). This is also reflected in the model fit; 41% of deviance in the abundance of fauna is explained by the additive effects of minimum and maximum water-levels where as 14% of taxon richness is accounted for by similar models.

Model fits presented against the raw data for each of the three sites (Figure 5‑44; Figure 5‑45) also demonstrate the importance of including stream order in the models. The richness and abundance of taxa were generally higher in the 3rd order stream (Figure 5‑44; Figure 5‑45, in line with observations presented in Section 5.4.3.2), leaving the smaller stream more susceptible to very low faunal counts and even absence of invertebrate fauna all together at high maximum water-levels or low minimum water-levels.

These results are likely a reflection on a reduction in suitable habitat availability within the site (e.g. wetted-stream area, a reduction in “marginal” stream habitats) during periods of low water-level and disturbance effects of high flows. Larval drift is a phenomenon in riverine systems whereby aquatic insects drift either passively (from sudden increase in flow) or actively (from lack of resources or changes in water quality) towards the downstream sites (Tanida, 2009; Section 5.2). Disturbances such as sudden increases in flow can cause catastrophic downstream drift and local “loss” of organisms from a site (e.g. Layzer et al., 1989).
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Figure 5‑44 Partial plots of generalised additive models for response of taxa richness (number of taxa) against mean daily minimum and maximum elevation (water-level), each fitted with cubic spline (deg. freedom = 10), for the three sites with varying stream orders (1: NS33; 2: NS38; 3: NS18). Dashed line denote 95% confidence interval for GAM model.
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Figure 5‑45 Partial plots of generalised additive models for response of abundance (number of individuals) against mean daily minimum and maximum elevation (water-level), each fitted with cubic spline (deg. freedom = 10), for the three sites with varying stream orders (1: NS33; 2: NS38; 3: NS18). Dashed line denote 95% confidence interval for GAM model.

5.5 Synthesis, Conclusions and Recommendations

Aquatic communities vary spatially across the Nee Soon swamp forest. On the whole, biotic communities observed responded to hydrologic conditions, with different depth characteristics related to different stream orders. A higher diversity of benthic macroinvertebrate, pelagic decapods and fish were observed in larger streams. However, this diversity was not necessarily the representative of the most “desirable” fauna for the swamp forest streams.

Spatial and temporal studies of the fish and decapods in the NSSF indicate that there exists a healthy community of native fish and decapods within the NSSF. However, the situation is different on the edge of the NSSF, where the community contains a large percentage of introduced species. Additionally, the main drivers of diversity and richness among the fish and decapod community appears to be substrate type, stream depth and stream order. 

With this in mind, an important recommendation to be made is to maintain constant monitoring of the faunal communities in the NSSF, especially in the more upstream sites, so as to ensure that introduced species do not successfully establish within such sites. Additionally, if any individuals from an introduced species are found, they should be immediately removed, as they may have adverse effects on native species once established, as has occured in many other places (Ogutu-Ohwayo, 1990; Beisner et al., 2003). 

Additionally, the temporal results suggest that the North East monsoon period (December to February) is an important breeding period for several species of fish. Therefore, it is important that any form of disturbance in the streams during this period be minimised. Otherwise, there may be serious effects on the long-term survival and viability of these fish populations, something which cannot be afforded as many of the fish in the NSSF are endangered in Singapore. 
Again, the lack of introduced species found over the temporal study is heartening, and it is imperative that monitoring continues to be carried out to maintain this state of affairs and prevent establishment of introduced species deeper in the NSSF.
Invertebrate communities found at the downstream “edge habitat” sites closer to the “spillway” were more diverse (higher richness and abundance) than the rest of the Nee Soon swamp forest. Even though diversity indices indicated an overall higher diversity for the “edge habitat” sites, the aquatic community was not indicative of a “healthy” forest stream system (Blakely et al., 2014). Macroinvertebrates associated with less “healthy” systems when dominating and indicative of more enriched and alkaline conditions, such as chironomids and thiarid snails, were in abundance at these sites. Abundance of introduced fish species were also recorded at these sites, in comparison to the predominantly native fauna in the remainder of Nee Soon. 

The downstream “edge habitat” sites were likely influenced by disturbance from the spillway discharging water from the reservoir periodically, discharging mixing Nee Soon catchment and reservoir water. The lack of riparian habitat complexity (sparse tree cover) and dominance of fast-growing vegetation, symptomatic of frequent disturbances at these sites, as well as more alkaline water chemistry, provided less suitable niches for the more sensitive native fish or rare invertebrates (e.g. Megalopterans and Plecopterans).

The hydrologic conditions in Nee Soon swamp forest reflected the wet and dry seasons in Singapore (Chia and Foong, 1991), with high water levels recorded during the wet-phases of early northeast monsoon (November to December) and southwest monsoon (June to September);  and low levels during the dry-phase of the late northeast monsoon season (January to early March; Figure 5‑9). The macroinvertebrate composition, which were reflective of short-term changes in abiotic conditions (Barbour et al., 1999), where the diversity of community corresponded to dry-wet seasons (i.e. high abundance in wet season, low abundance in dry season). 

Faunal responses to hydrology were examined for invertebrate fauna since i) temporal patterns were evident in invertebrate communities when considered against high frequency water-level observations (Section 5.4.3.2) whereas fish communities were generally not correlated with corresponding intra-annual changes in water-level (Section 5.4.1) and ii) tend to be relatively less mobile than fish and more sensitive to short-term changes in the aquatic environment (Barbour et al., 1999). Spatio-temporal patterns in fish communities were most strongly evidenced in the spatial variation communities which points to the importance of factors such as water quality and associated tolerance and resilience of the of more “typical” (native) swamp forest fish community within the heart of the catchment in contrast to the edges of the catchment and in proximity to the spillway that discharges water from the reservoir.

Faunal response models reflected the potential effects of drought and disturbance caused by elevated discharge. They revealed that when minimum water-levels were at their lowest, the richness and abundance of invertebrates were reduced. Conversely, the richness and abundance of invertebrate fauna was also reduced when maximum stream water-levels were greater. 

Model results suggest that effects of minimum water-level are more pronounced than those of high water-levels and that smaller streams are likely to be more susceptible to very low faunal counts and even absence of invertebrate fauna all together at high maximum water-levels or low minimum water-levels. The most pertinent implications of these results for the long-term management of the swamp forest streams is the potential loss of individuals but perhaps more crucially for the, loss of taxa is anticipated from the smaller streams in particular during periods of extreme, extensive low and high flows. This is of particular relevant in the context of predictions of more intense and prolonged dry and wet periods in the face of climate change (See Section 5.2 in relation to aquatic faunal responses to climate change and the Chapter on “Impacts of Climate Change”  specific predictions for Singapore and the NSSF modelled as part of this study).
In view of these results (Section 5.4) in the context of existing scientific knowledge (Section 5.2), specific recommendations for i) long-term monitoring , ii) future research and iii) management options to ensure continued protection of the aquatic fauna of the NSSF are as follows: 

1) Future monitoring of NSSF
- Long term monitoring and sampling of faunal populations to build on current knowledge and capture long-term trends. This is to optimise the value of the knowledge/data of NSSF faunal communities gained from this study.

- Adoption of standardised survey techniques, such as those applied here for faunal as well as habitat and other abiotic factors will enable comparison of long-term changes as well as spatial comparisons within the forest catchments but also against locations elsewhere in the context of a national monitoring programme. Ecological monitoring programmes for inland waters including aspects of these techniques are in various stages of application across Singapore, supported by NParks and PUB (e.g.  Clews et al., 2012; Blakely et al., 2014; Clews et al., 2014; http://emid.nus.edu.sg/Inland/ecostandards.jsp) in line with programmes developed internationally (e.g. Barbour et al., 1999; ANZECC 2000 a & b; CEC, 2000).  Ideally, at least annual screening for surveillance monitoring should be conducted at multiple stations (preferably representing a range of stream orders) alongside higher intensity investigative monitoring to investigate potential issues (e.g. within sites proximal to the spillway) and to improve system understanding (see recommendations below for future research). 
- Monitoring of fish should include as many sampling methods as possible to maximise coverage spatial (microhabitat) and taxonomic coverage, enabling tracking of populations of as many species as possible. Utilisation of additional trapping methods, such as differential trapping with bait, i.e. traps with different mouth sizes and/or mesh size, to exclude predators or unwanted organisms. This will allow for more complete/comprehensive sampling. 

-  Constant monitoring of NSSF fish and decapod fauna for introduction, establishment, and impacts of alien species within the catchment (especially along the edges of NSSF).

Establishment of a viable, long-term monitoring programme should also be relevant for more broad-scale surveying of Singapore’s environment within other water catchments. Training has been provided for agency staff on faunal sampling and identification methods as tools for monitoring. On the 11th of June 2015, a workshop on the identification of fish, decapod crustaceans and macroinvertebrates from the Nee Soon swamp forest was held. Several theory and practical sessions for aquatic faunal identification purposes were facilitated by both NUS (TMSI, DBS, and LKCNHM) and NParks staff. Sampling methodology for faunal collection was also introduced in the introductory field resource, “A Guide to the Freshwater Fauna in Nee Soon Swamp Forest” which was reviewed during the workshop and revised in response to participants’ feedback. This e-book is currently in press.
2) Future research

- Aquatic food web and trophic structure studies of NSSF to: i) serve as basis for understanding of and further research on community and ecosystem interactions/ecology; and ii) inform conservation and management  actions of NSSF

- Investigating effects of release of water from Upper Seletar Reservoir on various aspects (e.g., establishment, survival, interactions, ecology, distribution) of introduced fish species as well as native fish species found at the edges and lower reaches of NSSF (to as far upstream as the released water may affect) 

- Investigation of sedimentation and potentially sediment transport into and within the forest streams to formally examine the sources of sediments, effects of erosion on stream fauna as well as trailing potential mitigation techniques such as “soft engineering” of stream banks through planting of appropriate plant species.

- Establishment of minimum/maximum acceptable water-levels through refinement and application of faunal response models

- Statistical elucidation of acute faunal responses to hydrologic events was not possible for this study based on forthrightly surveying but warrants further investigation. For example, targeted studies aimed specifically at capturing rainfall events along with a high temporal resolution of faunal responses including passive and active drifting invertebrates (i.e. at scales over hours to days).

3) Management of NSSF

- Enhance communication/cooperation among stakeholders by forming a working group/committee comprising all relevant stakeholders (ministries, statutory boards, academia, NGOs, public). Stakeholders should include any group with potential influence/impact/interest on not just NSSF alone, but its watershed (upstream and downstream).

- Reduction of the influence of the spillway/discharge from reservoirs to i) mitigate against changes in water quality ii) to reduce input of and local expansion in the distribution of less desirable (non-native) fish species and within the swamp forest streams and iii) to maintain more “typical” forest stream communities of fish and invertebrates, notably rarer taxa less prevalent elsewhere.

- To impede spread of alien species into NSSF:

- Weir or low head dam downstream of NSSF / upstream of reservoir input [Caveat: this will probably bring about hydrological issues stemming from flooding/ponding upstream of such a weir/dam]

- Electric fish barrier (e.g., see http://www.smith-root.com/barriers/) across channel downstream of NSSF / upstream of reservoir input [Caveat: requires money, development, infrastructure, maintenance, long-term commitment; safety issues]

- Reduction of maximum water-levels to avoid unnecessary disturbance of communities via reduced input from the spillway, riparian and forest planting to reduce peak flows.

- Maintenance of minimum water-levels in small streams in particular to support the diversity of aquatic fauna found within the swamp forest, in particular more rare taxa such as stoneflies which are generally not well supported in other catchments in Singapore. 

- Although not explicitly investigated as part of this study, field observations of the main (3rd order) stream channel suggest that the banks of the channel are eroding, suspended sediment may be relatively high as well as the settling of sediments downstream, potentially reducing water-levels of larger streams and/or changing benthic habitats towards more finer, “softer” sediments further downstream. In concert with research to investigate this, trails of “soft-engineering” approaches conducted initially off-site could be used to identify i) suitable plants and ii) suitable techniques to mitigate against stream bank erosion.
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6 Cryogenic Collection, Imaging and Barcording 
Sujatha Narayanan KUTTY, Wendy WANG, Yuchen ANG, Ywee Chieh TAY, and Rudolf MEIER
6.1 Introduction

One of the most irritating and fascinating properties of tropical environments is that they are species rich. The large number of species means that there are potentially a large number of important biological players in a system which makes it very difficult to understand the interactions. This problem is exacerbated by the fact that the identification of biological specimens to species is far from straightforward and yet important because species have different biologies and species names are used for filing and retrieving biological information. Because the specimens encountered in ecosystems do not come with species name tags, biologists have to use a variety of technique for (a) delimiting, (b) describing, and (c) identifying species. Not surprisingly, the best techniques for these purposes vary from taxon to taxon and the identification methods are changing over time.  This is reflected in this section of the report where we describe the activities of the “cryogenic collection, imaging, and barcording” team. We used a wide range of techniques ranging from next-generation-sequencing (NGS) through Sanger sequencing and morphology to document the biodiversity of Nee Soon Swamp Forest and to generate identification tools that can be used for re-surveying the same area in the future.

From an identification point of view, the most convenient taxa are those (a) where the species diversity is well understood (i.e., species delimitation and description is more or less complete), (b) species identification can be accomplished based on readily accessible features (e.g., morphology, sounds, etc.), and (c) the relevant features can be obtained without collecting or even disturbing the specimen. Fortunately, many vertebrate taxa fall into this category. At the other end of the scale are taxa where many/most species are neither delimited or described and therefore not identifiable. Unfortunately, >90% of the species diversity falls into this category. Somewhere in between on this scale between easy-to-identify and difficult-to-identify species are those taxa for which most species have been delimited and described by scientists, but identification is difficult for a variety of reasons. This includes the lack of good identification tools (e.g., keys), the reliance on identification features that can only be used by few, taxonomic experts, and the use of identification features that are only visible during certain times of a species’ life cycle. Good examples are many insect species that can only be identified based on minute details of genitalia, species of plants that can only be identified when they happen to flower or fruit, and those insect taxa where the aquatic larval or nymphal stages are unidentifiable because there are only keys for adults (e.g., dragonflies). Unfortunately, it is often the unidentifiable parts and stages that are the most important from an ecological point of view (vegetative parts of plants, larval stages of insects).

The “cryogenic collection, imaging, and barcording” team used a wide variety of techniques to tackle these identification problems and to create tools for the future. The ultimate goal was to enable and to make it easier to identify biological specimens from Nee Soon Swamp Forest. A secondary goal was to generate more “democratic” identification tools; i.e., to provide tools that are less reliant on expensive and rarely available taxonomic expertise. Democratization can be achieved by generating higher-quality images that make it more likely that non-expert can identify the species. This approach was pursued for many animal and plant taxa and we generated a species database in which >500 species are illustrated. This database is also a colourful celebration of Nee Soon Swamp Forest’s glorious biodiversity. However, democratization of the identification process can also be achieved by generating DNA barcode databases because sequencing can be done by many molecular laboratories while species identification via traditional means can often only be accomplished by a handful of experts dispersed across the globe. DNA barcodes have the additional advantage that they allow for associating different life history stages and that they can be used to identify animal and plant parts that are otherwise not diagnostic (e.g., diet analysis based on DNA remnants in fecal matter). However, DNA barcodes also come with significant disadvantages that need to be kept in mind when using them for species identification. Some are rooted in the nature of species while others are technical:

- DNA barcoding is based on genes that are not functionally responsible to speciation. Instead, the species-specific signatures in barcode genes are due to the fact that most species pairs are old enough that sister species can separated based on the genetic differences that accumulated over evolutionary time through a mixture of genetic drift and natural selection. Predictably, recently diverged species pairs can share DNA barcodes and can thus not be distinguished. Based on 10 years of experience with barcoding, this is fairly rare in animal species and ca. 85-90% of all species can be distinguished based on fast-evolving “COI barcodes”. Unfortunately plant genes evolve slower so that there is a larger proportion of closely related species that share DNA barcodes and cannot be distinguished. This means that identification can only be done to genus. One solution to this problem - which was also pursued in this project - is sequencing multiple genes or whole chloroplast genomes (here pursued via “genome skimming”).

- The technical problems with DNA barcodes are mostly related to cost and time. In particular, the traditional Sanger-based DNA barcodes are very expensive (both for consumable and manpower reasons). Fortunately, we recently developed next-generation-sequencing based DNA barcodes that circumvent these problems. This is why we also barcoded a much larger number of specimens than originally proposed and we were able to use NGS barcodes for species discovery. Another technical problem is the large amount of PCR inhibitors in DNA extracts of plants. This interferes with amplifying plant barcodes. We addressed this issue through the use of different extraction techniques and by using genome skimming for obtaining chloroplast genomes. The latter has fewer amplification problems and yields more data at roughly the same cost because the cost per base pair is much lower for NGS than Sanger sequencing.

- Identification of specimens via DNA barcodes is often slower than identification via morphology. For Sanger barcodes, the minimum time between collection and obtaining identification is 3-4 working days while it can be several months for cost-effective barcoding via NGS. This is why morphology is the identification technique of choice for all species where the relevant morphological features are obvious and easily accessible (or can be made assessable through better imaging).

Below is a list of our main initiatives and their objectives:

(1) The Vegetation Ecology team studied the flora of Nee Soon Swamp Forest. The team regularly provided samples to our team. Initially, we sequenced multiple plant barcode genes, but due to PCR inhibitors this was very expensive in terms of manpower and consumables. We therefore switched to NGS-based sequencing of chloroplast genomes via genome skimming. The sequencing efforts concentrated on trees and lianas because they are most relevant for understanding the vegetation ecology of Nee Soon Swamp Forest. The same barcodes were also used to analyse the diet of the banded leaf monkey based on fecal samples. A manuscript is currently submitted for publication.

(2) The Vegetation Ecology team had difficulties with identifying tall trees because the leaves, flowers, and fruits could not been reached. We developed a NGS-based technique for identifying trees to genus based on sapwood samples. This was challenging because such samples contain little DNA, but large amounts of PCR-inhibitors.

(3) The Faunal Ecology teams extensively surveyed the aquatic habitats and generated a large number of specimens. We imaged these specimens using a Visionary Digital setup and sequenced the specimens using Sanger sequencing and NGS. This process is still ongoing because most specimens only became available toward the end of the project.

(4) Insect Diversity. In order to explore the insect diversity of Nee Soon Swamp Forest, we used NGS based species discovery techniques for targeting taxa that belong to different ecological guilds. 

6.2 Methods

6.2.1 Floral barcoding

DNA extraction for all floral specimens was carried out on leaf and sapwood samples using a modified CTAB-chloroform extraction protocol (Doyle & Doyle 1987). DNA barcodes for plant species were generated using both Sanger sequencing and NGS platforms. Initial sequences for the four selected genes maturase K (matK), ribulose-bisphosphate carboxylase (rbcL), a chloroplast tRNA gene (trnL), and the internal transcribed spacer 2 (ITS2) region of nuclear ribosomal DNA were generated by Sanger sequencing. The trnH–psbA intergenic spacer region was also explored but eventually excluded due to low sequencing success rates. With the advent of high throughput sequencing platforms, we used the IlluminaTM MiSeq sequencer for generating barcodes using tagged primers, which allow for bioinformatically identifying and separating data derived from individual samples (demultiplexing).
Tree identifications via sapwood samples
To help the floral field survey team with identifying tree species in which taxonomically important parts were not readily accessible, we generated DNA barcodes for sapwood samples of these trees (i.e. ‘sapwood barcodes’). In order to identify the sapwood samples with these barcodes, we used the sequences obtained from identified leaf samples to create a local DNA barcode database. The ‘sapwood barcodes’ were then matched against both the local and available global plant DNA barcode databases for identifications via BLAST (Altschul et al. 1990). The suitability of all four plant barcodes for tree identification via sapwood material was assessed in preliminary sequencing runs, which showed the ~400bp fragment of the ITS2 marker to be most effective at identification. However, PCR amplification and Sanger sequencing successes with this marker were low due to length variants; a total of 408 sapwood samples were received but only 89 of the first ~250 samples sequenced successfully. Hence, we switched to using the trnL marker (short fragment of 10-50bp) for sapwood-based identifications of the remaining samples unidentifiable with the previous marker. Between one to five PCR amplifications using tagged primers for the trnL marker were performed for each sample, and sent for one IlluminaTM MiSeq nano sequencing run. Sequence data obtained from the run were demultiplexed and binned into unique read clusters using PEAR (Zhang et al. 2014) and OBITOOLS (Boyer et al. 2016) respectively. Consensus sequences of each unique cluster were then matched against both the global and local plant trnL databases for identifications via BLAST.
Chloroplast shotgun sequencing
Small scale experiments were carried out to test if whole chloroplast genomes can be recovered without enrichment techniques, and if shotgun sequencing of a large number of samples can be made cost effective. Firstly, whole genome sequencing of two species in separate libraries were carried out on 5-10% of a IlluminaTM Hiseq 2500 (150PE) lane to confirm that chloroplast genomes can be recovered with good coverage without enriching for chloroplast dna. Our second experiment involved multiplexing 10 species in a single library on a IlluminaTM Miseq (300PE) sequencer. For this, we ligated 20bp species-specific tags using an adapted version of the Meyer and Kircher (2010) protocol. Following the successful recovery of all 10 species, three “plant pools” comprising of 75 to 100 species with insert sizes of 400-900bp were prepared. One 100 species pool was sequenced on a Hiseq 2500 (250PE) platform. The sequence data was demultiplexed based on species-specfic tags and assembled into contigs in CLC Genomics Workbench 7 (www.qiagenbioinformatics.com) using the demultiplex reads and denovo assembly options respectively. Contigs from each of the individual species were mapped to a closely related full chloroplast genome using MUMmer (Delcher et al., 2002) in ABACAS, and consequently average coverage of each chloroplast genome was assessed by mapping species reads to the assembled contigs in CLC.
6.2.2 Faunal barcoding
Barcoding genes from insects were amplified using direct Polymerase Chain Reactions (dPCR) (Wong et al. 2014), where a small amount of tissue is dissected from each individual specimen and serves as a template for amplification without prior DNA extraction.  In addition for this quarter, DNA from many specimens was also extracted using a novel reagent known as QuickExtractTM DNA Extraction Solution (EPICENTRE Biotechnologies); QuickExtracts were input directly into PCRs for amplification of barcoding genes. A short fragment (313 bp) of mitochondrial cytochrome oxidase subunit 1 (COI) was used as the general faunal barcoding gene. 
Subsequent downstream sequencing was conducted using a combination of traditional Sanger sequencing and high throughput paired-end Next Generation Sequencing (NGS) on IlluminaTM platforms.  Most barcodes were generated with NGS.  For NGS, each specimen barcode had been tagged with a unique-labelled primer pair in the previous PCR step; the use of indexed primers allows for barcodes to be designated accurately to their specimens of origin in the downstream bioinformatic process.  

Sequences generated from either Sanger or NGS methods were aligned using MAFFT ver.7 (Katoh and Standley 2013), before being grouped into molecular operational taxonomic units (mOTUs) based on objective clustering, whereby sequences are grouped by similarity based on uncorrected pairwise (p) distances at specific percentage thresholds (Meier et al. 2006).  Ideally, the threshold value set for clustering into mOTUs should be within a numerical range where the number of clusters remains stable; stable clusters may best represent actual species delimitation.  
6.2.3 Specimen Imaging & Online Database

Photography and image preparation
Specimens are imaged using a high-resolution photomacrography system (Visionary DigitalTM Plus Lab System). Specimens are imaged under high magnification at different focal depths and exported via Adobe Lightroom. These images are then digitally stacked into a completely in-focus composite image using Helicon Focus Pro. These composite images are then digitally optimized in Photoshop CS6 Extended: removal of ‘dirt’ in the background, white-balancing, image sharpening and light/shadow adjustments are applied to the image where necessary. Depending on the taxon group, specimens may be imaged in different orientations and magnifications to illustrate key diagnostic features. These separate images are then digitally stitched into an image plate. 
Image plates are then exported into a Zoomify™ format (as a Zoomifyer). The Zoomifyer is a specialized HTML5 object that allows users on internet browsers to view both a overall view of the plate and also zoom in to high-magnification images of structures that are critical for identification: it divides an image into a series of smaller-sized picture tiles at different resolutions and sizes that are presented onto a fixed frame. Because the viewer frame requires only few picture tiles to be loaded at any time, viewing is fast and smooth. As a Zoomifyer comprises a simple package of HTML code, small image files, it can be played readily on any browser. Using the zoomifyer also prevents theft of images online because the image is not presented in an image format (i.e., users cannot right-click and download a .jpg file) but in an interactive object.
Online image database
All images are then displayed as zoomifyers in the online, password-protected NSSF Biodiversity Image Database (address: http:/evolution.science.nus.edu.sg/NeeSoon/neesoon.html; please email dbsmr@nus.edu.sg for the login name and password). The website was created using a Laravel-based PHP system. The homepage has a collapsible taxon-based navigation panel on the left, while the main field displays all imaged specimen (in thumbnails). On the top right is a filter option to select for native, non-native, visitor or species of unsure origins. The image database features a three-tiered design; users can select a taxon group on the left navigation panel, which will show all the available species on the right panel, segregated by another two taxon levels (usually, order, followed by family or genus). Clicking on a species thumbnail will direct users to the species page, which displays the zoomifyer of the image plate for the specimen, as well as other basic information such as species name, common name, taxonomic information, image information as well as other additional species information and links to other websites for more information on the species (where available). Users can then navigate to other taxon groups using the navigation panel on the left or using the ‘breadcrumbs’ ribbon on the top left corner.

In order to make the image database more well-rounded, we have also included images for species that are known from NSSF that are currently not covered by specimens used in this project. This includes mammals, birds, amphibians and plants. Images of these species are derived the extensive image database of the ongoing Animals and Plants of Singapore (APS) initiative. However, we were unable to obtain a more complete list of vertebrates from NParks or any other source at the time of writing, and so have only a limited number of species being displayed. Adding more species into the NSSF biodiversity image database can be done relatively quickly once a more complete list of species is made available.
6.3 Results

6.3.1 DNA barcode database for plants

DNA extractions were carried out for around 500 plant species, and a total of 1189 barcodes have been generated.  Please refer to Table 6‑1 for an overview and 

Table 6‑2
 for the available species specific barcodes.
Table 6‑1 Total number of floral species sequenced
	
	MATK
	rbcL
	TRNL
	ITS2
	TrnH-psbA

	Total number of species recorded as sequenced in Q1 – 11 of Phase II
	275
	317
	321
	190
	86


Table 6‑2 Summary of genes sequenced. Sequences generated are indicated with a “Y”, while chloroplast genomes that are currently being sequenced are marked with “CG”. 
	Species
	Family
	matK
	rbcL
	trnL
	ITS2
	Chloroplast genome (average coverage)
	Chloropalst sequencing (ongoing)

	Asystasia gangetica
	Acanthaceae
	Y
	Y
	Y
	Y
	
	

	Asystasia nemorum
	Acanthaceae
	Y
	Y
	Y
	Y
	
	

	Justicia vasculosa
	Acanthaceae
	Y
	Y
	Y
	
	
	

	Buchanania sessifolia
	Anacardiaceae
	Y
	Y
	Y
	
	Y (18X)
	

	Campnosperma auriculatum
	Anacardiaceae
	
	Y
	Y
	
	
	

	Campnosperma squamatum
	Anacardiaceae
	
	Y
	Y
	Y
	
	

	Gluta wallichii
	Anacardiaceae
	Y
	Y
	Y
	Y
	
	

	Melanochyla angustifolia
	Anacardiaceae
	Y
	Y
	Y
	Y
	
	

	Melanochyla caesia
	Anacardiaceae
	Y
	Y
	Y
	
	
	

	Ancistrocladus tectorius
	Ancistrocladaceae
	Y
	Y
	Y
	Y
	
	

	Anisophyllea disticha
	Anisophylleaceae
	Y
	Y
	Y
	Y
	
	

	Artabotrys costatus
	Annonaceae
	
	
	Y
	
	
	CG

	Artabotrys maingayi
	Annonaceae
	Y
	Y
	Y
	
	
	

	Artabotrys suaveolens
	Annonaceae
	Y
	Y
	Y
	
	
	

	cf. Xylopia magna
	Annonaceae
	
	
	
	
	
	CG

	Cyathocalyx ramuliflorus
	Annonaceae
	Y
	Y
	Y
	
	
	

	Cyathostemma excelsum
	Annonaceae
	Y
	Y
	Y
	
	
	

	Cyathostemma viridiflorum
	Annonaceae
	Y
	Y
	Y
	
	
	

	Dasymaschalon dasymaschalum
	Annonaceae
	Y
	Y
	Y
	
	Y (97X)
	

	Dasymaschalon wallichii
	Annonaceae
	Y
	Y
	Y
	
	
	

	Drepananthus ramuliflorus
	Annonaceae
	
	
	
	
	
	CG

	Fissistigma fulgens
	Annonaceae
	
	
	
	
	
	CG

	Fissistigma latifolium var ovoideum
	Annonaceae
	Y
	Y
	Y
	
	
	

	Fissistigma manubriatum
	Annonaceae
	Y
	Y
	Y
	
	
	

	Friesodielsia borneensis
	Annonaceae
	Y
	Y
	Y
	
	
	

	Friesodielsia glauca
	Annonaceae
	
	Y
	Y
	
	
	

	Friesodielsia latifolia
	Annonaceae
	Y
	Y
	Y
	
	
	

	Goniothalamus tapis
	Annonaceae
	
	
	
	
	
	CG

	Maasia glauca
	Annonaceae
	Y
	Y
	
	
	Y (4X)
	

	Maasia hypoleuca
	Annonaceae
	
	
	
	
	
	CG

	Maasia sumatrana
	Annonaceae
	
	
	
	
	
	CG

	Mitrella kentii
	Annonaceae
	Y
	Y
	Y
	
	
	

	Phaeanthus ophthalmicus
	Annonaceae
	
	
	
	
	
	CG

	Polyalthia angustissima
	Annonaceae
	Y
	Y
	Y
	
	
	

	Polyalthia cauliflora
	Annonaceae
	Y
	Y
	Y
	
	
	

	Polyalthia glauca
	Annonaceae
	Y
	Y
	
	
	
	

	Polyalthia lateriflora
	Annonaceae
	Y
	Y
	Y
	Y
	
	

	Polyalthia rumphii
	Annonaceae
	Y
	Y
	Y
	
	
	CG

	Popowia fusca
	Annonaceae
	Y
	
	
	
	Y (33X)
	

	Popowia pisocarpa
	Annonaceae
	
	
	
	
	
	CG

	Pyramidanthe prismatica
	Annonaceae
	Y
	
	
	
	
	

	Uvaria cordata
	Annonaceae
	Y
	Y
	Y
	
	
	

	Uvaria griffithii
	Annonaceae
	Y
	Y
	Y
	
	
	

	Uvaria lobbiana
	Annonaceae
	Y
	Y
	Y
	
	
	

	Uvaria pauci-ovulata
	Annonaceae
	Y
	
	
	
	
	

	Xylopia caudata
	Annonaceae
	
	
	Y
	Y
	
	

	Xylopia ferruginea
	Annonaceae
	
	
	Y
	
	
	

	Xylopia magna
	Annonaceae
	Y
	Y
	Y
	
	
	

	Xylopia malayana
	Annonaceae
	Y
	Y
	Y
	Y
	
	

	Alstonia angustiloba
	Apocynaceae
	Y
	Y
	Y
	
	Y (75X)
	

	Alstonia augustifolia
	Apocynaceae
	
	
	
	
	
	CG

	Anodendron candolleanum
	Apocynaceae
	Y
	Y
	Y
	Y
	
	

	Hoya coronaria
	Apocynaceae
	
	
	
	
	
	CG

	Hoya latifolia G. Don
	Apocynaceae
	
	
	
	
	
	CG

	Hoya verticillata
	Apocynaceae
	
	
	
	
	
	CG

	Kibatalia maingayi
	Apocynaceae
	Y
	Y
	Y
	Y
	
	

	Kopsia singapurensis
	Apocynaceae
	Y
	Y
	Y
	Y
	
	

	Leuconotis griffithii
	Apocynaceae
	Y
	Y
	Y
	Y
	
	

	Parameria polyneura
	Apocynaceae
	Y
	Y
	Y
	
	
	

	Strophanthus caudatus
	Apocynaceae
	Y
	Y
	
	
	
	

	Tabernaemontana pauciflora
	Apocynaceae
	
	
	Y
	
	
	CG

	Willughbeia coriacea
	Apocynaceae
	Y
	Y
	Y
	Y
	
	

	Willughbeia flavescens
	Apocynaceae
	
	
	
	
	
	CG

	Wrightia laevis
	Apocynaceae
	
	
	
	
	
	CG

	Aglaonema nebulosum
	Araceae
	Y
	Y
	Y
	
	
	

	Aglaonema nitidum (Jack) Kunth
	Araceae
	Y
	Y
	Y
	
	Y (6X)
	

	Aglaonema simplex
	Araceae
	Y
	Y
	Y
	
	
	

	Cryptocoryne griffithii
	Araceae
	Y
	Y
	
	
	Y (5X)
	

	Cyrtosperma merkusii
	Araceae
	Y
	Y
	Y
	
	Y (50X)
	

	Rhaphidophora lobbii
	Araceae
	
	
	
	
	
	CG

	Rhaphidophora maingayi
	Araceae
	Y
	Y
	Y
	
	
	

	Rhaphidophora montana
	Araceae
	
	Y
	Y
	Y
	
	

	Arthrophyllum diversifolium
	Araliaceae
	
	
	Y
	
	
	

	Caryota mitis
	Arecaceae
	
	Y
	
	
	
	

	Pinanga simplicifrons (Miq.) Becc.
	Arecaceae
	
	
	
	
	
	CG

	Thottea grandiflora
	Aristolochiaceae
	Y
	Y
	Y
	
	Y (45X)
	

	Asplenium nidus
	Aspleniaceae
	
	
	
	
	
	CG

	Mikania micrantha
	Asteraceae
	Y
	Y
	Y
	
	
	

	Radermachera pinnata
	Bignoniaceae
	Y
	Y
	
	Y
	
	

	Blechnum finlaysonianum Wall. ex Hook. & Grev.
	Blechnaceae
	
	
	
	
	
	CG

	Ploiarium alternifolium
	Bonnetiaceae
	
	
	
	
	
	CG

	Dacryodes cf. puberula
	Burseraceae
	
	
	
	
	
	CG

	Dacryodes rostrata
	Burseraceae
	
	
	
	
	
	CG

	Dacryodes rugosa
	Burseraceae
	
	
	
	
	
	CG

	Santiria apiculata var. apiculata
	Burseraceae
	
	
	
	
	
	CG

	Santiria cf.
	Burseraceae
	
	
	
	
	
	CG

	Santiria griffithii
	Burseraceae
	
	
	Y
	
	
	

	Santiria laevigata
	Burseraceae
	
	
	
	
	
	CG

	Santiria rubiginosa
	Burseraceae
	
	
	Y
	
	
	CG

	Calophyllum dispar
	Calophyllaceae
	
	Y
	Y
	Y
	
	

	Calophyllum ferrugineum
	Calophyllaceae
	Y
	Y
	Y
	Y
	
	

	Calophyllum pulcherrimum
	Calophyllaceae
	Y
	Y
	Y
	Y
	
	

	Calophyllum rubiginosum
	Calophyllaceae
	Y
	Y
	Y
	Y
	
	

	Calophyllum rufigemmatum
	Calophyllaceae
	
	
	Y
	
	
	

	Calophyllum tetrapterum
	Calophyllaceae
	
	
	
	
	
	CG

	Calophyllum wallichianum
	Calophyllaceae
	Y
	Y
	Y
	
	
	

	Gironniera nervosa
	Cannabaceae
	Y
	Y
	Y
	Y
	
	

	Lophopetalum multinervium
	Celastraceae
	
	
	
	
	
	CG

	Lophopetalum wightianum
	Celastraceae
	Y
	Y
	Y
	Y
	
	

	Salacia grandiflora
	Celastraceae
	
	
	
	
	
	CG

	Salacia korthalsiana
	Celastraceae
	Y
	Y
	Y
	Y
	
	

	Salacia macrophylla
	Celastraceae
	
	
	
	
	
	CG

	Salacia viminea
	Celastraceae
	
	
	Y
	
	
	

	Licania splendens
	Chrysobalanaceae
	
	
	
	
	CG

	Limacia scandens
	Chrysobalanaceae
	Y
	Y
	Y
	
	
	

	Garcinia celebica
	Clusiaceae
	
	Y
	
	Y
	
	

	Garcinia forbesii
	Clusiaceae
	
	Y
	
	Y
	
	

	Garcinia mangostana
	Clusiaceae
	
	
	
	
	
	CG

	Garcinia nervosa
	Clusiaceae
	Y
	Y
	
	Y
	Y (5X)
	

	Garcinia parvifolia
	Clusiaceae
	
	Y
	Y
	Y
	
	

	Garcinia rostrata
	Clusiaceae
	
	
	
	
	
	CG

	Garcinia scortechinii
	Clusiaceae
	
	
	
	
	
	CG

	Amischotolype gracilis
	Commelinaceae
	Y
	Y
	
	Y
	
	

	Agelaea borneensis
	Connaraceae
	Y
	Y
	Y
	
	
	

	Agelaea macrophylla
	Connaraceae
	Y
	Y
	Y
	
	
	

	Cnestis palala
	Connaraceae
	Y
	
	
	
	
	

	Connarus semidecandrus
	Connaraceae
	Y
	Y
	Y
	Y
	
	

	Ellipanthus tomentosus
	Connaraceae
	Y
	Y
	Y
	Y
	Y (22X)
	

	Rourea acutipetala ssp. acutipetala
	Connaraceae
	Y
	Y
	Y
	Y
	
	

	Rourea asplenifolia
	Connaraceae
	
	Y
	
	
	
	

	Rourea mimosoides
	Connaraceae
	
	
	Y
	
	
	

	Rourea minor
	Connaraceae
	Y
	Y
	Y
	Y
	Y (3X)
	

	Erycibe griffithii
	Convolvulaceae
	
	
	
	
	CG

	Erycibe leucoxyloides
	Convolvulaceae
	Y
	Y
	Y
	
	
	

	Erycibe tomentosa
	Convolvulaceae
	Y
	Y
	Y
	Y
	
	

	Alangium nobile
	Cornaceae
	Y
	Y
	Y
	Y
	
	

	Mastixia trichotoma cf. var. maingayi
	Cornaceae
	
	
	
	
	
	CG

	Trichosanthes wawraei
	Cucurbitaceae
	
	
	
	
	
	CG

	Cyathea latebrosa
	Cyatheales
	
	Y
	
	Y
	
	

	Lindsaea cultrata
	Dennstaedtiaceae
	Y
	Y
	
	
	

	Lindsaea ensifolia Sw. 
	Dennstaedtiaceae
	
	
	
	
	CG

	Dillenia excelsa
	Dilleniaceae
	Y
	Y
	Y
	Y
	
	

	Dillenia excelsa var. cf. tomentella
	Dilleniaceae
	
	
	
	
	
	CG

	Dillenia suffruticosa (Griff. ex Hook. f. & Thomson) Martelli
	Dilleniaceae
	
	
	
	
	
	CG

	Tetracera akara
	Dilleniaceae
	Y
	
	
	
	
	

	Tetracera fagifolia var. fagifolia
	Dilleniaceae
	
	
	
	
	
	CG

	Tetracera indica
	Dilleniaceae
	Y
	
	
	Y
	
	

	Tetracera macrophylla
	Dilleniaceae
	Y
	Y
	Y
	Y
	
	

	Dioscorea orbiculata var. tenuifolia
	Dioscoreaceae
	
	Y
	
	
	
	

	Dioscorea pyrifolia
	Dioscoreaceae
	Y
	Y
	Y
	
	
	

	Tacca integrifolia
	Dioscoreaceae
	Y
	Y
	Y
	
	Y (10X)
	

	Hopea ferruginea
	Dipterocarpaceae
	
	
	
	
	CG

	Hopea mengarawan
	Dipterocarpaceae
	
	
	
	
	CG

	Vatica pauciflora
	Dipterocarpaceae
	Y
	Y
	Y
	Y
	
	

	Diospyros lanceifolia
	Ebenaceae
	Y
	Y
	Y
	
	
	

	Diospyros oblonga
	Ebenaceae
	Y
	Y
	Y
	
	
	

	Diospyros pilosanthera
	Ebenaceae
	
	
	Y
	
	
	

	Diospyros styraciformis
	Ebenaceae
	
	
	
	Y
	
	

	Diospyros subrhomboidea
	Ebenaceae
	Y
	Y
	Y
	
	
	

	Elaeocarpus acmosepalus Ridl.
	Elaeocarpaceae
	
	
	
	
	CG

	Elaeocarpus floribundus (genus commonly found in database)
	Elaeocarpaceae
	
	Y
	
	
	

	Elaeocarpus mastersii
	Elaeocarpaceae
	Y
	Y
	Y
	
	Y (3X)
	

	Elaeocarpus obtusus ssp. apiculatus
	Elaeocarpaceae
	
	
	
	
	CG

	Elaeocarpus petiolatus
	Elaeocarpaceae
	
	Y
	
	
	

	Elaeocarpus salicifolius
	Elaeocarpaceae
	Y
	Y
	Y
	Y
	Y (34X)
	

	Elaeocarpus stipularis
	Elaeocarpaceae
	Y
	Y
	Y
	Y
	
	

	Agrostistachys borneensis
	Euphorbiaceae
	Y
	Y
	Y
	Y
	
	

	Blumeodendron tokbrai
	Euphorbiaceae
	
	
	
	
	
	CG

	Claoxylon  indicum
	Euphorbiaceae
	Y
	Y
	Y
	
	Y (175X)
	

	Croton caudatus
	Euphorbiaceae
	
	
	
	
	
	CG

	Croton griffithii
	Euphorbiaceae
	
	
	
	
	
	CG

	Croton oblongus
	Euphorbiaceae
	
	
	
	
	
	CG

	Endospermum diadenum
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (228X)
	

	Hevea brasiliensis
	Euphorbiaceae
	Y
	Y
	Y
	
	Y (7X)
	

	Koilodepas longifolium Hook. f.
	Euphorbiaceae
	Y
	Y
	Y
	Y
	
	

	Macaranga bancana
	Euphorbiaceae
	
	Y
	Y
	Y
	
	

	Macaranga conifera
	Euphorbiaceae
	
	Y
	Y
	Y
	
	

	Macaranga gigantea
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (22X)
	

	Macaranga griffithiana
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (123X)
	

	Macaranga heynei
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (89X)
	

	Macaranga hypoleuca
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (22X)
	

	Macaranga recurvata
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (52X)
	

	Macaranga trichocarpa
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (7.2X)
	

	Mallotus paniculatus
	Euphorbiaceae
	
	Y
	Y
	Y
	
	

	Neoscortechinia sumatrensis
	Euphorbiaceae
	Y
	Y
	Y
	Y
	
	

	Pimelodendron griffithianum
	Euphorbiaceae
	
	
	
	
	
	CG

	Triadica cochinchinensis
	Euphorbiaceae
	Y
	Y
	Y
	Y
	Y (14X)
	

	Albizia pedicillata
	Fabaceae
	Y
	Y
	Y
	
	
	

	Archidendron clypearia
	Fabaceae
	Y
	
	Y
	
	
	

	Bauhinia semibifida var semibifida
	Fabaceae
	
	Y
	Y
	Y
	
	

	Dalbergia parviflora
	Fabaceae
	Y
	Y
	Y
	Y
	
	

	Dalbergia pseudo-sissoo
	Fabaceae
	
	
	
	
	
	CG

	Dalbergia rostrata
	Fabaceae
	Y
	Y
	Y
	
	
	

	Derris maingayana  (onsidered a synonym of Derris amoena var. Maingayana)
	Fabaceae
	Y
	Y
	Y
	Y
	
	

	Entada spiralis
	Fabaceae
	
	
	Y
	
	
	

	Koompassia malaccensis
	Fabaceae
	
	
	Y
	
	
	

	Kunstleria ridleyi
	Fabaceae
	Y
	Y
	Y
	
	
	

	Paraderris montana
	Fabaceae
	Y
	Y
	Y
	
	
	

	Spatholobus ferrugineus
	Fabaceae
	Y
	Y
	Y
	Y
	
	

	Spatholobus ridleyi
	Fabaceae
	Y
	
	Y
	Y
	
	

	Lithocarpus cf. elegans
	Fagaceae
	
	
	
	
	
	CG

	Lithocarpus conocarpus
	Fagaceae
	Y
	Y
	Y
	
	
	

	Lithocarpus elegans
	Fagaceae
	
	
	
	
	
	CG

	Lithocarpus lucidus
	Fagaceae
	Y
	Y
	Y
	
	
	

	Flagellaria indica
	Flagellariaceae
	Y
	Y
	Y
	
	Y (50X)
	

	Cyrtophyllum fragrans
	Gentianaceae
	Y
	Y
	Y
	Y
	Y (4107X)
	

	Fagraea splendens
	Gentianaceae
	
	Y
	Y
	
	
	

	Aeschynanthus wallichii
	Gesneriaceae
	Y
	Y
	
	Y
	
	

	Dicranopteris linearis (Burm. f.) Underw
	Gleicheniaceae
	
	
	
	
	
	CG

	Gleichenia truncata
	Gleicheniaceae
	Y
	Y
	Y
	
	Y (6.5X)
	

	Gnetum gnemon
	Gnetaceae
	Y
	Y
	Y
	
	Y (50X)
	

	Hanguana malayana
	Hanguanaceae
	
	
	
	
	
	CG

	Cratoxylum arborescens
	Hypericaceae
	
	Y
	Y
	Y
	
	

	Cratoxylum cochinchinense
	Hypericaceae
	
	Y
	
	Y
	
	

	Cratoxylum formosum
	Hypericaceae
	
	Y
	Y
	Y
	
	

	Iodes ovalis
	Icacinaceae
	Y
	Y
	Y
	Y
	
	

	Iodes velutina
	Icacinaceae
	Y
	Y
	Y
	Y
	
	

	Phytocrene bracteata Wall.
	Icacinaceae
	
	
	
	
	
	CG

	Platea latifolia
	Icacinaceae
	Y
	Y
	Y
	Y
	Y (4X)
	

	Ixonanthes icosandra
	Ixonanthaceae
	
	Y
	Y
	Y
	
	

	Clerodendrum  villosum
	Lamiaceae
	Y
	Y
	Y
	Y
	Y (30X)
	

	Clerodendrum deflexum
	Lamiaceae
	Y
	Y
	Y
	
	
	

	Clerodendrum disparifolium (synonymous with Clerodendrum laevifolium)
	Lamiaceae
	Y
	Y
	Y
	Y
	
	

	Vitex pinnata
	Lamiaceae
	Y
	
	
	
	
	

	Actinodaphne macrophylla
	Lauraceae
	
	
	
	
	
	CG

	Actinodaphne malaccensis
	Lauraceae
	
	
	
	
	
	CG

	Alseodaphne bancana
	Lauraceae
	
	
	
	
	
	CG

	Alseodaphne oblanceolata
	Lauraceae
	
	
	
	
	
	CG

	Beilschmiedia kunstleri
	Lauraceae
	
	
	
	
	
	CG

	cf. Actinodaphne malaccensis
	Lauraceae
	
	
	
	
	
	CG

	Cinnamomum iners
	Lauraceae
	Y
	Y
	Y
	
	
	

	Cryptocarya ferrea
	Lauraceae
	
	Y
	Y
	
	
	

	Cryptocarya nitens
	Lauraceae
	
	
	
	
	
	CG

	Lindera lucida
	Lauraceae
	
	Y
	
	
	
	

	Litsea castanea
	Lauraceae
	Y
	Y
	Y
	
	Y (28X)
	

	Litsea costalis
	Lauraceae
	
	
	
	
	
	CG

	Litsea erectinervia
	Lauraceae
	Y
	Y
	Y
	
	
	

	Litsea grandis
	Lauraceae
	Y
	Y
	Y
	
	
	

	Litsea lancifolia
	Lauraceae
	
	
	
	
	
	CG

	Litsea machilifolia
	Lauraceae
	Y
	Y
	Y
	
	
	

	Litsea resinosa
	Lauraceae
	Y
	Y
	Y
	
	
	

	Neolitsea zeylanica
	Lauraceae
	
	
	
	
	
	CG

	Indorouchera griffithiana
	Linaceae
	
	
	Y
	
	
	

	Teratophyllum ludens
	Lomariopsidaceae
	Y
	Y
	
	
	
	

	Macrosolen cochinchinensis
	Loranthaceae
	
	
	
	
	
	CG

	Maesa ramentacea
	Maesaceae
	Y
	Y
	Y
	Y
	
	

	Byttneria maingayi
	Malvaceae
	Y
	Y
	Y
	Y
	
	

	Commersonia bartramia
	Malvaceae
	Y
	Y
	Y
	
	
	

	Durio singaporensis
	Malvaceae
	Y
	Y
	Y
	
	
	

	Durio zibethinus
	Malvaceae
	Y
	Y
	Y
	Y
	Y (11X)
	

	Grewia laevigata
	Malvaceae
	Y
	
	Y
	Y
	
	

	Microcos latifolia
	Malvaceae
	Y
	Y
	Y
	
	
	

	Pentace triptera
	Malvaceae
	
	
	Y
	Y
	
	

	Scaphium macropodum
	Malvaceae
	Y
	Y
	Y
	
	
	

	Sterculia coccinea
	Malvaceae
	
	
	
	
	
	CG

	Sterculia cordata
	Malvaceae
	Y
	
	
	Y
	
	

	Sterculia gilva
	Malvaceae
	
	Y
	
	
	
	

	Sterculia lanceolata
	Malvaceae
	
	
	
	
	
	CG

	Sterculia lanceolata var. coccinea
	Malvaceae
	Y
	Y
	Y
	
	
	

	Sterculia macrophylla Vent.
	Malvaceae
	
	
	
	
	
	CG

	Sterculia parviflora
	Malvaceae
	
	
	
	
	
	CG

	Sterculia rubiginosa
	Malvaceae
	Y
	Y
	Y
	Y
	Y (18X)
	

	Sterculia sp.
	Malvaceae
	
	
	
	
	
	CG

	Angiopteris evecta
	Marattiaceae
	Y
	Y
	Y
	
	Y (10X)
	

	Clidemia hirta
	Melastomataceae
	
	Y
	
	
	

	Clidemia hirta (L.) D. Don
	Melastomataceae
	
	
	
	
	CG

	Dissochaeta echinulata
	Melastomataceae
	Y
	Y
	Y
	Y
	
	

	Dissochaeta gracilis
	Melastomataceae
	Y
	Y
	Y
	
	
	

	Memecylon campanulatum
	Melastomataceae
	Y
	Y
	Y
	Y
	Y (7X)
	

	Memecylon dichotomum
	Melastomataceae
	Y
	Y
	Y
	Y
	
	

	Memecylon edule
	Melastomataceae
	
	
	
	
	CG

	Memecylon excelsum
	Melastomataceae
	
	
	
	
	CG

	Memecylon floridum
	Melastomataceae
	
	
	
	
	CG

	Memecylon garcinioides
	Melastomataceae
	Y
	Y
	Y
	Y
	
	

	Memecylon paniculatum
	Melastomataceae
	Y
	
	Y
	
	CG

	Memecylon sp.
	Melastomataceae
	
	
	
	
	CG

	Pternandra coerulescens
	Melastomataceae
	
	Y
	Y
	
	

	Pternandra echinata
	Melastomataceae
	Y
	
	
	Y
	
	

	Aglaia elliptica ssp. elliptica
	Meliaceae
	Y
	Y
	Y
	Y
	
	

	Aglaia erythrosperma
	Meliaceae
	
	
	
	
	
	CG

	Aglaia leptantha
	Meliaceae
	
	Y
	Y
	Y
	
	

	Aglaia meliosmoides
	Meliaceae
	
	
	
	
	
	CG

	Aglaia odoratissima
	Meliaceae
	Y
	Y
	Y
	Y
	
	

	Aphanamixis polystachya
	Meliaceae
	Y
	Y
	Y
	Y
	
	

	Dysoxylum cauliflorum
	Meliaceae
	
	
	Y
	
	
	

	Lansium domesticum
	Meliaceae
	
	
	
	
	
	CG

	Pseudoclausena chrysogyne
	Meliaceae
	
	Y
	Y
	Y
	
	

	Sandoricum beccarianum
	Meliaceae
	
	Y
	Y
	
	
	

	Sandoricum koetjape
	Meliaceae
	
	Y
	
	Y
	
	

	Cyclea laxiflora
	Menispermaceae
	Y
	Y
	Y
	Y
	
	

	Fibraurea tinctoria
	Menispermaceae
	Y
	Y
	Y
	Y
	
	

	Hypserpa nitida
	Menispermaceae
	Y
	Y
	Y
	Y
	
	

	Stephania capitata
	Menispermaceae
	
	
	
	
	CG

	Tinospora macrocarpa
	Menispermaceae
	Y
	
	
	Y
	
	

	Matthaea sancta
	Monimiaceae
	Y
	Y
	Y
	Y
	
	

	Artocarpus anisophyllus
	Moraceae
	Y
	Y
	Y
	
	
	

	Artocarpus cf.
	Moraceae
	
	
	
	
	
	CG

	Artocarpus fulvicortex
	Moraceae
	
	
	
	
	
	CG

	Artocarpus heterophyllus
	Moraceae
	
	
	
	
	
	CG

	Artocarpus hispidus
	Moraceae
	
	
	Y
	
	
	CG

	Artocarpus integer
	Moraceae
	Y
	Y
	Y
	
	
	

	Artocarpus lacucha
	Moraceae
	
	Y
	Y
	
	
	

	Ficus apiocarpa
	Moraceae
	Y
	Y
	Y
	Y
	
	

	Ficus aurata
	Moraceae
	Y
	Y
	Y
	Y
	
	

	Ficus consociata
	Moraceae
	
	
	
	
	
	CG

	Ficus fistulosa
	Moraceae
	Y
	Y
	Y
	
	
	

	Ficus grossularioides Burm. f. var. grossularioides
	Moraceae
	
	
	
	
	
	CG

	Ficus laevis
	Moraceae
	
	
	
	
	
	CG

	Ficus pisocarpa
	Moraceae
	
	
	
	
	
	CG

	Ficus punctata
	Moraceae
	Y
	Y
	Y
	Y
	Y (70X)
	

	Ficus recurva var ribesoides
	Moraceae
	
	
	Y
	
	
	CG

	Ficus sagittata
	Moraceae
	Y
	Y
	Y
	Y
	
	

	Ficus sinuata
	Moraceae
	
	
	
	
	
	CG

	Ficus sundaica
	Moraceae
	
	
	
	
	
	CG

	Ficus variegata
	Moraceae
	
	
	Y
	
	
	

	Ficus vasculosa
	Moraceae
	Y
	Y
	Y
	Y
	Y (75X)
	

	Ficus villosa
	Moraceae
	Y
	Y
	Y
	Y
	Y (75X)
	

	Streblus elongatus
	Moraceae
	
	Y
	Y
	
	
	

	Gymnacranthera bancana
	Myristicaceae
	Y
	Y
	Y
	
	Y (21X)
	

	Gymnacranthera farquhariana var. eugeniifolia
	Myristicaceae
	Y
	Y
	Y
	
	Y (50X)
	

	Gymnacranthera forbesii
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Horsfieldia polyspherula var. polyspherula
	Myristicaceae
	Y
	Y
	
	
	
	

	Horsfieldia polyspherula var. sumatrana
	Myristicaceae
	Y
	Y
	
	
	
	

	Horsfieldia punctatifolia
	Myristicaceae
	Y
	Y
	
	
	
	

	Horsfieldia sucosa
	Myristicaceae
	Y
	Y
	
	
	Y (5X)
	

	Horsfieldia wallichii
	Myristicaceae
	
	Y
	
	
	
	CG

	Knema communis
	Myristicaceae
	Y
	Y
	Y
	Y
	
	

	Knema conferta
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Knema glaucescens
	Myristicaceae
	Y
	
	
	
	
	

	Knema latericia
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Knema laurina
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Knema malayana
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Myristica cinnamomea
	Myristicaceae
	
	Y
	
	
	
	

	Myristica elliptica
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Myristica iners
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Myristica maxima
	Myristicaceae
	Y
	Y
	Y
	
	
	

	Grenacheria amentacea
	Myrsinaceae
	Y
	Y
	Y
	Y
	
	

	Decaspermum fruticosum
	Myrtaceae
	Y
	Y
	Y
	Y
	Y (12X)
	

	Rhodamnia cinerea
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium borneense
	Myrtaceae
	
	
	Y
	
	
	

	Syzygium cf. chloranthum
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium claviflorum
	Myrtaceae
	
	
	Y
	Y
	
	

	Syzygium duthieanum
	Myrtaceae
	
	Y
	Y
	Y
	
	

	Syzygium glabratum
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium glaucum
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium grande
	Myrtaceae
	Y
	Y
	Y
	Y
	Y (50X)
	

	Syzygium incarnatum
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium inophyllum
	Myrtaceae
	Y
	
	
	Y
	
	

	Syzygium kunstleri
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium leptostemon
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium lineatum
	Myrtaceae
	
	
	Y
	Y
	
	

	Syzygium myrtifolium
	Myrtaceae
	Y
	Y
	Y
	Y
	Y (50X)
	

	Syzygium nemestrinum
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium ngadimanianum
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium oblatum
	Myrtaceae
	
	Y
	
	
	
	

	Syzygium pachyphyllum
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium papillosum
	Myrtaceae
	
	Y
	
	
	
	CG

	Syzygium pauper
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium pseudocrenulatum
	Myrtaceae
	
	
	
	
	
	CG

	Syzygium pseudoformosum
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium ridleyi
	Myrtaceae
	Y
	Y
	Y
	Y
	
	

	Syzygium scortechinii
	Myrtaceae
	
	
	Y
	
	
	

	Syzygium zeylanicum
	Myrtaceae
	Y
	Y
	Y
	Y
	Y (50X)
	

	Nepenthes ampullaria
	Nepenthaceae
	Y
	Y
	Y
	
	Y (6X)
	

	Nepenthes gracilis
	Nepenthaceae
	Y
	
	
	
	
	

	Nepenthes rafflesiana
	Nepenthaceae
	Y
	Y
	Y
	
	Y (8X)
	

	Erythropalum scandens
	Olacaceae
	Y
	Y
	Y
	Y
	
	

	Ochanostachys amentacea
	Olacaceae
	Y
	Y
	Y
	
	Y (7X)
	

	Scorodocarpus borneensis
	Olacaceae
	Y
	Y
	Y
	
	
	

	Strombosia ceylanica
	Olacaceae
	Y
	Y
	Y
	
	
	

	Jasminum elongatum
	Oleaceae
	Y
	Y
	Y
	Y
	
	

	Champereia manillana
	Opiliaceae
	Y
	Y
	Y
	
	Y (27X)
	

	Bulbophyllum vaginatum
	Orchidaceae
	Y
	Y
	
	
	Y (3X)
	

	Vanilla griffithii
	Orchidaceae
	Y
	Y
	Y
	Y
	
	

	Dapania racemosa
	Oxalidaceae
	Y
	Y
	Y
	Y
	
	

	cf. Galearia maingayi
	Pandaceae
	
	
	
	
	
	CG

	Galearia fulva
	Pandaceae
	Y
	Y
	Y
	
	Y (6X)
	

	Freycinetia angustifolia
	Pandanaceae
	Y
	Y
	Y
	
	
	

	Freycinetia javanica
	Pandanaceae
	Y
	Y
	Y
	
	Y (27X)
	

	Passiflora laurifolia
	Passifloraceae
	Y
	Y
	
	
	
	

	Adinandra dumosa
	Pentaphylacaceae
	Y
	Y
	Y
	
	
	

	Eurya acuminata
	Pentaphylacaceae
	Y
	Y
	Y
	Y
	
	

	Antidesma coriaceum
	Phyllanthaceae
	Y
	Y
	
	
	CG

	Antidesma cuspidatum
	Phyllanthaceae
	Y
	Y
	
	
	

	Antidesma neurocarpum
	Phyllanthaceae
	
	
	
	
	CG

	Aporosa benthamiana
	Phyllanthaceae
	Y
	Y
	Y
	
	

	Aporosa falcifera
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	Aporosa frutescens
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	Aporosa lucida
	Phyllanthaceae
	Y
	Y
	Y
	
	

	Aporosa lunata
	Phyllanthaceae
	Y
	Y
	
	
	

	Aporosa maingayi
	Phyllanthaceae
	
	
	
	
	CG

	Aporosa prainiana
	Phyllanthaceae
	
	
	
	
	CG

	Aporosa symplocoides
	Phyllanthaceae
	Y
	Y
	Y
	
	

	Baccaurea bracteata
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	Baccaurea macrophylla
	Phyllanthaceae
	
	
	
	
	CG

	Baccaurea maingayi
	Phyllanthaceae
	Y
	
	Y
	
	

	Baccaurea minor
	Phyllanthaceae
	
	
	
	
	CG

	Baccaurea parviflora
	Phyllanthaceae
	Y
	Y
	Y
	
	

	Baccaurea polyneura
	Phyllanthaceae
	
	
	
	
	CG

	Breynia racemosa
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	cf. Glochidion sp.
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	Cleistanthus sumatranus
	Phyllanthaceae
	Y
	Y
	
	Y
	Y (87X)
	

	Glochidion borneense
	Phyllanthaceae
	Y
	Y
	Y
	Y
	
	

	Glochidion lutescens
	Phyllanthaceae
	
	Y
	
	
	CG

	Glochidion superbum
	Phyllanthaceae
	
	Y
	
	
	CG

	Glochidion zeylanicum
	Phyllanthaceae
	Y
	Y
	Y
	
	

	Glochidion zeylanicum Blume var. arborescens
	Phyllanthaceae
	
	
	
	
	CG

	Aporosa nigricans
	Phyllanthaceae
	
	
	
	
	CG

	Piper caninum
	Piperaceae
	Y
	Y
	Y
	Y
	
	

	Piper flavimarginatum
	Piperaceae
	
	Y
	
	
	
	

	Piper macropiper
	Piperaceae
	
	
	Y
	
	
	CG

	Piper pedicellosum
	Piperaceae
	Y
	Y
	Y
	Y
	
	

	Centotheca lappacea
	Polygalaceae
	Y
	Y
	Y
	
	Y (16X)
	

	Securidaca philippinensis
	Polygalaceae
	Y
	Y
	Y
	Y
	
	

	Xanthophyllum affine (synonym of Xanthophyllum flavescens)
	Polygalaceae
	
	
	
	Y
	
	

	Xanthophyllum discolor
	Polygalaceae
	
	Y
	Y
	
	
	

	Xanthophyllum ellipticum
	Polygalaceae
	Y
	Y
	Y
	Y
	
	

	Xanthophyllum eurhynchum
	Polygalaceae
	Y
	Y
	Y
	Y
	Y (50X)
	

	Xanthophyllum vitellinum (Blume) Dietr.
	Polygalaceae
	
	
	
	
	
	CG

	Pyrrosia piloselloides
	Polypodiaceae
	Y
	Y
	Y
	
	
	

	Ardisia colorata (synonymous with Ardisia sanguinolenta)
	Primulaceae
	Y
	Y
	
	Y
	Y (4X)
	

	Ardisia teysmanniana
	Primulaceae
	
	
	
	
	
	CG

	Ardisia villosa
	Primulaceae
	
	
	
	
	
	CG

	Labisia pumila
	Primulaceae
	Y
	Y
	Y
	Y
	
	CG

	Helicia excelsa
	Proteaceae
	
	
	
	
	
	CG

	Drypetes pendula
	Putranjivaceae
	
	
	Y
	
	
	

	Ventilago maingayi
	Rhamnaceae
	
	
	Y
	
	
	CG

	Ziziphus calophylla
	Rhamnaceae
	Y
	
	Y
	Y
	
	

	Ziziphus elegans
	Rhamnaceae
	
	
	Y
	
	
	

	Carallia brachiata
	Rhizophoraceae
	Y
	Y
	Y
	
	

	Gynotroches axillaris
	Rhizophoraceae
	Y
	Y
	Y
	
	

	Prunus arborea
	Rosaceae
	Y
	Y
	Y
	Y
	
	

	Prunus grisea var. tomentosa
	Rosaceae
	Y
	Y
	Y
	Y
	
	

	Prunus polystachya
	Rosaceae
	Y
	
	
	Y
	
	

	Rubus mollucanus
	Rosaceae
	Y
	Y
	Y
	Y
	CG (101X)
	

	Aidia auriculata
	Rubiaceae
	
	Y
	Y
	
	
	

	Canthium confertum
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Canthium glabrum
	Rubiaceae
	
	
	
	
	
	CG

	Canthium horridum
	Rubiaceae
	
	
	
	
	
	CG

	Coptosapelta flavescens
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Coptosapelta griffithii
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Gaertnera obesa
	Rubiaceae
	
	Y
	Y
	
	
	

	Gynochthodes coriacea
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Gynochthodes sublanceolata
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Ixora congesta
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Lasianthus attenuatus
	Rubiaceae
	Y
	Y
	Y
	Y
	Y (7X)
	

	Lasianthus ridleyi
	Rubiaceae
	Y
	Y
	Y
	Y
	Y (6X)
	

	Lasianthus sp.
	Rubiaceae
	
	
	
	
	
	CG

	Morinda citrifolia
	Rubiaceae
	
	Y
	Y
	
	
	

	Mussaendopsis beccariana
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Neonauclea pallida
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Oxyceros bispinosus (Griff.) (synonym of Oxyceros fragrantissimus (Ridl.) K.M. Wong)
	Rubiaceae
	Y
	Y
	Y
	Y
	Y (9X)
	

	Oxyceros longiflorus (synonym of Oxyceros fragrantissimus (Ridl.) K.M. Wong)
	Rubiaceae
	Y
	Y
	Y
	Y
	
	CG

	Porterandia anisophylla
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Psychotria helferiana
	Rubiaceae
	Y
	Y
	Y
	Y
	Y (15X)
	

	Psychotria ovoidea
	Rubiaceae
	
	Y
	Y
	Y
	
	

	Psychotria penangensis
	Rubiaceae
	Y
	Y
	Y
	Y
	Y (9X)
	

	Psychotria rhinocerotis
	Rubiaceae
	
	Y
	Y
	Y
	
	

	Psychotria sarmentosa
	Rubiaceae
	Y
	
	Y
	Y
	
	

	Psydrax sp. 10
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Rothmannia macrophylla
	Rubiaceae
	
	
	
	Y
	
	CG

	Saprosma glomerulatum
	Rubiaceae
	
	
	
	
	
	CG

	Timonius wallichianus (Korth.) Valeton
	Rubiaceae
	
	
	
	
	
	CG

	Uncaria attenuata
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Uncaria cordata
	Rubiaceae
	
	
	Y
	Y
	
	

	Uncaria longiflora
	Rubiaceae
	Y
	Y
	Y
	
	
	

	Urophyllum sp. 2
	Rubiaceae
	Y
	Y
	Y
	Y
	
	

	Dracaena porteri
	Ruscaceae
	Y
	Y
	Y
	
	
	

	Dracaena umbratica
	Ruscaceae
	
	Y
	
	
	
	

	Glycosmis chlorosperma
	Rutaceae
	Y
	Y
	Y
	Y
	
	

	Luvunga crassifolia
	Rutaceae
	Y
	Y
	Y
	Y
	
	

	Maclurodendron porteri
	Rutaceae
	Y
	Y
	Y
	
	
	

	Paramignya scandens
	Rutaceae
	Y
	Y
	Y
	
	
	

	Melastoma malabathricum
	Sabiaceae
	Y
	Y
	Y
	Y
	
	

	Meliosma simplicifolia ssp. fruticosa
	Sabiaceae
	
	Y
	Y
	Y
	
	

	Casearia lobbiana
	Salicaceae
	
	
	
	
	
	CG

	Flacourtia rukam
	Salicaceae
	Y
	Y
	Y
	Y
	
	

	Homalium grandiflorum
	Salicaceae
	
	
	
	
	
	CG

	Osmelia philippina
	Salicaceae
	Y
	Y
	
	
	Y (3X)
	

	Dendrothophe varians
	Santalaceae
	
	Y
	Y
	Y
	
	

	Dendrotrophe cf. varians
	Santalaceae
	
	
	
	
	
	CG

	Lepisanthes fruticosa
	Sapindaceae
	
	Y
	Y
	
	
	

	Nephelium lappaceum
	Sapindaceae
	
	
	Y
	
	
	

	Nephelium laurinum
	Sapindaceae
	Y
	Y
	Y
	Y
	
	

	Nephelium maingayi
	Sapindaceae
	
	
	
	
	
	CG

	Pometia pinnata
	Sapindaceae
	Y
	Y
	Y
	Y
	
	

	Xerospermum noronhianum
	Sapindaceae
	Y
	Y
	Y
	Y
	Y (17X)
	

	Palaquium obovatum (Griff.) Engl.
	Sapotaceae
	
	
	
	
	
	CG

	Planchonella obovata
	Sapotaceae
	Y
	Y
	Y
	
	Y (7X)
	

	Pouteria malaccensis
	Sapotaceae
	Y
	Y
	Y
	Y
	
	

	Sarcosperma paniculatum
	Sapotaceae
	Y
	Y
	Y
	Y
	Y (5X)
	

	Smilax setosa
	Smilacaceae
	Y
	Y
	Y
	
	Y (7X)
	

	Symplocos fasciculata
	Symplocaceae
	Y
	Y
	Y
	Y
	
	

	Tectaria singaporeana (Hook. & Grev.) Copel.
	Tectariaceae
	
	Y
	Y
	
	
	

	Gordonia penangensis
	Theaceae
	
	Y
	Y
	
	
	

	Guioa pleuropteris
	Theaceae
	Y
	Y
	Y
	Y
	Y (15X)
	

	Guioa pubescens
	Theaceae
	
	Y
	Y
	Y
	
	

	Christella dentata
	Thelypteridaceae
	Y
	Y
	Y
	
	
	

	Christella subpubescens (Blume) Holttum
	Thelypteridaceae
	
	
	
	
	CG

	Cissus repens
	Thelypteridaceae
	
	
	
	
	CG

	Gonystylus confusus
	Thymelaeaceae
	Y
	Y
	Y
	Y
	
	

	Poikilospermum suaveolens
	Urticaceae
	
	
	
	
	
	CG

	Ampelocissus cinnamomea (Wall. ex M.A.Lawson) Planch. 
	Vitaceae
	
	
	
	
	
	CG

	Ampelocissus elegans
	Vitaceae
	
	
	
	
	
	CG

	Ampelocissus gracilis
	Vitaceae
	
	
	
	
	
	CG

	Cayratia mollissima
	Vitaceae
	Y
	Y
	Y
	Y
	
	

	Cayratia novemfolia
	Vitaceae
	
	
	
	
	
	CG

	Cissus nodosa
	Vitaceae
	Y
	Y
	Y
	Y
	
	

	Leea indica
	Vitaceae
	Y
	Y
	Y
	Y
	
	

	Pterisanthes cissioides
	Vitaceae
	
	
	
	
	
	CG

	Pterisanthes polita
	Vitaceae
	Y
	Y
	Y
	
	
	

	Tetrastigma leucostaphylum
	Vitaceae
	Y
	
	
	
	
	

	Hornstedtia leonurus
	Zingiberaceae
	Y
	Y
	Y
	Y
	
	


 Tree identifications via sapwood samples
Based on the local ITS2 database generated from the leaf samples, Sanger DNA barcodes allowed identification of 32 of the 89 sapwood samples with high confidence to at least the genus level (>=95% sequence match), and 17 samples to at least the family level (90-95% sequence match) (

Table 6‑3
a). BLAST matches using the global ITS2 database improved the identifications; 15 samples that were previously matched to the family level were further narrowed to a specific genus, while 19 and 4 new samples were identified to the genus and family levels respectively (see Table 6‑3b).
Table 6‑3 List of sapwood samples identified to family and genus levels using (a) local database of ITS and (b) samples that were previously matched to the family level narrowed to a specific genus using the global database
(a)
	Identification level
	Sapwood sample
	Genus/Family
	% identity match

	Genus
	Q101T48
	Pometia
	100

	Genus
	Q101T53
	Pentace
	98.73

	Genus
	Q104T66
	Cratoxylum
	100

	Genus
	Q107T20
	Syzygium
	98.47

	Genus
	Q107T5
	Symplocos
	99.7

	Genus
	Q111T13
	Baccaurea
	98.45

	Genus
	Q111T51
	Gluta
	99.43

	Genus
	Q111T7
	Bauhinia
	98.81

	Genus
	Q112T14
	Pometia
	100

	Genus
	Q112T20
	Gluta
	99.17

	Genus
	Q112T53
	Macaranga
	99.76

	Genus
	Q206T1
	Calophyllum
	98.55

	Genus
	Q206T26
	Xanthophyllum
	99.55

	Genus
	Q206T4
	Syzygium
	97.9

	Genus
	Q206T42
	Melanochyla
	100

	Genus
	Q206T47
	Melastoma
	99.79

	Genus
	Q208T03
	Calophyllum
	98.84

	Genus
	Q209T38
	Uncaria
	98.49

	Genus
	Q209T40
	Aporosa
	98.48

	Genus
	Q209T66
	Radermachera
	99.79

	Genus
	Q217T21
	Campnosperma
	99.58

	Genus
	Q217u90
	Aporosa
	98.46

	Genus
	Q220T2
	Campnosperma
	99.58

	Genus
	Q220T22
	Radermachera
	100

	Genus
	Q302T24
	Calophyllum
	99.78

	Genus
	Q302T35
	Campnosperma
	99.24

	Genus
	Q311aT15
	Prunus
	100

	Genus
	Q311aT20
	Syzygium
	99.09

	Genus
	Q3T57
	Derris
	95.17

	Genus
	Q3T9
	Derris
	95.89

	Genus
	Q404aT13
	Aphanamixis
	99.2

	Genus
	Q404aT44
	Aporosa
	99.78

	Family
	Q111T49
	Meliaceae
	98.67

	Family
	Q206T12*
	Sapindaceae
	99.15

	Family
	Q206T17*
	Sapindaceae
	100

	Family
	Q206T18*
	Sapindaceae
	100

	Family
	Q206T30*
	Sapindaceae
	99.15

	Family
	Q206T31*
	Sapindaceae
	99.15

	Family
	Q206T38*
	Sapindaceae
	98.77

	Family
	Q206T39*
	Sapindaceae
	99.48

	Family
	Q206T49*
	Sapindaceae
	99.36

	Family
	Q206T7*
	Sapindaceae
	98.93

	Family
	Q209T43
	Phyllanthaceae
	98.99

	Family
	Q209T68*
	Rhizophoraceae
	95.96

	Family
	Q217T18*
	Rhizophoraceae
	96.87

	Family
	Q217T28*
	Rhizophoraceae
	97.35

	Family
	Q217T33*
	Rhizophoraceae
	96.87

	Family
	Q220T25*
	Phyllanthaceae
	96.03

	Family
	Q220T26*
	Fabaceae
	93.17

	*identifications were improved after matching to the global ITS2 database.


(b) Improved match against global database

	Identification level
	Sapwood sample
	Genus/Family
	% identity match

	Family > genus
	Q206T12
	Pometia
	98.636

	Family > genus
	Q206T17
	Pometia
	98.507

	Family > genus
	Q206T18
	Pometia
	98.454

	Family > genus
	Q206T30
	Pometia
	98.639

	Family > genus
	Q206T31
	Pometia
	98.675

	Family > genus
	Q206T38
	Nephelium
	98.01

	Family > genus
	Q206T39
	Nephelium
	97.964

	Family > genus
	Q206T49
	Pometia
	98.639

	Family > genus
	Q206T7
	Pometia
	98.383

	Family > genus
	Q209T68
	Pellacalyx
	99.716

	Family > genus
	Q217T18
	Carallia
	98.693

	Family > genus
	Q217T28
	Carallia
	97.898

	Family > genus
	Q217T33
	Carallia
	98.689

	Family > genus
	Q220T25
	Baccaurea
	96.128

	Family > genus
	Q220T26
	Dalbergia
	99.385

	Genus
	Q111T15
	Callerya
	99.11

	Genus
	Q111T49
	Sandoricum
	98.05

	Genus
	Q112T19
	Canarium
	96.703

	Genus
	Q206T24
	Palaquium
	98.529

	Genus
	Q206T43
	Canarium
	96.953

	Genus
	Q206T44
	Lithocarpus
	98.462

	Genus
	Q206T45
	Artocarpus
	98.857

	Genus
	Q206T50
	Palaquium
	98.058

	Genus
	Q206T52
	Palaquium
	98.297

	Genus
	Q206T60
	Palaquium
	98.561

	Genus
	Q209T47
	Palaquium
	98.568

	Genus
	Q209T69
	Palaquium
	98.544

	Genus
	Q217T31
	Erycibe
	95.174

	Genus
	Q302T28
	Aquilaria
	98.077

	Genus
	Q311aT16
	Strophanthus
	98.052

	Genus
	Q311aT21
	Gnetum
	99.041

	Genus
	Q311aT24
	Artocarpus
	97.771

	Genus
	Q311aT35
	Urceola
	97.577

	Genus
	Q311aT43
	Gnetum
	98.829

	Family
	Q101T11
	Celastraceae
	94.262

	Family
	Q104T44
	Celastraceae
	94.398

	Family
	Q217T25
	Convolvulaceae
	95.074

	Family
	Q220T7
	Burseraceae
	90.807

	Family
	Q404aT50
	Apocynaceae
	90.675



Of the 169 sapwood samples that were sent for Illumina sequencing of the short trnL gene fragment, 44 and 29 samples were identified with high confidence to the family and genus levels respectively (Table 6‑4).
Table 6‑4 List of sapwood samples identified to family and genus levels with high and low confidence based on trnL.

	Specimen
	Family Level ID
	Genus Level ID
	Confidence level

	S_Q206T67
	Cornaceae
	Alangium
	HIGH

	S_Q206T70
	Cornaceae
	Alangium
	HIGH

	S_Q206T73
	Cornaceae
	Alangium
	HIGH

	S_Q306T37
	Phyllanthaceae
	Antidesma
	HIGH

	S_Q206T48
	Moraceae
	Artocarpus
	HIGH

	S_Q208T40
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q208T46
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q217T10
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q217T24
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q319aT47
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q3T43
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q6T21
	Calophyllaceae
	Calophyllum
	HIGH

	S_Q112T32
	Ebenaceae
	Diospyros
	HIGH

	S_Q206T75
	Ebenaceae
	Diospyros
	HIGH

	S_Q6T24
	Ebenaceae
	Diospyros
	HIGH

	S_Q209T65
	Aquifoliaceae
	Ilex
	HIGH

	S_Q220T21
	Aquifoliaceae
	Ilex
	HIGH

	S_Q203aT51
	Rubiaceae
	Jackiopsis
	HIGH

	S_Q107T10
	Myristicaceae
	Knema
	HIGH

	S_Q6T25
	Myristicaceae
	Knema
	HIGH

	S_Q10T83
	Euphorbiaceae
	Macaranga
	HIGH

	S_Q308aT19
	Anacardiaceae
	Melanochyla
	HIGH

	S_Q308aT8
	Anacardiaceae
	Melanochyla
	HIGH

	S_Q6T18
	Sapindaceae
	Pometia
	HIGH

	S_Q414aT19
	Rosaceae
	Prunus
	HIGH

	S_Q203aT25
	Bignoniaceae
	Radermachera
	HIGH

	S_Q112T8
	Malvaceae
	Sterculia
	HIGH

	S_Q509T6
	Malvaceae
	Sterculia
	HIGH

	S_Q308aT41
	Annonaceae
	Xylopia
	HIGH

	S_Q1T42
	Anacardiaceae
	NA
	HIGH

	S_Q302T38
	Anacardiaceae
	NA
	HIGH

	S_Q6T33
	Anacardiaceae
	NA
	HIGH

	S_Q9T88
	Anacardiaceae
	NA
	HIGH

	S_Q217T34
	Annonaceae
	NA
	HIGH

	S_Q319aT16
	Annonaceae
	NA
	HIGH

	S_Q319aT63
	Annonaceae
	NA
	HIGH

	S_Q112T3
	Burseraceae
	NA
	HIGH

	S_Q112T46
	Burseraceae
	NA
	HIGH

	S_Q112T60
	Burseraceae
	NA
	HIGH

	S_Q509T11
	Burseraceae
	NA
	HIGH

	S_Q306T07
	Fagaceae
	NA
	HIGH

	S_Q204T7
	Lauraceae
	NA
	HIGH

	S_Q301T35
	Lauraceae
	NA
	HIGH

	S_Q101T62
	Myristicaceae
	NA
	HIGH

	S_Q111T11
	Myristicaceae
	NA
	HIGH

	S_Q111T21
	Myristicaceae
	NA
	HIGH

	S_Q203aT59
	Myristicaceae
	NA
	HIGH

	S_Q206T51
	Myristicaceae
	NA
	HIGH

	S_Q6T27
	Myristicaceae
	NA
	HIGH

	S_Q101T68
	Phyllanthaceae
	NA
	HIGH

	S_Q111T16
	Phyllanthaceae
	NA
	HIGH

	S_Q208T48
	Phyllanthaceae
	NA
	HIGH

	S_Q209T3
	Phyllanthaceae
	NA
	HIGH

	S_Q209T4
	Phyllanthaceae
	NA
	HIGH

	S_Q209T55
	Phyllanthaceae
	NA
	HIGH

	S_Q220T48
	Phyllanthaceae
	NA
	HIGH

	S_Q308aT13
	Phyllanthaceae
	NA
	HIGH

	S_Q504T25
	Phyllanthaceae
	NA
	HIGH

	S_Q102T15
	Rubiaceae
	NA
	HIGH

	S_Q301T37
	Rubiaceae
	NA
	HIGH

	S_Q209T14
	Sapindaceae
	NA
	HIGH

	S_Q308aT12
	Sapindaceae
	NA
	HIGH

	S_Q6T10
	Sapindaceae
	NA
	HIGH

	S_Q7T18
	Sapindaceae
	NA
	HIGH

	S_Q206T28
	Sapotaceae
	NA
	HIGH

	S_Q206T53
	Sapotaceae
	NA
	HIGH

	S_Q206T69
	Sapotaceae
	NA
	HIGH

	S_Q206T74
	Sapotaceae
	NA
	HIGH

	S_Q206T82
	Sapotaceae
	NA
	HIGH

	S_Q206T91
	Sapotaceae
	NA
	HIGH

	S_Q6T29a
	Sapotaceae
	NA
	HIGH

	S_Q6T31
	Sapotaceae
	NA
	HIGH

	S_Q107T02
	Staphyleaceae
	NA
	HIGH

	S_Q104T62
	Annonaceae
	NA
	LOW

	S_Q107T19
	Burseraceae
	NA
	LOW

	S_Q111T31
	Calophyllaceae
	NA
	LOW

	S_Q306T08
	Calophyllaceae
	NA
	LOW

	S_Q306T3
	Calophyllaceae
	NA
	LOW

	S_Q306T39
	Calophyllaceae
	NA
	LOW

	S_Q206T89
	Cornales
	NA
	LOW

	S_Q107T38
	Ebenaceae
	NA
	LOW

	S_Q109T10
	Ebenaceae
	NA
	LOW

	S_Q112T28
	Ebenaceae
	NA
	LOW

	S_Q206T65
	Ebenaceae
	NA
	LOW

	S_Q308aT16
	Ebenaceae
	NA
	LOW

	S_Q101T71
	Euphorbiaceae
	NA
	LOW

	S_Q107T27
	Fabaceae
	NA
	LOW

	S_Q109T23
	Fabaceae
	NA
	LOW

	S_Q308aT20
	Lauraceae
	NA
	LOW

	S_Q404aT13
	Meliaceae
	NA
	LOW

	S_Q6T8
	Moraceae
	NA
	LOW

	S_Q101T64
	Myristicaceae
	NA
	LOW

	S_Q111T40
	Myristicaceae
	NA
	LOW

	S_Q208T36
	Myristicaceae
	NA
	LOW

	S_Q208T52
	Myristicaceae
	NA
	LOW

	S_Q3T11
	Myristicaceae
	NA
	LOW

	S_Q7T20
	Myristicaceae
	NA
	LOW

	S_Q414aT41
	Myrtaceae
	NA
	LOW

	S_Q7T71
	Myrtaceae
	NA
	LOW

	S_Q111T17
	Pentapetalae
	NA
	LOW

	S_Q301T28
	Pentapetalae
	NA
	LOW

	S_Q306T26
	Petrosaviidae
	NA
	LOW

	S_Q112T54
	Phyllanthaceae
	NA
	LOW

	S_Q220T47
	Phyllanthaceae
	NA
	LOW

	S_Q301T01
	Phyllanthaceae
	NA
	LOW

	S_Q4T54
	Phyllanthaceae
	NA
	LOW

	S_Q7T33
	Phyllanthaceae
	NA
	LOW

	S_Q112T37
	Sapindaceae
	NA
	LOW

	S_Q203aT17
	Sapindaceae
	NA
	LOW

	S_Q206T90
	Sapindaceae
	NA
	LOW

	S_Q509T13
	Sapindaceae
	NA
	LOW

	S_Q6T37
	Sapindaceae
	NA
	LOW

	S_Q101T16
	Sapotaceae
	NA
	LOW

	S_Q104T12
	Sapotaceae
	NA
	LOW

	S_Q206T76
	Sapotaceae
	NA
	LOW

	S_Q217T07
	Sapotaceae
	NA
	LOW

	S_Q9T36
	Sapotaceae
	NA
	LOW


Chloroplast shotgun sequencing

From one lane of HiSeq sequencing (approximately 75 Gigabases of data) of a single “plant pool”, sequnces could be assigned to all of the 100 species. Complete chloroplast genomes were recovered for 67 species with moderate (3X-10X) to high coverage (>10X) (refer to Table 7.3.1 for species with available chloroplast genomes and average coverage). For the remaining 33 species, at least one of the barcoding genes could be extracted using mapping methods. These species will now be resequenced to improve chloroplast genome coverage. Based on the results of this first large scale run, it was estimated that a reduction in the number of multiplex species was required for improving coverage across samples due of the vast variability in the number of chloroplast reads between species. Two “plant pools” are currently being sequenced with 75 species each.
6.3.2 Faunal barcoding

This year, using a combination of traditional Sanger sequencing and high throughput Next Generation Sequencing (NGS), we generated 2904 animal barcodes (COI predominantly, with some COII for Odonata), (Table 6‑5). These 2904 barcodes comprise of sequences across a range of taxa. For the order Diptera, we have additional barcodes from the families Culicidae (mosquitoes), Dolichopodidae (long-legged flies) etc mostly from our latest NGS runs. Furthermore, there are new sequences from other orders such as Hymenoptera (ants), Odonata (dragonflies) and Trichoptera (caddisflies).

For Culicidae (mosquitoes), we generated a total of 83 new barcode sequences, and together with 237 sequences from Q11 and before, 34 mOTUs were produced upon clustering at 4% threshold.  Twenty-eight of these mOTUs were found to be unique to Nee Soon, but not present in mangrove habitats. We also have also sequenced 568 specimens for Dolichopodidae (Diptera), which formed 66 mOTUs upon clustering at 4% threshold.  It is notable that these mOTUs are absolutely unique sequences that do not overlap with Dolichopodid sequences obtained from mangrove habitats.

For Formicidae (ants), in addition to the 88 sequences from Q11 and before, we now have 564 more sequences from the most recent NGS runs. These added sequences result in 35 mOTUs when clustered at 4% threshold, of which 21 are singletons. 

Table 6‑5 Faunal barcodes generated in final quarter and before. 

	Taxa
	Barcodes generated in:
	Overall no. of barcodes

	
	Q11 and before
	Final Quarter
	

	Fishes
	201
	-
	201

	Mollusca (Snails)
	4
	-
	4

	Crabs and Shrimp (Decapoda)
	12
	-
	12

	Damsel- and Dragonflies (Odonata)
	223
	124
	347

	Bees (Anthophila)
	49
	-
	49

	Ants (Formicidae)
	88
	564
	652

	Termites (Isoptera)
	112
	-
	112

	Fungus Gnats (Mycetophilidae)
	875
	-
	875

	Mosquitoes (Culicidae)
	237
	83
	320

	Horse Flies (Tabanidae)
	5
	-
	5

	Hover Flies (Syrphidae)
	8
	-
	8

	Soldier Flies (Stratiomyidae)
	19
	-
	19

	Chironomidae (Non-biting midges)
	170
	-
	170

	Ceratopogonidae (Biting Midges)
	2
	-
	2

	Baetidae (Small Minnow Mayflies)
	3
	-
	3

	Caenidae ( Squaregill Mayflies)
	3
	-
	3

	Gerridae (Water Striders)
	1
	-
	1

	Nepidae (likely Ranatra)
	1
	-
	1

	Hemipteran (likely leafhopper)
	1
	-
	1

	Gyrinidae (Diving beetles)
	1
	-
	1

	Scirtidae (Marsh beetles)
	1
	-
	1

	Nemouridae (Stoneflies)
	-
	3
	3

	Perlidae (Stoneflies)
	2
	-
	2

	Calamoceratidae (Caddisfly)
	2
	-
	2

	Dipseudopsidae (Caddisfly)
	-
	9
	9

	Ecnomidae (Caddisfly)
	1
	9
	10

	Hydropsychidae (Caddisfly)
	1
	31
	32

	Hydroptilidae (Caddisfly)
	-
	6
	6

	Leptoceridae (Caddisfly)
	3
	23
	26

	Polycentropodidae (Caddisfly)
	-
	24
	24

	Psychomyiidae (Caddisfly)
	-
	2
	2

	Blattodea (Cockroach)
	1
	-
	1

	 
	 
	 
	Total: 2904


For Odonata (dragonflies), 124 barcode sequences were obtained; these formed 24 mOTUs at a clustering threshold of 3-4%.  These 24 mOTUs were mostly exclusively found in Nee Soon, with very little overlap amongst other reservoirs and/or waterways.  From the caddisflies (Trichoptera), 126 sequences were generated, resulting in 20 mOTUs at a clustering threshold of 3%; these mOTUs could be identified to 7 different families.  As with Odonata, very little overlap was found between caddisfly mOTUs from Nee Soon and other reservoirs and waterways.  Three new sequences of stoneflies from the family Nemouridae (Plecoptera) were also added to the Nee Soon barcode database. These formed one mOTU at a clustering threshold of 3% for COI.

Overall, we have a total of 2904 barcodes from the faunal specimens collected from NSSF. The majority of barcodes are for the insect fauna: Diptera (1399), ants (652) and odonates (347). Insects collected from NSSF’s waterways are represented with 128 barcodes. Fishes represent the next largest contribution (201) of barcodes for non-insect fauna. 

6.3.3 Specimen imaging and databasing

For this quarter, a total of 51 faunal specimens originating from NSSF were imaged and uploaded onto the NSSF Biodiversity Image database. This includes specimens from three families of Diptera: 15 Dolichopodidae, 35 Culicidae and 1 Chironomidae. Additionally, images for 164 plant species are also added into the database. This includes 64 specimens that were collected for floral barcodes and imaged from NSSF itself. This brings the total number of species featured in the database to 502; Table 6‑6 shows the breakdown of images to taxa. As stated earlier, we are unable to include more images of vertebrates (which are not covered by the specimens provided from the project itself). Once a more comprehensive list of vertebrates are provided, we will be able to include images of species existing in the Animals and Plants of Singapore Initiate into the NSSF Biodiversity Image Database.

Table 6‑6 Breakdown for images of species according to taxa featured on the image database

	Taxon group
	No. species/MOTUs featured

	Vertebrates
	(subtotal: 97)

	Fishes
	53

	Anura (Frogs)
	16

	Aves (Birds)
	18

	Mammalia (Mammals)
	10

	
	

	Crustacea
	(subtotal: 9)

	Decapoda (Shrimps)
	5

	Brachyura (Crabs)
	4

	
	

	Mollusca
	(subtotal: 7)

	Gastropoda (Terrestrial snails)
	7

	
	

	Diptera (True Flies)
	(subtotal: 138)

	Dolichopodidae (Long-legged Flies)
	15

	Chironomidae (Non-biting Midges)
	1

	Culicidae (Mosquitoes)
	35

	Mycetophilidae (Fungus Gnats)
	78

	Stratiomyidae (Soldier Flies)
	7

	Ceratopogonidae (Biting Midges)
	2

	
	

	Odonata
	(subtotal: 35)

	Anisoptera (Dragonflies)
	19

	Zygoptera (Damselflies)
	16

	
	

	Blattodea
	(subtotal: 33)

	Isoptera (Termites)
	32

	Cockroach
	1

	
	

	Ephemeroptera (Mayflies)
	(subtotal: 2)

	Baetidae (Small Minnow Mayflies)
	1

	Caenidae (Small Squaregill Mayflies)
	1

	
	

	Trichoptera (Caddisflies)
	(subtotal: 7)

	Calamoceratidae
	2

	Ecnomidae
	1

	Hydropsychidae
	1

	Leptoceridae
	3

	
	

	Plecoptera (Stoneflies)
	(subtotal: 2)

	Perlidae
	2

	
	

	Hemiptera (True Bugs)
	(subtotal: 3)

	Gerridae (Pond Skaters)
	1

	Nepidae (Water Scorpions)
	1

	Cicadomorpha (likely leafhopper)
	1

	
	

	Coleoptera (Beetles)
	(subtotal: 2)

	Gyrinidae (Whirligig beetles)
	1

	Scirtidae
	1

	
	

	Plants
	(subtotal: 164)

	Peridophyta (Ferns)
	2

	Monocots
	5

	Magnoliids
	45

	Rosids
	78

	Asterids
	22

	‘other' Eudicots
	12

	
	

	 
	Total: 502


6.4  Discussion

The “cryogenic collection, imaging, and barcording” team set out to use a wide variety of techniques to tackle species identification problems and to create identification tools for the future. As documented under results, we succeeded to various degrees and helped other team members with achieving their goals: 

(1) The Vegetation Ecology team studied the flora of Nee Soon Swamp Forest and provided us with a large number of samples for ca. 500 species. We extracted the DNA and succeeded in sequencing at least some barcoding genes for most of these species (total of 1189 barcodes). The barcoding gene with the highest amplification success was rbcL (321 spp) which unfortunately is also a gene that rarely has species-specific signal. We therefore invested more resources time into getting sequences for more informative genes. This included MATK (275spp), TRNL (321 species), ITS2 (190 spp), and TrnH-psbA (86 spp). Obtaining these genes via PCR and Sanger sequencing was extremely time-consuming and expensive so that we developed a new approach based on next-generation-sequencing (via genome skimming). We predict that genome skimming will be technique of choice for the future because it is more cost-effective and yet yields more data. It is based on the observation that chloroplast genes are naturally enriched in vegetative tissue so that low coverage sequencing of whole-genome extractions can yield enough data for obtaining chloroplast genomes. They automatically cover most of the plant barcoding genes which are located on the chloroplast genome. However, genome skimming yields 150,000 bp genomes instead of the <2000 bp per species obtained with Sanger sequencing. We are currently waiting for the return of the data for 150 species of plants for which we are also pursuing genome skimming. Overall, we aim to generate chloroplast genomes for >200 species once the data are fully analysed. We believe that this newly developed technique will be extremely useful for plant identification in Singapore. 

(2) The Vegetation Ecology team had difficulties with identifying tall trees because the leaves, flowers, and fruits could not been reached. We used Sanger barcodes and developed NGS barcodes for identifying trees to genus based on sapwood samples. This was challenging because such samples contain little DNA, but large amounts of PCR-inhibitors. In order to succeed, we first built an ITS2 database based on leaf samples and used Sanger barcodes to identify most of the 89 sapwood samples to at least family level. However, we were not able to use the same approach for the remaining sapwood samples because there were too many problems with DNA amplification and sequencing. We therefore switched to NGS barcoding of a short trnL gene fragment for 169 sapwood samples. The advantage of this approach is that the shorter fragments are more likely to amplify, but this comes at the cost of these fragments containing less information. Using this approach, we were able to identify 44 and 29 samples with high confidence to the family and genus levels respectively. Compared to barcoding of leaf samples, sapwood samples will remain very problematic. Being able to sequence sapwood would be very useful, but new approaches should be pursued. Particularly promising may be anchored hybrid enrichment of chloroplast genes.

(3) The Faunal Ecology teams extensively surveyed the aquatic habitats and collected a large number of specimens. Because the processing of these samples was time-consuming, we only obtained them relatively late during the project. However, our results based on the still relatively small number of sequences indicates that the diversity is very high and those most species found in the aquatic environments of Nee Soon Swamp Forest are distinctly different from what is found in the man-made reservoirs close by. A good example is chironomid midges where preliminary sampling revealed more than 70 species in Nee Soon while there are only 45 species in the surrounding reservoirs. What is remarkable is that only one species is shared. We are starting to see similar results emerging for other taxa (Odonata, Trichoptera). However, a full evaluation will take some time.

While waiting for the specimens from the faunal ecology team, we carried out species discovery projects on terrestrial insect groups including ants, termites, fungus gnats (indicators of fungal diversity), stratiomyids, syrphids (pollinators), mosquitoes etc… Most of these taxa are very species rich and the fauna is again from other habitats with data (in this case mangrove fragments in Singapore). Particularly remarkable is the very high species diversity in fungus gnats (>200 species). 

In addition to generating almost 3000 barcodes for the fauna of Nee Soon Swamp, we also developed a new password protected image database for Nee Soon Swamp Forest. The barcodes were grouped into 3% clusters and one representative specimen was imaged. These images were added to a collection of images for expert-identified specimens. Currently, the database includes 502 species, but many additional species are likely to be added in the near future.

6.5 Conclusions

Being able to identify specimens to species is important for most in-depth study of biological systems. However, getting these identifications is particularly challenging in tropical environments. Fortunately, a number of new tools promise to make this task less daunting. New imaging techniques help with illustrating relevant characters and new and cheaper DNA barcoding techniques will allow for the generation of databases that can be used by many researchers.

6.6 Recommendations

Making the fauna and flora of Nee Soon Swamp Forest and Singapore identifiable is achievable. The samples that have been collected and stored have the potential to reveal the presence of several hundred or even thousands of species. By focusing on particular taxa belonging to different ecological guilds, it is feasible to start understanding species turnover rates across habitats in Singapore and to use this information for conserving Singapore’s native fauna and flora. A particularly high priority should be using the newly developed plant barcoding techniques for all of Singapore’s vascular plant species. This will allow for in-depth studies of species interactions between plants and animals (e.g., pollination). 
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7 Eco-Hydrological Model of Nee Soon Swamp Forest  
Shie-Yui LIONG, Yabin SUN, Dadiyorto WENDI, Dong Eon KIM, Chi Dung DOAN, Srivatsan Vijaya RAGHAVAN, Minh Tue VU, and San Chuin LIEW
7.1 Introduction

Changes in surface and groundwater will certainly affect both flora and fauna with some species are more vulnerable than the others. Urbanization and climate change affect the surface and groundwater locally and it’s surrounding. A numerical model which can provide anticipated changes of surface-and groundwater, and hence their impacts on fauna and flora, is highly important to any areas in general, to Nee Soon swampy forest in particular as this area is one of the last few prestine freshwater swamp forests in Singapore.

The Mike-SHE hydrological modeling system, as a multiphysics modeling package, is well suited to modeling integrated catchment hydrology (DHI, 2014). Mike-SHE is a fully coupled modeling framework that includes groundwater, channel and overland flows. It simulates water flow in the entire land based on different phase of the hydrological cycle from rainfall to river flow, via various flow processes, such as, overland flow, infiltration into soil, evapotranspiration from vegetation, and groundwater flow; it is thus an ideal tool for simulating wetlands.

Mike-SHE has been applied in a large number of studies world-wide focusing on, for example, conjunctive use of surface water, ground water for domestic and industrial consumption, irrigation, dynamics in wetlands, and water quality studies in connection with point and non-point pollution. MIKE-SHE also accounts for surface-groundwater interactions. Thus, Mike-SHE is selected for and adapted to Nee Soon Swamp Forest (NSSF). 
The Mike-SHE Water Movement module has been designed with a modular program structure comprising of different process-oriented components, each describing a major flow process of the hydrological cycle. Used in combination, they describe the entire hydrological cycle (As shown in Figure 7‑1). The components utilised in the Mike-SHE model are described below.
Evapotranspiration and interception component

The evapotranspiration component uses meteorological and vegetative input data to predict, with empirically based equations and on a spatially distributed basis, the total evapotranspiration and net rainfall amounts resulting from different processes which take place. These processes are interception of rainfall by the canopy, drainage from the canopy, evaporation from the canopy surface, evaporation from the soil surface, and finally, uptake of water by plant roots and its transpiration. This component interacts with the unsaturated zone component, providing net rainfall and evapotranspiration loss rates and using information on soil moisture conditions in the root zone. The model has been developed at the Royal Veterinary and Agricultural University in Denmark and published in Kristensen and Jensen (1975). The calculated actual evapotranspiration is based on potential evaporation rate and the actual soil moisture status in the root zone, which are required as input data.

Overland flow and channel flow component

When the net rainfall rate exceeds the infiltration capacity of the soil, water is ponded on the ground surface. This water is available as surface runoff, to be routed down-gradient towards the river system. The exact route and quantity is determined by the topography and flow resistance as well as by losses due to evaporation and infiltration along the flow path. The water reaching the river system as surface and subsurface flow is routed downstream in a separate node-point system. Both the overland flow and the channel flow are modelled through the St. Venant equations (Ritzema, 1994).

Unsaturated zone component

The unsaturated zone component links the two horizontal two- and three-dimensional surface and subsurface flow processes together. The flow is described by the one-dimensional governing equation, the Richards' equation (Ritzema, 1994). Soil water systems comprise three phases; solid, liquid and gas which introduce non-linear terms in the Richards' equation. Knowledge about the soil physical properties is required in order to obtain a solution to Richards' equation. The upper part of the unsaturated zone includes root extraction for the transpiration process. This is explicitly incorporated in the equation by sink terms. The integral of the sinks over the entire root zone depth amounts to the total actual evapotranspiration. Soil evaporation is catered for in the first sink term below the land surface. The interaction between the unsaturated and saturated zone is solved by an iterative mass balance procedure. This coupling procedure ensures a realistic description of the water table fluctuations in situations with shallow soils where accounting for a variable specific yield above water table is important.

See Demetriou and Punthake (1994) for more information on modelling groundwater using Mike SHE.

Saturated zone component

The saturated zone component of Mike-SHE water movement module calculates the saturated subsurface flow in the catchment. Mike-SHE allows for fully three-dimensional flow in a heterogeneous aquifer with conditions shifting between unconfined and confined conditions. The spatial and temporal variations of the dependent variable (the hydraulic head) is described mathematically by the non-linear Boussinesq equation (Ritzema, 1994) and solved numerically by an iterative finite difference technique. Mike-SHE gives the opportunity to choose between two matrix solver modules: the SOR module based on a Successive Over-Relaxation technique and the PCG groundwater module based on a Preconditioned Conjugate Gradient solution technique.

River-Aquifer exchange component

A river system influences a large part of the groundwater system in a catchment as it traverses the catchment in many directions. The impact of the river on groundwater heads is in horizontal and vertical directions. The surface area of the river system is, however, small compared to the catchment area, and for regional modelling the river width may typically occupy a small percentage of the grid cell size. In many applications, the river can therefore be represented in a separate node system running along the boundaries of the grid cells acting as a source/sink line. The exchange component assumes that the width of the river is small compared to the grid cell dimension. The river flow computations are carried out in the corners of the grid cells. Interaction between the river, the groundwater system and the overland flow is assumed to take place in the middle of the intermediate river links connecting adjacent computational nodes.

[image: image232.emf]
Figure 7‑1 Flow chart of Mike-SHE concept
7.2 Modelling Scheme
7.2.1 Data Overview
As presented in Figure 7‑2, the Nee Soon (fresh water) Swamp Forest (NSSF) is located in the northern part of the Central Catchment Nature Reserve (CCNR) bounded by 3 reservoirs, the Upper Seletar, Upper Peirce and Lower Peirce reservoirs. With an estimated area of about 750 ha, the NSSF covers the lower area of shallow valleys with slow-flowing streams and a few higher grounds with dryland forests. The elevation of NSSF varies between approximately 1 to 80 m above mean sea level (MSL).

The boundary of the NSSF on the east is defined by catchment delineation based on the catchment topography, i.e. the Digital Elevation Model (DEM), whereas the boundary on the west and south is bounded by the reservoirs, the inclusion of which, being an important water source for the cathcment, is crucial for the numerical surface and groundwater simulations.

An overview of the data used in the numerical modelling is provided in Table 7‑1. Figure 7‑3 depicts the locations of the rain gauges, piezometers and stream sondes, across the NSSF.
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Figure 7‑2 Geographical location of study area - Nee Soon Swamp Forest (NSSF)

Table 7‑1 Data used in Nee Soon Swamp Forest model

	Use
	Type of Data 
	Data Source
	Type of 
Instrument
	Number

of stations
	Period (time interval)

	Model

Forcing
	Rainfall *1
	PUB;

NEA
	Rain Gauge
	5 (=4+1)
	Jan 2000 – 2016 (Daily);
Jul 2013 – Feb 2015 (hourly)

	
	Reservoir Level *2
	PUB
	Pressure Gauge
	4
	Jan 2006 – 2016 (Daily)

	Other

Model

Inputs
	DEM *3
	GIS
	-
	-
	-

	
	Stream Network
	GIS
	-
	-
	-

	
	Stream Cross-Section *4
	GIS
	-
	1280
	-

	
	Reference

Evapotranspiration (ET)
	MODIS
	Satellite
	Resolution:

~ 1 km
	2000 – 2012 (monthly)

	
	Leaf Area Index (LAI)
	GLASS-MODIS
	Satellite
	Resolution:

~ 1 km
	2001 – 2012 (8 daily)

	
	Root Depth
	VE
	-
	40
	-

	Others
	Station Location
	GIS Team, TMSI
Geo Dept
	GPS
	18 (=14+4)
	-

	
	Groundwater Table 
	NM Team, TMSI 
Geo Dept
	Piezometer
	14 (=10+4)*5
	Feb 2012 – 2016 (Hourly)

	
	Stream Water Level
	Geo Dept
	Sonde
	4 (=3+1)
	May 2012 – 2016 (10 min)


*1: Seletar Reservoir, Chestnut Avenue, Upper Peirce Reservoir, Lower Peirce Reservoir and Mandai Lake Road
*2: Upper Peirce, Lower Peirce, Upper Seletar and Lower Seletar

*3: Hybrid DEM incorporated with Phase1 DEM (derived through stereo imaging and integration of ground survey points) and the survey elevation

*4: 1647 were provided; 1280 were translated into the numerical model setup

*5: 10 installed by DHI (marked as DP); 4 installed by GEO (marked as GP)
[image: image234.emf]
Figure 7‑3 Locations of measurement stations in NSSF

7.2.2 Model Setup
Figure 7‑4 shows the stream network and cross-sections in the Mike11’s 1D model. The stream network and cross-sections in the study are based on the topography survey, with more than 8,000 points collected and digitized. In addition, a new DEM was generated using dataset from both Phase1 DEM and the surveyed topography. The new DEM is resampled to a 20 m grid, in view of the computational efficiency and modelling accuracy, as the topography input for the Mike-SHE 2D model. More information on the topography survey can be found in Chapter 2.

The 1D and 2D models are coupled through automatic coupling method in Mike-SHE, where the river’s cross-sections are linked with the topography’s cells by their respective coordinates. A two-way exchange is allowed between the 1D and 2D models, i.e., when water level goes above the bank elevation, the overflow from 1D river will flood the neighboring cells, and the overland flow on 2D flood plain can also spill into the river.

Table 7‑2 summarizes the two initial scenario runs performed in this study. Scenario 1 serves to search for the steady state condition of the groundwater table in the system which was fully saturated initially and run for many years without rainfall as input. The steady state groundwater table resulting from Scenario 1 is then used as the initial condition for Scenario 2 which considers the real operational reservoir water levels and observed rainfall. Scenario 2 utilizes a 2-layer water balance model to simulate the water loss from evapotranspiration (ET). Setting-up the 2-layer ET model essentially requires three inputs, i.e., the root depth, the LAI and the reference ET, the acquisition of which are detailed in Appendix F  .
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Figure 7‑4 Stream network and cross-sections in Mike 11 model

Table 7‑2 Summary of essential information used in model set-up

	No
	Input type
	Scenario 1

(search for steady state condition)
	Scenario 2

(Real simulation)

	1
	Simulation duration
	01/01/2001 – 31/12/2012
	01/01/2001 – present

	2
	Grid size
	20x20 m
	20x20 m

	3
	Soil type
	Silty sand

(hydraulic conductivity = 4.05x10-5 m/s)
	Silty sand

(hydraulic conductivity = 4.05x10-5 m/s)

	4
	Rainfall
	No rainfall
	Observed rainfall

	5
	Evapotranspiration
	Not triggered
	2-layer water balance Model:

· Reference ET from MODIS;

· LAI from GLASS-MODIS;

· Root Depth derived from field survey

	6
	Initial condition 
	Fully saturated soil 

(at 01/01/2001)
	Extracted from Scenario 1
 (condition at 31/12/2012)

	7
	Inner boundary condition

(reservoir)
	Mean observed reservoir levels
	· 2001 - 2005: mean observed reservoir levels;

· 2006 - 2015: observed reservoir levels

	8
	Outer boundary condition

(land-land)
	-5% gradient
	-5% gradient

	9
	Outer boundary condition

(land-water)
	Zero flux
	Zero flux


7.2.3 Simulation Results

7.2.3.1 Surface Water

Figure 7‑5 to Figure 7‑7 compare the simulated with the observed water depths at the 3 stream gauges. The numerical model simulates the water depth reasonably well, with root mean square error (RMSE) ranging from 0.11 m to 0.17 m. The abrupt rises of measured water depths at Lower stream gauge (Figure 8-7) were due to the spillway discharges from Upper Seletar reservoir.
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Figure 7‑5 Simulated vs. observed water depths at Upper stream gauge station
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[image: image237.emf]
Figure 7‑6 Simulated vs. observed water depths at Mid stream gauge station
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[image: image238.emf]
Figure 7‑7 Simulated vs. observed water depths at Lower stream gauge station
7.2.3.2 Groundwater Table

Figure 7‑8 to Figure 7‑10 show the comparison between the simulated and the observed groundwater tables at stations DP2, DP4 and DP9.  DP2 is always saturated, as it is located in the catchment downstream with lower elevation. Both DP4 and DP9 are located upstream, where the water tables vary whithin 1 m below the ground surface. The numerical simulation successfully captures the rising and falling tendency of the observation, producing insignificant model errors which are mainly caused by the uncertainty in the reference level from the smoothing effect of the 20 m grid. The comparison results at the remaining piezometer stations can be found in Appendix F  
Table 7‑3 summarizes the statistics of the observed and the simulated groundwater tables, i.e., the mean observed (MO; m), mean simulated (MS; m), mean error (ME = MO - MS; m) and root mean square error (RMSE; m). The RMSE is mostly less than 1 m, with the exception at DP1 where the groundwater table is affected by the water released from the spillway, and at DP6 being located on the base of a steep slope.
[image: image239.emf]
Figure 7‑8 Simulated vs. observed groundwater tables at piezometer DP2 station
[image: image240.emf]
Figure 7‑9 Simulated vs. observed groundwater tables at piezometer DP4 station
[image: image241.emf]
Figure 7‑10 Simulated vs. observed groundwater tables at piezometer DP9 station
Table 7‑3 Statistics of groundwater tables at various measurement stations
	Stations
	DP1
	DP2
	DP3
	DP4
	DP5
	DP6
	DP7
	DP8
	DP9
	DP10
	GP1
	GP2
	GP3
	GP4

	MO (m)
	-0.11
	0.00
	-0.61
	-0.39
	-0.48
	-0.65
	-0.26
	-0.06
	-0.87
	-0.43
	-1.03
	-0.19
	-0.28
	-0.52

	MS (m)
	-1.67
	-0.26
	-0.99
	-0.42
	-0.34
	-3.22
	-0.23
	0.00
	-0.24
	-0.26
	-1.30
	0.00
	0.00
	-0.27

	ME (m)
	1.56
	0.26
	0.38
	0.03
	-0.13
	2.57
	-0.04
	-0.06
	-0.63
	-0.17
	0.27
	-0.19
	-0.28
	-0.25

	RMSE (m)
	1.65
	0.26
	0.38
	0.08
	0.18
	2.88
	0.34
	0.11
	0.63
	0.35
	0.39
	0.20
	0.29
	0.26


  MO: mean observed; MS: mean simulated; ME: mean error (=MO - MS);
  RMSE: root mean square error
7.3 Model Applications
7.3.1 Swamp Forest Extent Determination
Figure 7‑11 shows the extent of swamp forest derived from the numerical model simulation, following the definiton for areas with groundwater table shallower than 0.2 m measured from the ground surface. Figure 8-11 shows that the resulting model’s swamp forest extent matches quite well with the swamp forest map published by O’Dempsey and Chew (2011), which was geo-processed from elevation/slope information. The swamp forest area of the swamp forest map from O’Dempsey and Chew is about 111 ha, while that resulting from the numerical model is about 140 ha.

[image: image242.emf]
Figure 7‑11 Swamp forest extent: Numerical Model vs. O’Dempsey and Chew (2011)
7.3.2 Sub-catchment Characteristics
Figure 7‑12 presents the sub-catchment map of NSSF; derivation is based on catchment delineation following their topographic features. There are 8 subcatchments named after their individual locations: Upper 1, Upper 2, Mid1, Mid2, Mid3, Lower1,Lower2, and Lower3.
Table 7‑4 shows an overview of sub-catchment characteristics temporally averaged from 2010 to 2015. The statistics includes area, elevation, slope, rainfall, reference evapotranspiration, leaf area index (LAI), root depth, real evapotranspiration (ET), and groundwater (GW) table.

[image: image243.emf]
Figure 7‑12 Map of 8 sub-catchments in NSSF

Table 7‑4 Characteristics of 8 sub-catchments (temporal average: 2010 - 2015)
	Sub-catchment
	Area
(km2)
	Elevation
(m, above MSL)
	Slope

(degree)
	Rainfall
(mm/year)
	Reference

ET
(mm/year)
	LAI
	Root

Depth (m)
	Actual 

ET
(mm/year)
	GW Table
(m, above MSL)
	GW Table
(m, below Ground Surface)

	Upper1
	0.67
	37.31
	9.81
	3137.66
	1249.40
	4.57
	1.02
	1123.20
	26.34
	-10.81

	Upper2
	0.71
	33.66
	8.99
	3119.98
	1193.44
	4.77
	1.20
	1090.47
	23.88
	-9.84

	Mid1
	0.41
	30.58
	5.77
	3447.93
	1249.12
	4.47
	1.07
	1146.05
	23.65
	-6.95

	Mid2
	0.43
	20.56
	5.38
	3420.21
	1209.22
	4.76
	1.07
	1128.05
	14.25
	-6.22

	Mid3
	0.67
	30.85
	8.56
	3325.20
	1341.49
	4.93
	1.08
	1206.55
	20.49
	-10.41

	Lower1
	0.61
	11.43
	5.38
	3454.02
	1235.79
	3.46
	1.09
	1163.36
	8.94
	-2.39

	Lower2
	0.49
	17.43
	4.08
	3454.02
	1192.23
	4.56
	1.02
	1109.07
	12.71
	-4.69

	Lower3
	0.80
	17.27
	5.27
	3454.02
	1371.74
	4.82
	1.05
	1257.19
	11.92
	-5.55

	Entire Catchment
	4.79
	24.89
	6.66
	3351.63
	1255.30
	4.54
	1.07
	1152.99
	17.77
	-7.11


7.3.3 Present Hydrological Map
Figure 7‑13 and Figure 7‑14 present respectively the groundwater table map and surface water depth map of the presence, averaged from 2010 to 2015. The maps offer information on water spatial distribution and storage capacity of each area, and can be used as references in the impact study of climate change.

[image: image244.emf]
Figure 7‑13 Groundwater table map of NSSF (temporal average: 2010 - 2015)
[image: image245.emf]
Figure 7‑14 Surface water depth map of NSSF (temporal average: 2010 - 2015)
7.4 Impacts of Climate Change
7.4.1 Scenario Definition
Table 7‑5 summarizes the scenarios that are simulated for future eco-hydrology management. The scenarios combines the impact from two factors: reservoir level and rainfall.

Table 7‑6 defines different conditions of reservoir level and rainfall.Table 7‑6 Reservoir level has low, medium and high conditions, respectively represented by bottom, mean and top operating levels. Rainfall comprises no rainfall, low, medium and high rainfall conditions. Future rainfall is projected from the numerical climate model formulated as
Future Rainfall = Current Rainfall x Change Factor,




(7.1)
where Change Factor is calculated based on the climate projections simulated from the Regional Climate Model - WRF (Weather Research and Forecasting model, http://www.wrf-model.org; Liong and Raghavan, 2014). Figure 7‑15 presents the average annual rainfall for current and future rainfall conditions.
Table 7‑5 Scenarios for future eco-hydrology management
	Reservoir
Level
	Rainfall

	
	No
	Low
	Medium
	High

	Low
	1
	2
	4
	4

	Medium
	5
	6
	7
	8

	High
	9
	10
	11
	12


Table 7‑6 Scenario definition of rainfall and reservoir level

	
	Low
	Medium
	High

	Reservoir Level
	Bottom Operating Level
	Mean Operating Level
	Top Operating Level

	Projected Rainfall

(Climate Change)
	Low Rainfall 
	Medium Rainfall 
	High Rainfall 
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Figure 7‑15 Average annual rainfall: Current vs. Future
7.4.2 Projected Future Hydrological Maps
Figure 7‑16 and Figure 7‑17 respectively present the simulated groundwater table maps and surface water extent maps after 5 years corresponding to the management scenarios as defined in Table 7‑5.


Table 7‑7
 and Table 7‑8 summarize the simulated groundwater table and surface water extent averaged over the NSSF for the 12 scenarios. Scenario 11, with medium rainfall and high reservoir level, unsurprisingly resembles the most to the current condition due to the similar forcings resulting from (1) similar rainfall amount, and (2) the reservoir operation kept mostly close to their maximum levels. 
Scenario 1 would have been the obvious severe drought case to be studied and a series of drought mitigation managements should be recommended.  However, in Singapore context, we should instead consider Scenario 9 as the island state Singapore is quite unique with the number of desalination plants and the recyled water plants. During the unusual long dry periods, in early 2014 and 2015, many of the desalination and recycled water plants were operating at their full capacity. Thus, with this in mind, in this study the focus is placed on Scenario 9 as the severe drought scenario.
Scenario 12 is selected as the severe flood case; it is analyzed in a later sections and a series of flood migitation managements is proposed.
All suggested drought and flood mitigation managements for Scenarios 9 and 12, respectively, will have minimal impacts on NSSF and, simultaneously, promote habitat for fauna. Details are discussed in later sections.
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Figure 7‑16 Simulated groundwater table maps, after 5 years, for all 12 Scenarios
	Current Condition
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Figure 7‑17 Simulated surface water depth maps, after 5 years, for all 12 Scenarios
Table 7‑7 Simulated averaged groundwater tables measured from ground surface 
(m; current condition: -9.26 m)

	Reservoir
Level
	Rainfall

	
	No
	Low
	Medium
	High

	Low
	-22.29
	-17.11
	-15.03
	-9.65

	Medium
	-17.02
	-14.22
	-12.66
	-7.96

	High
	-13.74
	-11.84
	-10.54
	-6.40


Table 7‑8 Simulated Surface water extent (ha; current condition: ~63.04 ha)
	Reservoir
Level
	Rainfall

	
	No
	Low
	Medium
	High

	Low
	1.16
	27.16
	41.08
	107.32

	Medium
	15.48
	36.16
	52.00
	112.88

	High
	46.44
	63.24
	76.28
	142.76


7.5 Management Strategies to Mitigate Climate Change Impacts
7.5.1 Justification for the lengths of drought and wet periods 
Introduction

This section briefly discusses one of the approaches to estimate the severity of dryness and wetness in light of climate change. In order to facilitate drought monitoring, a common tool that is utilized is a drought index expressed by a numeric number, which is believed to be far more functional than raw data during decision-making (Belayneh and Adamowski, 2012). This study considers a tool called Standardized Precipitation Index (SPI) introduced by McKee et al. (1993).
The input of SPI requires only monthly precipitation and the output gives a representation of abnormal wetness and dryness. The SPI is both a standardized index and a probabilistic drought index. Standardization of a drought index ensures independence from geographical position as the index in question is calculated with respect to the average precipitation in the same place (Bordi and Sutera, 2007; Vu et al., 2014; Vu et al. 2015).
Therefore, in this study, the SPI index was applied as a monitoring tool to assess drought over Singapore using climate outputs derived from simulations of a high resolution regional climate model, WRF (Weather Research and Forecasting model, http://www.wrf-model.org).
Regional Climate Model and Global Climate Model Data 
WRF, developed at the National Center for Atmospheric Research (NCAR) in the USA, is suitable for a broad spectrum of applications across scales ranging from meters to thousands of kilometers. In the study (Liong and Raghavan, 2014) the WRF model was driven by the ERA40 reanalyses (WRF/ERA) for the present day climate, and by the global model ECHAM5 (WRF/ECHAM) for the future climate.
The ERA-40 reanalyses, developed by the European Centre for Medium range Weather Forecasts (http://www.ecmwf.int/research/era/) provide information on a large suite of climate variables (such as precipitation, humidity, temperature, winds, geopotential and pressure) at 6 hourly temporal frequencies, at a horizontal resolution of 2.5º × 2.5º. The data records span more than 40 years (1957 to 2002). The ERA40 reanalyses products use a global spectral grid model and assimilate observational data from a wide variety of observed sources. ERA-40 data are used to parameterize/calibrate the WRF model.
European Centre Hamburg Model, ECHAM5, has been run at a range of horizontal spatial resolutions. The version used in the study is the T63 resolution (approx. 1.8º × 1.8º resolution).
Observed Rainfall Data

Daily rainfall data from MacRitchie were used in this study. Daily rainfall data for the full period from 1961-1990 were aggregated to a monthly scale for analyses. 

Standardization Precipitation Index (SPI)

The SPI was first introduced by McKee (1993) by analyzing the historical monthly precipitation, ideally continuous for a period of 30 years. A set of averaging periods were selected to determine a set of time scale of period i months (i = 3, 6, 12, 24, 48). The dataset is moving in the sense that each month a new value is determined from the previous i months. In this study i = 12 is selected in order to assess meteorological drought due to the previous 11 months data and its current month.
Each of data set is fitted to the Gamma distribution that has the density probability function as:
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where x > 0 is the amount of accumulated precipitation. Based on each data set, a set of shape parameter [image: image275.wmf]0
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After estimating coefficients [image: image279.wmf]a
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, we obtain an expression for cumulative probability [image: image281.wmf]()
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 that represents a certain amount of rain that is observed for a given month at time scale i:
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However, the Gamma function is not defined by x = 0, and there may be no precipitation. If q is the probability of no precipitation, the cumulative probability of precipitation H(x) observed is computed as follows:
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The cumulative probability H(x) is then transformed into a normal standard distribution with mean [image: image284.wmf]0

m

=

 and standard deviation 
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 from which we obtain SPI. The SPI is the inverse of the normal cumulative distribution function at the corresponding probability H(x).
The drought classification based on SPI defined in McKee et al. (1993) is: (1) Mild Drought (SPI = 0 to -0.99); (2) Moderate Drought (SPI = -1.00 to -1.49); (3) Severe Drought (SPI = -1.50 to 1.99); and (4) Extreme Drought (SPI > = -2.0).
Results

Baseline climate

The time series of WRF output, WRF/ECHAM, was computed at MacRitchie and used to derive SPI indices for the present climate to check whether they could ‘replicate’ the SPI of the observed data.
Figure 7‑18 shows the SPI indices for MacRitchie station for the baseline climate 1962-1990. Based on the station data, there were 3 periods experiencing severe to extreme droughts, which are around years 1972, 1975-1978 and year 1982-1983. Years 1972 and 1982 were two strong El Nino (ENSO) years. During El Niño events there were major droughts over Australia, Indonesia and Southeast Asia (Trenberth et al., 2013). The WRF/ECHAM simulations were reasonably able to reproduce the 1972 and 1982-1983 severe droughts. However, they only show moderate drought for the ENSO year 1977.
Future Climate

The SPI indices over the future were assessed using the WRF/ECHAM model results driven under the A2 emission scenario for 2071-2100 time period. The results are displayed in Figure 7‑19. It can be seen from model results that some of the mild to extreme droughts for Singapore are projected to occur for 5 years, around 2075-2080 time period.
The Intergovernmental Panel on Climate Change (IPCC) developed multiple scenario families to explore the uncertainties behind potential trends in global developments and Greenhouse Gas (GHG) emissions. The IPCC decided that narrative storylines, based on the futures and scenario literature would be the most coherent way to describe their scenarios. Such a family of scenarios was employed for the IPCC’s assessment reports until 2007. The fourth assessment report (AR4) was significant as a large ensemble of Global Climate Models (GCMs) were used to determine possible future global climate changes. This effort was an agglomerate of nearly 25 GCMs which were collectively known as the Coupled Model Intercomparison Project 3 (CMIP3). The A2 scenario described in this study is a part of the emission scenarios framed under the ‘Special Report of Emission Scenarios’ (SRES) (Nakicenovic et al., 2000). In contrast to this approach, the IPCC devised a new methodology for its fifth assessment report released in 2013. A larger ensemble of GCMs (about 40) were used for this assessment called the Coupled Model Intercomparison Project 5 (CMIP5) and the scenarios were developed under the Representative Concentration Pathways (RCP), which consists of only 4 different scenarios of radiative forcings: RCPs 2.6, 4.5, 6.0 and 8.5 (van Vuuren et al.,2011). Figure 7‑20 shows how these two SRES and RCP can be compared and also indicates the level of uncertainty of the A2 scenario in a larger scenario bandwidth of uncertainties.

As shown in Figure 7‑20, the emission scenario A2 (resulting from IPCC’s Assessment Report 4, 2007) has radiative forcing of about 8.2 W/m2 which is between RCP 6.0 and RCP 8.5 (IPCC’s Assessment Report 5, 2014).
[image: image286.emf]
Figure 7‑18 SPI index at MacRitchie station baseline climate 1962-1990 using station data (top), and WRF/ECHAM (bottom)
[image: image287.emf]
Figure 7‑19 Projections of SPI over MacRitchie station using WRF/ECHAM A2 scenario: 2071-2100

[image: image288]
Figure 7‑20 Comparison of IPCC climate change scenarios:  SRES (CMIP3) vs RCP (CMIP5) A2 scenario is circled
7.5.2 Proposed Mitigation Management Strategies
7.5.2.1 Severe Drought Case
Based on the climate projection, shown in Figure 7‑19, for Singapore, the unprecendented severe 5 consecutive drought years happening in California now (Reid, 2015), and in other places such as North Korea, Brazil, South Africa, Scenario 9 is selected as the severe drought case study; the drought mitigation management strategies for the NSSF are then proposed. Table 7‑9 summarizes the proposed drought mitigation management strategies to tackle the dry situation in Scenario 9. Point sources at strategically selected locations and discharge rates (volume) are simulated with the numerical model.
Figure 7‑22 and Figure 7‑23 respectively present the simulated groundwater table maps and surface water maps for the current condition, the final condition (after 5 years) from Scenario 9, as well as the final condition (after 5 years) from Drought Mitigation Management Strategies 9A, 9B, 9C and 9D. As shown in Figure 7‑21, the point sources of Strategy 9C and 9D are located in the catchment downstream (nearer to the stream) as compared to Strategy 9A and 9B. Therefore, the piped-in water in Strategies 9C and 9D has more direct effect in nourishing the swampy area near the stream than in Strategies 9A and 9B. This is also shown in Figure 7‑24 and Figure 7‑25. Despite lower groundwater table, Strategy 9C results in larger surface water extent than Strategy 9A.
Figure 7‑21 illustrates the proposed locations of the point source management strategies. A pump and pipe system is required for Strategies 9A and 9B, whereas Strategies 9C and 9D only need a pipe system due to the lower elevation of the point sources from the maximum operating reservoir water levels (thus, a gravity flow system). Despite providing lower coverage, the pipe system incurs not only lower cost in construction and management, but also requires less water consumption compared to the pump and pipe system.
Table 7‑9 Proposed drought mitigation management strategies for Scenario 9
	Drought Mitigation Management

Strategies
	Number of point sources
	Location and Symbols
	Discharge rate at each point source (m3/s)
	Volume at each point source (m3/day)
	Total Discharge Volume

 (m3/day)
	Proposed System

	9A
	15
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     in Figure 7‑21
	0.02
	1,728
	26,000
	Pump + Pipe

	9B
	15
	[image: image387.png]pper Seletar s

atin



     in Figure 7‑21
	0.04
	3,456
	52,000
	Pump + Pipe

	9C
	15
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	0.02
	1,728
	26,000
	Pipe

	9D
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Figure 7‑21 Locations of the proposed point sources for drought mitigation management strategies of Scenario 9
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Figure 7‑22 Simulated groundwater table maps: Current vs. Scenarios 9, 9A, 9B, 9C, 9D 
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Figure 7‑23 Simulated surface water maps: Current vs. Scenarios 9, 9A, 9B, 9C, 9D
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Figure 7‑24 Average groundwater table depth: Current vs. Scenarios 9, 9A, 9B, 9C, 9D
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Figure 7‑25 Average surface water extent: Current vs. Scenarios 9, 9A, 9B, 9C, 9D
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Figure 7‑23 Proposed drought mitigation management systems: Pump+Pipe System vs. Pipe System
7.5.2.2 Severe Flood Case
Flooding often results in poor soil aeration, polarization of soil pH, accumulation of organic matters, unfavourable sedimentation and/or erosion, etc. Therefore it hampers the growth of trees and even leads to death of root system. This is also validated by the seedling experiments of the Vegetation Ecology team, in which some species showed lower survival rate in the flooded condition (more information can be referred to Chapter 4).
Figure 7‑26 compares the current surface water area extent with the projected future surface water area extent (after 2 years) resulting from model simulation of Scenario 12, whereas the numerics are summarized in Table 7‑10. The excess surface water area, after 2 years, is 36.72 ha with an excess water volume of 73,606 m3. To mitigate the flooded areas, and also to promote habitat for fauna, retention ponds with a maximum depth of 1 m, various surface areas and, thus, different water volumes are proposed.
To demonstrate the flood mitigation management approach we focus on three flooded areas as circled in Figure 7‑26. Three retention ponds in their respective locations are proposed. Detailed information on the flooded areas and retention ponds is summarized in Table 7‑11. The proposed retention ponds reduce the flooding area by more than 90%. As mentioned above, the retention ponds also promote habitat for fauna.
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Figure 7‑26 Simulated surface water maps: Current vs. Scenario 12
Table 7‑10 Simulated surface water area extent: Current vs. Scenario 12
	Sub-catchment
	Current Condition
	Scenario 12 (after 2 years)

	
	Flood 

Area 
(ha)
	Flood Volume 
(m3)
	Flood Area
(ha)
	Flood Volume
(m3)
	Excess Flood 

Area 
(ha)
	Excess 
Flood Volume 
(m3)

	Lower1
	11.52
	16,695
	15.56
	25,821
	4.04
	9,125

	Lower2
	5.92
	4,334
	9.44
	10,732
	3.52
	6,398

	Lower3
	11.64
	16,523
	18.00
	30,198
	6.36
	13,676

	Mid1
	3.52
	2,499
	5.56
	3,642
	2.04
	1,143

	Mid2
	3.72
	3,669
	7.80
	6,414
	4.08
	2,745

	Mid3
	3.72
	6,594
	6.28
	10,870
	2.56
	4,276

	Upper1
	3.16
	6,318
	6.12
	10,808
	2.96
	4,490

	Upper2
	3.24
	1,671
	6.88
	4,843
	3.64
	3,173

	Entire
	66.92
	162,548
	103.64
	236,154
	36.72
	73,606


Table 7‑11 Proposed flood mitigation management system: retention ponds
	Flood Cluster
	1
	2
	3

	Map
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	Flooded Area 
(m2)
	9,200
	11,200
	12,800

	Flood Volume (m3)
	198.34
	127.77
	859.98

	Average

depth 
(m)
	0.022
	0.011
	0.067

	Proposed Dimension of Retention pond
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	Reduction of flooded area 
(%)
	97.5
	98.7
	93.0


7.6 Conclusions

An integrated eco-hydrological model has been developed in this study for the NSSF using Mike-SHE. The Mike-SHE model simulates various water flow processes in the hydrological cycle, such as, rainfall, evapotranspiration, overland flow, infiltration, groundwater flow.
The surveyed GIS data, including the stream network, the cross-sections and the updated DEM, were incorporated in the model setup to make the model more representative. The spatial and temporal variations of leaf area index (LAI) and reference evapotranspiration (ET) retrieved from the remote sensing data, with the aid of the root depth (RD) information from Vegetation Ecology team, were used to establish a two-layer water balance model to account for the water loss from evapotranspiration and the amount of water recharging to the saturated zone. In addition, the field measurements from piezometers and stream sondes were processed and integrated to calibrate and validate the model parameters.

A swamp forest extent map was derived from the numerical model simulation, following the definiton of groundwater table shallower than 0.2 m below the surface level. The model’s simulated swamp forest extent matches rather well with the swamp forest map resulting from the study of O’Dempsey and Chew (2011), with an increased area of 140 ha from 111 ha. The NSSF was divided into 8 sub-catchments based on catchment delineation according to the topographic features. Various characteristics were derived for each sub-catchment, such as, elevation, slope, rainfall, evapotranspiration, leaf area index, root depth, groundwater table, and surface water area extent. Groundwater table map and surface water depth map were also produced from the numerical model for the present hydrological condtion. Both maps show the spatial distribution of surface and groundwater of the present climate. These serve as references in assessing the hydrological vulnerability of the catchments towards climate change. In addition, an eco-hydrology model which links the hydrological conditions with the ecological recordings also helps to assess the climate change impact on local eco-hydrology.
Twelve scenarios were introduced; they are combinations between various reservoir water operating levels and the projected future rainfall amounts resulting from a climate change study. Despite rainfall appears to be the most influential factor to the overall catchment water, i.e., spatial average over the catchment, it is interesting to observe the differing contributing factors of both rainfall and reservoir level at sub-catchment levels. The effects of the two inputs differ depending on the locations as it can bee seen from the hydrological maps. This spatial distribution information is of importance should eco-hydrology management be approached at sub-catchment level or spatially distributed. 
Several management strategies were proposed to mitigate severe drought and flood resulting from the projected climate change impacts as simulated for Scenarios 9 and 12 respectively. Introducing  water sources (point sources) in the catchment upstream is recommended to mitigate future drought. Retention ponds are found to be a simple and effective solution in mitigating flooding and simultaneously promoting habitat for fauna.
7.7 Recommendations

Introducing additional water from the reservoirs to the upstream points of the catchment is recommended for severe drought scenario. Two systems are proposed for the point source management strategy. A pump and pipe system is required to increase the water head if the point sources are located in higher elevation than the reservoir water levels. The pump system provides larger coverage, but incurs higher cost in construction and management. A pipe system is recommended if the point sources are located at lower elevations (i.e. lower than the operating reservoir water level) or near the stream. The pipe system covers smaller areas, but is more effective in conserving the swampy area with lower cost and less water consumption. In lieu of the water quality of the reservoirs waters, to protect the fauna in NSSF the introduced reservoir water to the point sources may have to be first filtered.
Retention ponds are recommended for severe flood scenario. Rentention ponds not only can reduce the affected flooding areas, but also promote habitat for fauna. The study shows that rentention ponds with a fixed depth of 1 m can effectively reduce the flooding areas by about 90%.
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8 Integration and Synthesis
Shie-Yui LIONG, Esther CLEWS, Tsai Min SIN

8.1 A new retrospective

Collectively, the research teams involved in this project have made substantial contributions to the understanding of Nee Soon Swamp Forest (NSSF) as an ecosystem, as opposed to a merely habitat. Thorough reviews of the literature, together with environmental reconstruction provide a fresh retrospective on the history of NSSF. Taken holistically, NSSF is far from pristine, having been subject to a host of direct and indirect anthropogenic influences over centuries. Conversion of land area for plantations has been documented since the 1850s and the intrusion of infrastructure in the form of pipelines and the firing range between 1910 and 1940 mean that NSSF has a long historical record of potential exposure to multiple source of impacts. Potential impact sources have only diversified over the years, including nearby golf courses and public encroachment for recreational use. Historical land use is demonstrated to have tangible effects on the current physical setting, vegetation, hydrology, soil pollution and geomorphology of NSSF. For example, heavy metal concentrations soils show signs of enrichment at the lower catchment, with great enrichment in the upper 25 cm layers likely attributable to to the firing range; upper 50 cm to areas of prior excavation and infilling. The foundation of environmental ills in NSSF appear manifold, but inextricably linked with precedent and contemporary human intervention, including agriculture, military activities, construction and maintenance of infrastructure (pipelines, but also explicitly the hiking trails) and exacerbated pollution levels from the expressway and atmospheric pollution as a whole.

8.2 Current status

Intensive field studies have not only aided the establishment of a detailed baseline, but have served to increase the conservation value of NSSF. Biological surveys have yielded a slew of new records and species/varieties potentially new to science and also firmly established NSSF as a refuge for biodiversity. The latter is supported by species distributions that are restricted to NSSF or even just the swampy areas of NSSF, and rediscoveries of taxa previously thought to be locally extinct. The species survey of NSSF is by no means exhaustive as yet, within several sub-habitats still likely to be under-represented in sampling. It is also likely that molecular analyses would distinguish additional species. Beyond biodiversity-related ecosystem services, NSSF is also shown to be significant for carbon storage. First estimates for NSSF suggest that the ecosystem holds a disproportionately (for its area) large proportion of carbon stocks for Singapore, and that at shallow soil depths, soil organic carbon was found to be two- to three-fold that of dryland forests.

Unfortunately, the hydrological integrity of NSSF shows signs of impairment. Current hydrological function is disrupted by landuse and infrastructure, both past and present. Year-round flow in upper-catchment streams suggest a significant groundwater source, with exfiltration contributing to soil moisture. Infiltration appears reduced at areas associated with historical and extant agricultural and military activities, as well as along the foot trail system. Lower infiltration promotes overland flow rather than percolation into soils, which may result in increased soil erosion, nett nutrient loss and sedimentation in receiving streams. Downstream, surface hydrology appears affecting by discharges from Upper Seletar Reservoir. Release water flows up the main channel, resulting in pulse transport of sediments and other fluxes into the swamp and up the stream network. 

Overall, faunal surveys indicate a healthy and diverse fish and aquatic macroinvertebrate communities in NSSF. Greater diversities of aquatic communities were observed in larger streams, although these did not necessarily comprise desirable taxa. Habitats closer to NSSF edges, particularly the spillway, comprised greater proportions of introduced species and macroinvertebrates associated with environmental impairment, such as oligochaetes. The effects of the spillway extended beyond its physical confines into downstream sites. Effects are attributed to physical disturbance from spillway discharges, affecting substrata and stream depth. Water physico-chemistry, especially pH was also found to be important for supporting native and rare fish and invertebrates. As a whole, the spillway, despite hosting high taxal richness and abundance, must be considered a contributor to poor ecological integrity of aquatic communities. 

8.3 Threats and Vulnerabilities

This sections addresses major threats to the ecological functioning and integrity of NSSF. It focuses on threats that were identified a priori during project conceptualisation but also briefly captures emerging threats based on knowledge created. The latter, and recommendations for management of those, are discussed in greater detail in the Summary and Conclusion chapter. While threats are discussed individually here, it should be remembered that co-occurring stressors and/or threats may have cumulative effects on ecological receptors. Cumulative effects may manifest additively or interactively, with synergistic effects often having far larger effect sizes than expected additively.
8.3.1 Climate

The water budget in NSSF catchment appears driven mainly by precipitation, with intra-annual fluctuations in hydrographs relating to monsoons and inter-annual patterns in part related to the El Niño Southern Oscillation. Analyses of historical rainfall patterns demonstrate clearly a disproportionately larger fluxes in maximum daily precipitation than in annual averages. Changes (relative to baseline period 1961-1990) in annual averages were in the order of 7% to 25%, but ranged from -2.7% to 54.1% for averaged daily rainfall maxima. In the context of NSSF, this intuitively translates to two possible mechanisms for hydrological stress. Firstly, a greater prevalence of drought or dry days operates mechanistically as prolonged or chronic stress, leading to reduced water levels (groundwater as well as in channels) in NSSF. This was already evidenced during the course of this study, where prolonged absence of rainfall in early 2014 led to the drying of smaller streams. Secondly, pulses of high flows can constitute an acute physical disturbance, scouring channel beds and banks. Regrettably, frequencies of the temporal faunal surveys rarely followed pulse discharges within a short enough time frame to support more than qualitative/ conceptual assessment of this impact regime.

Climate modelling scenarios based on combinations of IPCC projections and reservoir operating levels show a reduction of groundwater tables and surface water depths over current conditions in all cases with no rainfall. Reduction was evident even when scenarios included the reservoir operating at maximum level, which is just as well, given that rather improbable situation. Groundwater table depth appears particularly susceptible to precipitation – for all scenarios in which rainfall was less than “high”, groundwater table depths deviated from current conditions by more than -10%. Without explicit modelling of soil moisture, it is unclear how changes in groundwater table depth affects soil hydrology in NSSF. The finding of the vegetation ecology team suggest that roll-on effects on adult tree communities may be minimal, at least over the short term, as soil characteristics other than “wetness” appeared more important in structuring communities. While tree falls and dieback may be associated with receding groundwater tables, susceptibility is also mediated by root depth and soil hydrology and thus, cannot be assessed here. More importantly, across tolerance types, survival through drought treatments was minimal in seedling experiments. This has implications for overall ecosystem resilience, which is a combination of resistance to disturbance and the ability to recovery. Extended periods of drought could severely deplete seed banks of NSSF trees, leaving subsequent colonisation open to opportunistic, possibly less desirable taxa. This may result in a prolonged equilibrium alternate stable state for NSSF, from which natural recovery is unlikely in near- to mid-term horizons. 

At the other end of the spectrum, under conditions of high rainfall and a combination of low to medium rainfall and high reservoir operating level, surface water extent was predicted to increase. Given the results of seedling experiments, flooding and groundwater table extension may promote dominance of waterlog-tolerant tree taxa. However, macroinvertebrates responded negatively to both stream depth minima and maxima, with the former exerting a greater influence on change. Reduction of in-stream water levels below critical thresholds are expected to result in loss of aquatic fauna in those habitats. In most cases, losses are likely to be temporary, with rapid recolonisation after recovery of water levels, assuming water levels recover. Migration of motile fish to deeper water refugia, may mediate nett faunal loss at a landscape scale, but greater intensity of inter-specific competition may have to be considered. 

8.3.2 Other Emergent issues

Of the other emergent issues identified, the spillway seems to be the of greatest concern. The spillway represents a source of risk to both the biological and hydrological integrity of NSSF. High flow rates and discharge volumes alter the natural hydrology, with reverse flows causing erosion of upstream channel banks and introducing sediments. The spillway is also a potential conduit for introduction of non-NSSF aquatic fauna from reservoirs. Thus far, intrusion of undesirable taxa appear limited, although that may change as species adapt. In the case of fish, intolerance to acidity may be a key factor.

Overland erosion is greatly exacerbated by public access to NSSF, particularly in the case of mountain-biking. Restricted access or limiting access to specific recreational purposes is most effective. However, this is unlikely to be feasible, given the volume of public inundation on weekends despite there currently being no open access to NSSF. Engineering solutions could mitigate overland erosion to some degree, through redesign and continued maintenance of trails. For hillslope erosion, soft-engineering approaches (e.g. planting of vegetation of slope stability) could be an option, but would require dedicated studies for proper evaluation. Similarly, stream-bank erosion may be managed through planting of appropriate bankside vegetation. These may be added benefits by conditioning the water and maintaining lower pH more agreeable to native and NSSF fish.

8.4 Mitigation Management Strategies for Drought

Drought-risk, with its potential cascade of effects on NSSF hydrology and subsequently ecology currently represents the single greatest threat to the long-term persistence of NSSF. This is particularly relevant given increases in drought events globally, which are predicted to escalate with global climate change. Water scarcity during drought events represent a high challenge to mitigation of potential impacts. Despite its commitment to its environmental quality objectives, ultimate end points for PUB must lie in water security for the nation. Similarly, NParks must weigh its conservation objectives along with objectives geared towards public education and participation. As such, proposed strategies must be eventually evaluated and refined with stakeholders in a participatory manner. Meanwhile, the team has considered and simulated a suite of potential strategies for mitigating the effects of drought on NSSF. Two sets of scenarios were modelled, both involving the optimal redistribution of reservoir water throughout the forest. Effects on groundwater table depth were broadly comparable for all scenarios, regardless of active/passive (through gravity feeds) pumping and volume. Volume for volume, passive strategies outperformed active pumping solutions for surface water extent. That, and the reduction of required infrastructure (better aesthetics, reduced capital and maintenance costs) make passive pumping a better option. In addition, it may be possible to condition the reservoir water prior to redistribution so as to mitigate incompatibilities in water physico-chemistry. This strategy therefore deserves consideration for further evaluation, in consultation with PUB, NParks and perhaps subsequently, other stakeholders.

8.5 Summary statement

Altogether, the research team as executed a thorough and well-integrated study on the physical as well as biological aspects of NSSF. With the exception of training and workshops for model outputs, all the aims have been achieved and emerging questions developed for future detailed study. 
Text.
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(In alphabetical order)
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9.1 Management objectives for the NSSF
Management objectives for the NNSF are driven by the need to conserve of freshwater swamp forest habitat along with fauna and flora supported by this (now) rare habitat in Singapore. The conservation value of the forest is relatively high since it is the last remaining swamp forest in Singapore and a high proportion of fauna found in NNSF are not found elsewhere in Singapore (e.g. Yeo & Lim 2011 and papers by Ng and Lim published in the 1990’s). This study has vastly expanded our understanding of the history and current status of the NSSF (Chapter 1 General Introduction). Pressures on the ecology of the forest identified extend beyond those identified at the onset of this project, namely susceptibility to flood and drought, to encompass reservoir-effects as well as potential impacts of erosion, land-use change and water quality. This chapter therefore presents potential management solutions for the conservation and management of the swamp forest, some of which can be evaluated in the context of eco-hydrologic modelling and others which warrant further investigation and consideration. For hydrologic-engineering management options, the potential implications of modelled scenarios for in-stream faunal communities are presented. Proposed solutions are then discussed in the context of management objectives, cost-benefit and feasibility.
9.2 Potential Management Solutions
The adoption of potential management solutions should reflect stakeholder priorities and management objectives and the relative importance of effects on the hydro-ecology of the system carefully balanced. Implementation of management efforts must consider ecological, hydrologic and sedimentary processes. For example, management to restore hydrologic integrity should be evaluated alongside ecological impacts. Protection and management of the NSSF should aim to maximize carbon sequestration potential and functionality on the system as far as possible. Given the high conservation status and use of the forest (whether endorsed or otherwise), the importance of enhance communication/cooperation among stakeholders would be greatly facilitated by forming a working group/committee comprising all relevant stakeholders (ministries, statutory boards, academia, NGOs, public). Stakeholders should include any group with potential influence/impact/interest on not just NSSF alone, but within its watershed and beyond, both upstream and downstream. 

Potential management solutions broadly classified to address five issues of concern for the forest; hydrologic integrity, erosion and sedimentation, ecological integrity, the impact of the spillway and impacts of construction and development are as follows:
· Maintain hydrologic integrity

· Irrigation via the introduction of water sources (point sources) in the catchment upstream is recommended to mitigate future extreme drought. It is expected that about 2–4 weeks from the onset of a severely receded water table in originally swampy areas following extreme drought before mass die-offs of seedlings will occur. Thus, this provides some buffer time for irrigation.
· Retention ponds to mitigate flooding and simultaneously promote additional habitats for flora and fauna. The study shows that retention ponds with a depth of about 1 m can effectively reduce the flooded areas by about 90%.
· Reduction of maximum water-levels by i) reducing disturbance of communities via reduced input from the spillway; ii) riparian and forest planting to reduce peak flows.

· Maintenance of minimum water-levels in small streams in particular to support the diversity of aquatic fauna found within the swamp forest, in particular more rare taxa such as stoneflies which are generally not well supported in other catchments in Singapore. 

· Mitigate erosion and sedimentation

· Manage recreation: Restricting visitors to the catchment and repairing damage to the tracks and bridges would help serve to reduce erosion.
· Mitigation of stream-channel erosion: fill in the re-sectioned channel to restore the hydrological functioning of the swamp. However, this should be accompanied by an assessment of potential effects on fish communities that have since established in the channel.
· Mitigation of stream-bank erosion: Investigation of sedimentation and potentially sediment transport into and within the forest streams to formally examine the sources of sediments, effects of erosion on stream fauna as well as trailing potential mitigation techniques such as “soft engineering” of stream banks through planting of appropriate plant species.
· Mitigation of hillslope soil erosion: management of fire-associated loss f hillslope vegetation, possible revegetation of hillslopes after considering the importance of hillslope stability and ecological succession.

· Monitor and manage tree falls and diebacks: i) investigate & potentially mitigate against increased rates of tree falls and diebacks, ii) Manage loss of forest cover resultant due to increased risk of fires due to drought / extended dry periods by improving accessibility for fire fighters appropriately trained for operation in a nature reserve.

· Maintain ecological integrity

· Forest recovery and replanting of endemic floral families to aid the ecological resurgence of the reserve as well as the retention of water, sediments, and nutrients in the system.
· Propagation of rare plant species or those restricted to NSSF to facilitate replanting.
· Continued exploration of flora and fauna alongside the further development of barcoding techniques to yield more rediscoveries, new records, or rare species that can be targeted for conservation action.
· Long-term monitoring and standardised sampling of faunal communities as part of a comprehensive, national ecological monitoring programme for inland waters to build on current knowledge, capture long-term trends and inform and management decisions. At least, annual screening for surveillance monitoring should be conducted at multiple stations (preferably representing a range of stream orders) alongside higher intensity investigative monitoring to investigate potential issues and to improve system understanding. Establishment of minimum/maximum acceptable water-levels through refinement of faunal response models can be applied as thresholds/targets for management.
· Manage the spread of alien species into NSSF from up- and down-stream sources: Weir, low head dam or electric fish barrier downstream NSSF / upstream of reservoir input.
· Mitigate against high pH of reservoir water via chemical dosing or (preferably) filtration through vegetated, “peaty” soil high in organic matter and tannins derived from typical freshwater swamp forest plants (whereby the leaf litter provided by the typical swamp forest flora provides acidity via humic acids typical of freshwater swamp forest soils).
· Mitigate negative impact of the spillway

· To reduce/prevent back-flooding into the swamp that flushes the system with reservoir water (from the dam at the mouth of the Upper Seletar outlet, or “spillway”) the feasibility and utility of a dam at the lower end of the lower channel to prevent upstream encroachment should be investigated.
· Reduction of the influence of the spillway/discharge from reservoirs to i) mitigate against changes in water quality ii) to reduce input of and local expansion in the distribution of less desirable (non-native) fish species and within the swamp forest streams and iii) to maintain more “typical” forest stream communities of fish and invertebrates, notably rarer taxa less prevalent elsewhere.
· Mitigate impacts of construction and development

· Identify, reduce, monitor and regulate impacts from new and existing construction and development (e.g. water quality issues associated with heavy metals)
· Ensure maintenance of pipeline linking Upper Seletar Reservoir & Lower Pierce Reservoirs to avoid leaks/input of reservoir water into the NSSF system.
9.3 Recommendations for Hydrologic Management of the NSSF
Hydrologic Modelling scenarios examined comprised those representative of extreme conditions of flood (Scenario 12) and drought (Scenario 9) and then further examined four scenarios for drought mitigation management (Table 9‑1). These management scenarios investigated the effects of redistribution of reservoir water which would otherwise have been discharged via the “spillway” to 15 points within the NSSF catchment. Two of these scenarios (9A and 9B) involved active pumping whilst two (9C and 9D) rely on gravity to distribute water along proposed pipelines (Table 9‑1). The potential of these management options to mitigate against negative impacts on in-stream fauna was considered in relation to fauna response models (presented in the Faunal Ecology Chapter). Scenarios for extreme flood and drought highlight the potential for climate change to impact the abundance and taxon richness of fauna within the NSSF given that local projections suggest that there will be more extensive dry periods as well as wetter conditions at other times, though hopefully results will not be as extreme as these “worst-case” scenarios present (Table 9‑1). Models of the mitigation of drought by redistribution of reservoir water throughout the forest counter-acted the loss of some of the smaller catchment streams that was projected under the “5 year drought scenario” (Scenario 9). These management options would benefit the in-stream fauna by elevating minimum stream water-levels and providing a greater area of available freshwater habitat to support fauna, especially those rare taxa found predominantly in the smaller streams. If these options are to be successful in maintaining the ecological as well as hydrologic integrity of the NSSF then there must also be mitigated of the introduction of less desirable taxa and more alkaline water quality into the NSSF catchment. If adopted, pre-treatment of reservoir water is recommended to reduce the introduction of less desirable taxa and more alkaline water quality. Options for the pre-treatment of reservoir water utilised in drought mitigation management strategies may therefore include:
· Filtration of reservoir water through a vegetated in-stream system promoting acidity via humic acids.

· Exclusion of adult fish from entering the pipe using barriers (e.g. low head weir, electrical) at the intake to prevent fish from the reservoir entering the redistribution system.

· Chemical dosing to increase acidity of the water transported within pipelines prior to re-distribution within the swamp.
Modelled water redistribution options for drought mitigation that were gravity fed performed similarly to those utilising active pumps. Scenario 9C supported an area of surface water similar to current conditions (just slightly lower); and sustained some small streams “lost” during the 5 year drought scenario (Scenario 9). Based on the cost of pumping, this option would be the most cost-effective of the four drought mitigation management strategies. This could be considered, along with key stakeholders as a possible management solution for hydrologic integrity as long as ecological integrity is also maintained. Considering the views of stakeholders, public perception and that of other agencies should also be a factor deciding in whether a pipe-system through a nature reserve is a desirable outcome. All management options should be considered in concert as a whole-catchment plan of research, monitoring and management to address both hydrologic (flood, drought) conditions as well as emerging pressures such as erosion and reservoir discharge.

Table 9‑1. Modelling Scenarios and implication for in-stream fauna

	Scenario
	Description
	Total Discharge Volume

(m3/day)
	Deviation from current condition
	Potential implications for in-stream fauna

	Current
	Current Conditions
	NA
	NA
	Negative effects of the spillway discharging from the reservoir; introduction of less desirable taxa, more enriched & alkaline water quality

	12
	High Rainfall & Maximum Reservoir Operating level
	NA
	Higher water-levels; higher area of surface water; more flooded areas
	Potential for higher maximum water-levels associated with declines in abundance & taxon richness

	9
	5 Year Drought
	NA
	Lower water-levels; lower area of surface water; loss of small streams
	High potential for lower minimum water-levels associated with declines in abundance & taxon richness

	9A
	Drought Mitigation Management Strategy. Pump + Pipe
	26,000
	Smaller area of surface water; more small streams sustained
	Some potential for minimum water-levels associated with declines in abundance & taxon richness, introduction of less desirable taxa, more alkaline water quality to be mitigated

	9B
	Drought Mitigation Management Strategy. Pump + Pipe
	52,000
	Area of surface water similar to current conditions (slightly higher) of surface water; more small streams sustained
	Some potential for minimum water-levels associated with declines in abundance & taxon richness, introduction of less desirable taxa & more alkaline water quality to be mitigated

	9C
	Drought Mitigation Management Strategy. Pipe
	26,000
	Area of surface water similar to current conditions (slightly lower); more small streams sustained
	Some potential for minimum water-levels associated with declines in abundance & taxon richness, introduction of less desirable taxa & more alkaline water quality to be mitigated

	9D
	Drought Mitigation Management Strategy. Pipe
	13,000
	Smaller area of surface water; more small streams sustained
	Some potential for minimum water-levels associated with declines in abundance & taxon richness, introduction of less desirable taxa & more alkaline water quality to be mitigated
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Appendix 
A   MAPPING, DATA MANAGEMENT AND GIS
A.1 List of Equipment and Software

	No.
	Item
	Asset #
	Purchase date
	Condition
	Location
	Description/Note

	01
	Agisoft PhotoScan Professional Edition
	
	9-Jul-14
	Functional
	TMSI
	Photogrammetric processing of digital images - generates 3D spatial data

	02
	PRO600 CART (Lic only) Education
	
	12-Sep-14
	Functional
	TMSI
	3D feature colelction and editing in Bentley environments

	03
	Erdas Imagine Educational Core Level 1 -
	
	12-Sep-14
	Functional
	TMSI
	Core software for photogrammetry

	04
	IMAGINE Auto DTM
	
	12-Sep-14
	Functional
	TMSI
	Add-on

	05
	PHOENIX RC FLIGHT SIMULATOR SOFTWARE
	
	13-Nov-14
	Functional
	TMSI
	Training software for drone piloting

	06
	Hexa-copter drone
	
	15-Apr-13
	Functional
	Theme Technology Premises
	Drone for aerial photography


A.2 List of Personnel
	No.
	Name
	Affiliation
	Position
	Periods
	E-mail
	Note

	01
	Dunnairaju Raju
	
	Co-PI
	Mar 2013 ~ Feb 2014
	
	No longer with TMSI

	02
	Sin Tsai Min
	TMSI
	Co-investigator
	Feb 2014 ~ present
	tmssintm@nus.edu.sg
	

	03
	Poonam Saksena-Taylor
	TMSI
	Research assiociate
	Jul 2013 ~ present
	tmspoon@nus.edu.sg
	Funded elsewhere as of Jul 2015

	04
	Patil Parasarathi
	TMSI
	Systems analyst
	Jan 2014 ~ Dec 2014
	tmspp@nus.edu.sg
	

	05
	Kanakappan Santhosh
	TMSI
	Engineer
	
	
	No longer with TMSI

	06
	Santhosh Kumar Ramanathan
	TMSI
	Research engineer
	Aug 2014 to Aug 2015
	tmsskr@nus.edu.sg
	

	07
	Balamurali Cattavarayane
	TMSI
	Lead systems analyst
	Jul 2013 ~ Dec 2014
	tmsbc@nus.edu.sg
	

	08
	Ravichandran Smikkannuu
	TMSI
	Specialist associate
	Sep 2013 ~ April 2014
	
	No longer with TMSI

	09
	Teh Tiong Sa
	TMSI
	Visiting SRF
	Jul 2013 ~ Jun 2014
	
	Honorarium only; no longer with TMSI


B   FIELD HYDROLOGY AND GEOMORPHOLOGY

B.1 List of Equipment and Software

	No
	Item
	Purchase Date
	Condition
	Units
	Document Number
	Description
	Remark /Notes

	1
	Computer/ Laptop
	29/01/2014
	Spoilt 
	1
	43019109
	SONY VAIO PRO 13
	Geolab

	2
	Computer/ Laptop
	2/6/2014
	Functional
	1
	43019736
	ACER ASPIRE S3-391-53334G52a
	Geolab

	3
	Computer/ Laptop
	2/12/2014
	Functional
	1
	43020823
	SONY VAIO LAPTOP SVP13218PGB
	Geolab

	4
	Computer
	27/02/2014
	Functional
	1
	43023424
	DELL PRECISION T1700 MT CTO BASE (DESKTOP)
	Storage

	5
	ISCO 
	22/01/2014
	Functional
	1
	43018099
	720 MODULE AND SUBMERGED PROBE
	In the field, Lower NS , ISCO

	7
	SonTek IQ
	5/7/2014
	Functional
	1
	32469766
	Sontek IQ STANDARD LOW PROFILE + (Toolkit)
	Geolab

	8
	Barometer
	21/1/2015
	Functional
	1
	43113709
	Monitor Well Data logger Baro Diver
	In the field, Mid NS (Baro)

	11
	Piezometer
	16/2/2015
	Functional
	1
	43124857
	DATA LOCKER CEVA DIVER
	In the field, Mid NS (GP4)

	12
	Permeator
	2/3/2015
	Functional
	1
	43129825
	COMPACT CONTANT HEAD PERMEATOR
	Geolab

	14
	Laptop/computer
	7/9/2015
	Functional
	1
	32548902
	For Staff (CGI-P40-2015000079)ASUS PRO BU401LA-D718U (1TB)
	Geolab


B.2 List of Personnel

	
	Name
	Affiliation
	Position
	Periods
	E-mail
	Note

	1
	Alan D. Ziegler
	Geography
	Co- PI
	Mar 2014 ~ Present
	geoadz@nus.edu.sg
	Full time

	2
	Robert James Wasson
	LKY,Institute of Water Policy
	Senior Research Fellow
	1 July 2014 ~Present
	spprjw@nus.edu.sg
	Full time

	3
	David Laurance Higgitt
	School of Geography,The University of Nottingham Ningbo, China
	Co-PI
	March 2013 ~ present
	david.higgitt@nottingham.edu.cn
	Full time

	4
	Lam Ruixiang Daryl
	TMSI
	Research Associate
	1Apr 2013 ~ Jun 2014
	N/A
	Full time

	5
	Nguyen Canh Tien Trinh
	Geography
	Grad Student Researcher
	1Apr 2013 ~ 31 Mar 2014
	tmsnctt@nus.edu.sg
	Part Time

	
	Nguyen Canh Tien Trinh
	Geography
	Grad Student Researcher
	1 July2014 ~ 6 Jan 2015
	
	Part Time

	
	Nguyen Canh Tien Trinh
	TMSI
	Research Assistant
	7 Jan2015 ~ Present
	
	Full time

	6
	Swe Hlaing Win
	TMSI
	Research Assistant
	17 June 2013~ 29 Feb 2016
	tmsshw@nus.edu.sg
	Full time

	7
	Sebastian Ignacio Cantarero
	TMSI
	Research Assistant
	1Sep 2015~ present
	tmssic@nus.edu.sg
	Full time

	8
	Lim Meng Hwee‎
	Geography
	Casual Junior RA
	1 Oct 2014 ~ 31 Mar 2015
	tmslmh@nus.edu.sg
	Part Time

	
	Lim Meng Hwee‎
	Geography
	Casual Junior RA
	1 Apr 2015 ~ 30 Jun 2015
	
	Part Time

	
	Lim Meng Hwee‎
	TMSI
	Research Assistant
	4 Aug 2015 ~ 29 Feb 2016
	
	Full time

	9
	Khairun Nisha Bte Mohamed Ramdzan
	Geography
	Undergrad Student Researcher
	30 May 2013~ 31 July 2013
	A0053123@u.nus.edu
	Part Time

	
	Khairun Nisha Bte Mohamed Ramdzan
	TMSI
	Research Assistant
	15 Jul 2013 ~ July 2014
	
	Full time

	10
	Karishmaa Pai
	TMSI
	Research Assistant
	11Sep 2013 ~11 Feb 2015
	karishmaapai@gmail.com
	Full time

	11
	Yuen Jiaqi
	Geography
	Temporary Research Assistant
	28 Sep 2015 ~ Feb 2016
	speedy_sonic@hotmail.com
	Part Time


C   VEGETATION ECOLOGY
C.1 Vascular plant species with reasonably confident identifications recorded from the vegetation plots.

Appendix C - 1 List of vascular plant species recorded from the vegetation plots, arranged in alphabetical order of family followed by species name; “Occ.” refers to the number of plots the species occurred in; “Stems” refers to the number of stems >5-cm DBH that were recorded in the plots.

	Species
	Family
	Status
	Habit
	Occ.
	Stems
	Remarks

	Syngramma almisifolia
	Adiantaceae
	Endangered
	climber
	1
	
	

	Buchanania sessilifolia
	Anacardiaceae
	Vulnerable
	tree
	8
	5
	

	Campnosperma auriculatum
	Anacardiaceae
	Common
	tree
	5
	7
	

	Campnosperma squamatum
	Anacardiaceae
	Common
	tree
	22
	40
	

	Gluta wallichii
	Anacardiaceae
	Common
	tree
	17
	14
	

	Mangifera griffithii
	Anacardiaceae
	Endangered
	tree
	1
	1
	

	Melanochyla angustifolia
	Anacardiaceae
	New Record
	tree
	5
	3
	

	Melanochyla caesia
	Anacardiaceae
	Vulnerable
	tree
	4
	3
	

	Swintonia schwenkii
	Anacardiaceae
	Vulnerable
	tree
	1
	
	

	Ancistrocladus tectorius
	Ancistrocladaceae
	Crit. End.
	climber
	2
	
	

	Anisophyllea disticha
	Anisophyllaceae
	Common
	shrub
	19
	
	

	Anisophyllea griffithii
	Anisophyllaceae
	Crit. End.
	tree
	1
	
	

	Artabotrys costatus
	Annonaceae
	Vulnerable
	climber
	2
	
	

	Artabotrys crassifolius
	Annonaceae
	Crit. End.
	climber
	1
	
	

	Artabotrys maingayi
	Annonaceae
	Crit. End.
	climber
	2
	
	

	Artabotrys suaveolens
	Annonaceae
	Endangered
	climber
	3
	
	

	Dasymaschalon dasymaschalum
	Annonaceae
	Crit. End.
	shrub
	1
	1
	

	Drepananthus ramuliflorus
	Annonaceae
	Common
	tree
	17
	5
	

	Drepananthus ridleyi
	Annonaceae
	Vulnerable
	tree
	4
	1
	

	Ellipeia cuneifolia
	Annonaceae
	Crit. End.
	climber
	1
	
	

	Fissistigma fulgens
	Annonaceae
	Vulnerable
	climber
	4
	
	

	Fissistigma latifolium var. ovoideum
	Annonaceae
	Vulnerable
	climber
	14
	
	

	Fissistigma manubriatum
	Annonaceae
	Vulnerable
	climber
	12
	
	

	Friesodielsia biglandulosa
	Annonaceae
	Vulnerable
	climber
	8
	
	

	Friesodielsia borneensis
	Annonaceae
	Vulnerable
	climber
	18
	
	

	Friesodielsia glauca
	Annonaceae
	Rediscovered
	climber
	9
	
	Updated as rediscovered in Chong et al. (2012)

	Friesodielsia latifolia
	Annonaceae
	Common
	climber
	10
	
	

	Goniothalamus macrophyllus
	Annonaceae
	Vulnerable
	shrub
	2
	
	

	Goniothalamus tapis
	Annonaceae
	Vulnerable
	tree
	1
	
	

	Maasia glauca
	Annonaceae
	Endangered
	tree
	6
	4
	

	Maasia hypoleuca
	Annonaceae
	Crit. End.
	tree
	2
	
	

	Maasia sumatrana
	Annonaceae
	Crit. End.
	tree
	2
	
	

	Mitrella kentii
	Annonaceae
	Common
	climber
	26
	
	

	Monoon sclerophyllum
	Annonaceae
	Crit. End.
	tree
	1
	1
	

	Phaeanthus ophthalmicus
	Annonaceae
	Vulnerable
	shrub
	2
	
	

	Polyalthia angustissima
	Annonaceae
	Vulnerable
	tree
	1
	
	

	Polyalthia cauliflora
	Annonaceae
	Vulnerable
	tree
	2
	1
	

	Polyalthia glauca
	Annonaceae
	Endangered
	tree
	1
	
	

	Polyalthia hookeriana
	Annonaceae
	Crit. End.
	tree
	1
	
	

	Polyalthia lateriflora
	Annonaceae
	Crit. End.
	tree
	7
	3
	

	Polyalthia rumphii
	Annonaceae
	Crit. End.
	tree
	2
	
	

	Popowia fusca
	Annonaceae
	Vulnerable
	tree
	3
	1
	

	Popowia pisocarpa
	Annonaceae
	Vulnerable
	tree
	1
	
	

	Popowia tomentosa
	Annonaceae
	Endangered
	tree
	1
	
	

	Pyramidanthe prismatica
	Annonaceae
	Endangered
	climber
	8
	
	

	Uvaria leptopoda
	Annonaceae
	Crit. End.
	climber
	1
	
	

	Uvaria pauciovulata
	Annonaceae
	Crit. End.
	climber
	2
	
	

	Xylopia caudata
	Annonaceae
	Vulnerable
	tree
	2
	1
	

	Xylopia ferruginea
	Annonaceae
	Common
	tree
	10
	2
	

	Xylopia fusca
	Annonaceae
	Crit. End.
	tree
	4
	7
	

	Xylopia magna
	Annonaceae
	Crit. End.
	tree
	2
	
	

	Xylopia malayana
	Annonaceae
	Common
	tree
	17
	5
	

	Alstonia angustifolia
	Apocynaceae
	Common
	tree
	25
	18
	

	Alstonia angustiloba
	Apocynaceae
	Common
	tree
	4
	2
	

	Alstonia pneumatophora
	Apocynaceae
	Crit. End.
	tree
	1
	1
	

	Anodendron candolleanum
	Apocynaceae
	Crit. End.
	climber
	8
	
	

	Dyera costulata
	Apocynaceae
	Common
	tree
	2
	2
	

	Hoya latifolia
	Apocynaceae
	Endangered
	epiphyte
	4
	
	

	Hoya verticillata
	Apocynaceae
	Common
	epiphyte
	3
	
	

	Kibatalia maingayi
	Apocynaceae
	Crit. End.
	tree
	6
	3
	

	Kopsia singapurensis
	Apocynaceae
	Crit. End.
	tree
	7
	6
	

	Leuconotis griffithii
	Apocynaceae
	Vulnerable
	climber
	5
	
	

	Parameria laevigata
	Apocynaceae
	Crit. End.
	climber
	1
	
	

	Parsonsia alboflavescens
	Apocynaceae
	Crit. End.
	climber
	1
	
	

	Strophanthus caudatus
	Apocynaceae
	Crit. End.
	climber
	4
	
	

	Tabernaemontana corymbosa
	Apocynaceae
	Endangered
	tree
	4
	
	

	Urceola brachysepala
	Apocynaceae
	Endangered
	climber
	1
	
	

	Urceola torulosa
	Apocynaceae
	Endangered
	climber
	5
	
	

	Willughbeia coriacea
	Apocynaceae
	Erroneously extinct
	climber
	14
	
	Previously synonymised under Willughbeia edulis which was updated as erroneously extinct in Chong et al. (2012)

	Willughbeia flavescens
	Apocynaceae
	Crit. End.
	climber
	2
	
	

	Wrightia laevis
	Apocynaceae
	Crit. End.
	tree
	3
	
	

	Ilex cymosa
	Aquifoliaceae
	Common
	tree
	8
	5
	

	Aglaonema nebulosum
	Araceae
	Vulnerable
	herb
	9
	
	

	Aglaonema nitidum
	Araceae
	Vulnerable
	herb
	4
	
	

	Aglaonema simplex
	Araceae
	Common
	herb
	4
	
	

	Alocasia longiloba
	Araceae
	Common
	herb
	19
	
	

	Amydrium medium
	Araceae
	Endangered
	climber
	4
	
	

	Cryptocoryne griffithii
	Araceae
	Crit. End.
	herb
	5
	
	

	Cyrtosperma merkusii
	Araceae
	Vulnerable
	herb
	16
	
	

	Epipremnum pinnatum
	Araceae
	Crit. End.
	climber
	1
	
	

	Rhaphidophora korthalsii
	Araceae
	Vulnerable
	climber
	3
	
	

	Rhaphidophora lobbii
	Araceae
	Vulnerable
	climber
	7
	
	

	Rhaphidophora maingayi
	Araceae
	Vulnerable
	climber
	4
	
	

	Rhaphidophora minor
	Araceae
	Vulnerable
	climber
	1
	
	

	Rhaphidophora montana
	Araceae
	Vulnerable
	climber
	3
	
	

	Schismatoglottis wallichii
	Araceae
	Vulnerable
	herb
	2
	
	

	Scindapsus hederaceus
	Araceae
	Common
	climber
	13
	
	

	Scindapsus pictus
	Araceae
	Common
	climber
	1
	
	

	Arthrophyllum diversifolium
	Araliaceae
	Common
	tree
	1
	
	

	Schefflera hullettii
	Araliaceae
	Crit. End.
	epiphyte
	1
	
	

	Caryota mitis
	Arecaceae
	Common
	tree
	21
	4
	

	Daemonorops sabut
	Arecaceae
	Crit. End.
	climber
	6
	
	

	Eleiodoxa conferta
	Arecaceae
	Vulnerable
	shrub
	4
	
	

	Licuala spinosa
	Arecaceae
	Vulnerable
	shrub
	1
	
	

	Nenga pumila
	Arecaceae
	Crit. End.
	tree
	1
	
	

	Oncosperma horridum
	Arecaceae
	Vulnerable
	shrub
	13
	69
	

	Pinanga simplicifrons
	Arecaceae
	Crit. End.
	shrub
	2
	
	

	Plectocomia elongata
	Arecaceae
	Vulnerable
	climber
	6
	
	

	Thottea grandiflora
	Aristolochiaceae
	Vulnerable
	shrub
	1
	
	

	Dracaena cantleyi
	Asparagaceae
	Vulnerable
	shrub
	12
	
	

	Dracaena elliptica
	Asparagaceae
	Crit. End.
	shrub
	3
	
	

	Dracaena maingayi
	Asparagaceae
	Vulnerable
	tree
	2
	
	

	Dracaena porteri
	Asparagaceae
	Common
	shrub
	7
	
	

	Dracaena singapurensis
	Asparagaceae
	Rediscovered
	shrub
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Dracaena umbratica
	Asparagaceae
	Vulnerable
	shrub
	1
	
	

	Peliosanthes teta ssp. humilis
	Asparagaceae
	Vulnerable
	herb
	5
	
	

	Asplenium batuense
	Aspleniaceae
	Endangered
	climber
	11
	
	

	Asplenium longissimum
	Aspleniaceae
	Common
	epiphyte
	1
	
	

	Asplenium nidus
	Aspleniaceae
	Common
	epiphyte
	11
	
	

	Vernonia arborea
	Asteraceae
	Vulnerable
	tree
	13
	1
	

	Deplanchea bancana
	Bignoniaceae
	Extinct
	tree
	1
	1
	Potential rediscovery

	Radermachera pinnata ssp. acuminata
	Bignoniaceae
	Crit. End.
	tree
	8
	2
	

	Blechnum finlaysonianum
	Blechnaceae
	Vulnerable
	herb
	13
	
	

	Stenochlaena palustris
	Blechnaceae
	Common
	climber
	6
	
	

	Ploiarium alternifolium
	Bonnetiaceae
	Common
	shrub
	4
	6
	

	Canarium littorale
	Burseraceae
	Common
	tree
	7
	5
	

	Canarium patentinervium
	Burseraceae
	Endangered
	tree
	1
	
	

	Canarium pilosum
	Burseraceae
	Endangered
	tree
	14
	4
	

	Dacryodes incurvata
	Burseraceae
	New Record
	tree
	1
	1
	

	Dacryodes rostrata
	Burseraceae
	Vulnerable
	tree
	3
	2
	

	Dacryodes rugosa
	Burseraceae
	Crit. End.
	tree
	3
	3
	

	Santiria apiculata
	Burseraceae
	Common
	tree
	6
	
	

	Santiria griffithii
	Burseraceae
	Common
	tree
	4
	4
	

	Santiria laevigata
	Burseraceae
	Vulnerable
	tree
	6
	1
	

	Santiria rubiginosa
	Burseraceae
	Vulnerable
	tree
	23
	6
	

	Santiria tomentosa
	Burseraceae
	Endangered
	tree
	1
	1
	

	Calophyllum dispar
	Calophyllaceae
	Crit. End.
	tree
	3
	2
	

	Calophyllum ferrugineum
	Calophyllaceae
	Common
	tree
	4
	
	

	Calophyllum ferrugineum var. ferrugineum
	Calophyllaceae
	Common
	tree
	7
	5
	

	Calophyllum macrocarpum
	Calophyllaceae
	Crit. End.
	tree
	3
	
	

	Calophyllum pulcherrimum
	Calophyllaceae
	Common
	tree
	28
	11
	

	Calophyllum rubiginosum
	Calophyllaceae
	Endangered
	tree
	9
	4
	

	Calophyllum rufigemmatum
	Calophyllaceae
	Endangered
	tree
	13
	3
	

	Calophyllum tetrapterum
	Calophyllaceae
	Vulnerable
	tree
	11
	
	

	Calophyllum tetrapterum var. tetrapterum
	Calophyllaceae
	Vulnerable
	tree
	7
	11
	

	Calophyllum teysmannii
	Calophyllaceae
	Vulnerable
	tree
	15
	3
	

	Calophyllum teysmannii var. teysmannii
	Calophyllaceae
	Vulnerable
	tree
	3
	
	

	Calophyllum wallichianum var. incrassatum
	Calophyllaceae
	Vulnerable
	tree
	9
	2
	

	Calophyllum wallichianum var. wallichianum
	Calophyllaceae
	Crit. End.
	tree
	1
	
	

	Gironniera nervosa
	Cannabaceae
	Common
	tree
	29
	52
	

	Lophopetalum multinervium
	Celastraceae
	Endangered
	tree
	6
	39
	

	Lophopetalum wightianum
	Celastraceae
	Vulnerable
	tree
	2
	
	

	Salacia grandiflora
	Celastraceae
	Crit. End.
	climber
	1
	
	

	Salacia korthalsiana
	Celastraceae
	Crit. End.
	climber
	7
	
	

	Salacia macrophylla
	Celastraceae
	Vulnerable
	climber
	1
	
	

	Salacia maingayi
	Celastraceae
	Rediscovered
	climber
	2
	
	Updated as rediscovered in Chong et al. (2012)

	Bhesa paniculata
	Centroplacaceae
	Common
	tree
	19
	31
	

	Bhesa robusta
	Centroplacaceae
	Vulnerable
	tree
	1
	
	

	Licania splendens
	Chrysobalanaceae
	Common
	tree
	6
	4
	

	Garcinia celebica
	Clusiaceae
	Endangered
	tree
	1
	10
	

	Garcinia forbesii
	Clusiaceae
	Crit. End.
	tree
	27
	9
	

	Garcinia griffithii
	Clusiaceae
	Endangered
	tree
	2
	
	

	Garcinia maingayi
	Clusiaceae
	Crit. End.
	tree
	2
	1
	

	Garcinia mangostana
	Clusiaceae
	Casual
	tree
	2
	1
	

	Garcinia nervosa
	Clusiaceae
	Crit. End.
	tree
	2
	1
	

	Garcinia nigrolineata
	Clusiaceae
	Crit. End.
	tree
	1
	
	

	Garcinia parvifolia
	Clusiaceae
	Common
	tree
	29
	22
	

	Garcinia rostrata
	Clusiaceae
	Crit. End.
	tree
	17
	8
	

	Garcinia scortechinii
	Clusiaceae
	Crit. End.
	tree
	7
	1
	

	Terminalia subspathulata
	Combretaceae
	Crit. End.
	tree
	1
	1
	

	Amischotolype gracilis
	Commelinaceae
	Common
	herb
	5
	
	

	Agelaea borneensis
	Connaraceae
	Vulnerable
	climber
	30
	
	

	Agelaea macrophylla
	Connaraceae
	Crit. End.
	climber
	37
	
	

	Cnestis palala
	Connaraceae
	Common
	climber
	1
	
	

	Connarus ferrugineus
	Connaraceae
	Crit. End.
	climber
	1
	
	

	Connarus grandis
	Connaraceae
	Crit. End.
	climber
	5
	
	

	Connarus semidecandrus
	Connaraceae
	Crit. End.
	climber
	12
	
	

	Rourea acutipetala ssp. acutipetala
	Connaraceae
	Rediscovered
	climber
	6
	
	Updated as rediscovered in Chong et al. (2012)

	Rourea asplenifolia
	Connaraceae
	Crit. End.
	climber
	20
	
	

	Rourea fulgens
	Connaraceae
	Vulnerable
	climber
	4
	
	

	Rourea mimosoides
	Connaraceae
	Endangered
	climber
	26
	
	

	Rourea minor
	Connaraceae
	Crit. End.
	climber
	21
	
	

	Erycibe griffithii
	Convolvulaceae
	Crit. End.
	climber
	1
	
	

	Erycibe leucoxyloides
	Convolvulaceae
	Cryptogenic Weed
	climber
	14
	
	

	Erycibe maingayi
	Convolvulaceae
	Extinct
	climber
	1
	
	Potential rediscovery

	Erycibe tomentosa
	Convolvulaceae
	Common
	climber
	25
	
	

	Alangium javanicum
	Cornaceae
	Crit. End.
	tree
	1
	
	

	Alangium nobile
	Cornaceae
	Crit. End.
	tree
	2
	4
	

	Alangium ridleyi
	Cornaceae
	Erroneously extinct
	tree
	1
	1
	Updated as erroneously extinct in Chong et al. (2012)

	Mastixia trichotoma var. maingayi
	Cornaceae
	Crit. End.
	tree
	5
	8
	

	Ctenolophon parvifolius
	Ctenolophonaceae
	Crit. End.
	tree
	1
	1
	

	Trichosanthes elmeri
	Cucurbitaceae
	Not assessed
	climber
	3
	
	New record by de Wilde and Duyfjes (2010)

	Trichosanthes wawraei
	Cucurbitaceae
	Vulnerable
	climber
	1
	
	

	Cyathea latebrosa
	Cyatheaceae
	Vulnerable
	tree
	13
	
	

	Cyathea squamulata
	Cyatheaceae
	Endangered
	tree
	7
	
	

	Hypolytrum nemorum
	Cyperaceae
	Common
	herb
	2
	
	

	Hypolytrum nemorum var. proliferum
	Cyperaceae
	Common
	herb
	1
	
	

	Davallia denticulata
	Davalliaceae
	Common
	epiphyte
	1
	
	

	Lindsaea cultrata
	Dennstaedtiaceae
	Endangered
	climber
	1
	
	

	Lindsaea doryphora
	Dennstaedtiaceae
	Endangered
	climber
	5
	
	

	Dichapetalum sordidum
	Dichapetalaceae
	Rediscovered
	climber
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Dillenia excelsa
	Dilleniaceae
	Crit. End.
	tree
	3
	1
	

	Dillenia suffruticosa
	Dilleniaceae
	Common
	shrub
	3
	
	

	Tetracera akara
	Dilleniaceae
	Vulnerable
	climber
	11
	
	

	Tetracera fagifolia var. fagifolia
	Dilleniaceae
	Vulnerable
	climber
	9
	
	

	Tetracera macrophylla
	Dilleniaceae
	Vulnerable
	climber
	20
	
	

	Dioscorea laurifolia
	Dioscoreaceae
	Common
	climber
	3
	
	

	Dioscorea orbiculata var. tenuifolia
	Dioscoreaceae
	Rediscovered
	climber
	9
	
	Updated as rediscovered in Chong et al. (2012)

	Dioscorea polyclados
	Dioscoreaceae
	Crit. End.
	climber
	6
	
	

	Dioscorea pyrifolia
	Dioscoreaceae
	Common
	climber
	11
	
	

	Dioscorea stenomeriflora
	Dioscoreaceae
	Extinct
	climber
	1
	
	Potential rediscovery

	Tacca integrifolia
	Dioscoreaceae
	Vulnerable
	herb
	16
	
	

	Dipterocarpus tempehes
	Dipterocarpaceae
	Crit. End.
	tree
	1
	2
	

	Hopea ferruginea
	Dipterocarpaceae
	New Record
	tree
	1
	3
	

	Hopea griffithii
	Dipterocarpaceae
	Crit. End.
	tree
	1
	8
	

	Hopea mengarawan
	Dipterocarpaceae
	Endangered
	tree
	2
	
	

	Shorea gratissima
	Dipterocarpaceae
	Crit. End.
	tree
	1
	1
	

	Shorea leprosula
	Dipterocarpaceae
	Vulnerable
	tree
	2
	2
	

	Shorea macroptera
	Dipterocarpaceae
	Vulnerable
	tree
	2
	5
	

	Shorea parvifolia
	Dipterocarpaceae
	Endangered
	tree
	1
	1
	

	Shorea pauciflora
	Dipterocarpaceae
	Vulnerable
	tree
	2
	2
	

	Shorea platycarpa
	Dipterocarpaceae
	Crit. End.
	tree
	3
	3
	

	Vatica maingayi
	Dipterocarpaceae
	Crit. End.
	tree
	1
	1
	

	Vatica pauciflora
	Dipterocarpaceae
	Crit. End.
	tree
	7
	5
	

	Tectaria barberi
	Dryopteridaceae
	Common
	herb
	1
	
	

	Tectaria singaporeana
	Dryopteridaceae
	Common
	herb
	2
	
	

	Diospyros buxifolia
	Ebenaceae
	Vulnerable
	tree
	1
	
	

	Diospyros coriacea
	Ebenaceae
	Crit. End.
	tree
	2
	1
	

	Diospyros lanceifolia
	Ebenaceae
	Common
	tree
	24
	6
	

	Diospyros maingayi
	Ebenaceae
	Crit. End.
	tree
	3
	3
	

	Diospyros styraciformis
	Ebenaceae
	Vulnerable
	tree
	4
	1
	

	Diospyros sumatrana
	Ebenaceae
	Crit. End.
	tree
	2
	2
	

	Diospyros venosa var. venosa
	Ebenaceae
	Crit. End.
	tree
	2
	2
	

	Elaeocarpus acmosepalus
	Elaeocarpaceae
	Crit. End.
	tree
	2
	
	

	Elaeocarpus ferrugineus
	Elaeocarpaceae
	Common
	tree
	10
	
	

	Elaeocarpus griffithii
	Elaeocarpaceae
	Extinct
	tree
	3
	3
	Potential rediscovery

	Elaeocarpus mastersii
	Elaeocarpaceae
	Common
	tree
	31
	36
	

	Elaeocarpus obtusus ssp. apiculatus
	Elaeocarpaceae
	Crit. End.
	tree
	2
	
	

	Elaeocarpus petiolatus
	Elaeocarpaceae
	Common
	tree
	18
	3
	

	Elaeocarpus salicifolius
	Elaeocarpaceae
	Vulnerable
	tree
	9
	1
	

	Elaeocarpus stipularis
	Elaeocarpaceae
	Vulnerable
	tree
	23
	7
	

	Agrostistachys borneensis
	Euphorbiaceae
	Common
	tree
	8
	
	

	Blumeodendron tokbrai
	Euphorbiaceae
	Vulnerable
	tree
	6
	3
	

	Claoxylon indicum
	Euphorbiaceae
	Common
	tree
	1
	
	

	Croton caudatus
	Euphorbiaceae
	Common
	tree
	1
	
	

	Croton griffithii
	Euphorbiaceae
	Endangered
	tree
	1
	6
	

	Croton oblongus
	Euphorbiaceae
	Endangered
	tree
	3
	7
	

	Endospermum diadenum
	Euphorbiaceae
	Vulnerable
	tree
	2
	2
	

	Hevea brasiliensis
	Euphorbiaceae
	Naturalized
	tree
	2
	2
	

	Koilodepas longifolium
	Euphorbiaceae
	Vulnerable
	tree
	2
	2
	

	Macaranga bancana
	Euphorbiaceae
	Common
	tree
	27
	59
	

	Macaranga conifera
	Euphorbiaceae
	Common
	tree
	7
	9
	

	Macaranga gigantea
	Euphorbiaceae
	Common
	tree
	10
	17
	

	Macaranga griffithiana
	Euphorbiaceae
	Vulnerable
	tree
	11
	12
	

	Macaranga heynei
	Euphorbiaceae
	Common
	tree
	3
	
	

	Macaranga hullettii
	Euphorbiaceae
	Crit. End.
	tree
	5
	
	

	Macaranga recurvata
	Euphorbiaceae
	Crit. End.
	tree
	14
	17
	

	Macaranga trichocarpa
	Euphorbiaceae
	Endangered
	tree
	1
	
	

	Mallotus paniculatus
	Euphorbiaceae
	Common
	tree
	2
	1
	

	Neoscortechinia sumatrensis
	Euphorbiaceae
	Crit. End.
	tree
	8
	2
	

	Pimelodendron griffithianum
	Euphorbiaceae
	Vulnerable
	tree
	5
	6
	

	Triadica cochinchinensis
	Euphorbiaceae
	Common
	tree
	1
	
	

	Trigonopleura malayana
	Euphorbiaceae
	Crit. End.
	tree
	1
	
	

	Adenanthera malayana
	Fabaceae
	Vulnerable
	tree
	3
	4
	

	Archidendron clypearia
	Fabaceae
	Common
	tree
	25
	22
	

	Archidendron microcarpum
	Fabaceae
	Endangered
	tree
	4
	1
	

	Bauhinia semibifida var. semibifida
	Fabaceae
	Vulnerable
	climber
	25
	
	

	Dalbergia junghuhnii
	Fabaceae
	Crit. End.
	climber
	3
	
	

	Dalbergia parviflora
	Fabaceae
	Rediscovered
	climber
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Dalbergia rostrata
	Fabaceae
	Common
	climber
	8
	
	

	Dalbergia velutina
	Fabaceae
	Crit. End.
	climber
	4
	
	

	Derris maingayana
	Fabaceae
	Vulnerable
	climber
	8
	
	

	Dialium platysepalum
	Fabaceae
	Crit. End.
	tree
	2
	2
	

	Entada spiralis
	Fabaceae
	Common
	climber
	1
	
	

	Koompassia malaccensis
	Fabaceae
	Endangered
	tree
	1
	
	

	Kunstleria ridleyi
	Fabaceae
	Endangered
	climber
	6
	
	

	Parkia speciosa
	Fabaceae
	Vulnerable
	tree
	3
	5
	

	Sindora coriacea
	Fabaceae
	Crit. End.
	tree
	1
	1
	

	Spatholobus ferrugineus
	Fabaceae
	Common
	climber
	18
	
	

	Spatholobus ridleyi
	Fabaceae
	Crit. End.
	climber
	3
	
	

	Castanopsis inermis
	Fagaceae
	Crit. End.
	tree
	1
	
	

	Lithocarpus bennettii
	Fagaceae
	Crit. End.
	tree
	3
	1
	

	Lithocarpus conocarpus
	Fagaceae
	Crit. End.
	tree
	2
	
	

	Lithocarpus elegans
	Fagaceae
	Crit. End.
	tree
	1
	
	

	Lithocarpus encleisocarpus
	Fagaceae
	Crit. End.
	tree
	2
	1
	

	Lithocarpus ewyckii
	Fagaceae
	Endangered
	tree
	6
	7
	

	Lithocarpus lucidus
	Fagaceae
	Endangered
	tree
	1
	
	

	Lithocarpus wallichianus
	Fagaceae
	Crit. End.
	tree
	1
	
	

	Flagellaria indica
	Flagellariaceae
	Common
	climber
	11
	
	

	Fagraea splendens
	Gentianaceae
	Erroneously extinct
	epiphyte
	4
	
	Previously synonymised under Fagraea ceilanica and Fagraea acuminatissima; latter was updated as rediscovered in Chong et al. (2012)

	Utania volubilis var. volubilis
	Gentianaceae
	Not assessed
	tree
	1
	
	Previously confused with Utania racemosa under the name Fagraea racemosa; Sugumaran & Wong (2014)

	Aeschynanthus wallichii
	Gesneriaceae
	Crit. End.
	climber
	1
	
	

	Dicranopteris curranii
	Gleicheniaceae
	Common
	climber
	1
	
	

	Dicranopteris linearis
	Gleicheniaceae
	Common
	climber
	7
	
	

	Gleichenia truncata
	Gleicheniaceae
	Vulnerable
	climber
	3
	
	

	Gnetum gnemonoides
	Gnetaceae
	Crit. End.
	climber
	1
	
	

	Gnetum latifolium
	Gnetaceae
	Crit. End.
	climber
	1
	
	

	Hanguana rubinea
	Hanguanaceae
	Crit. End.
	herb
	2
	
	

	Trichomanes motleyi
	Hymenophyllaceae
	Endangered
	epiphyte
	1
	
	

	Cratoxylum arborescens
	Hypericaceae
	Vulnerable
	tree
	5
	4
	

	Cratoxylum cochinchinense
	Hypericaceae
	Endangered
	tree
	5
	3
	

	Cratoxylum formosum
	Hypericaceae
	Endangered
	tree
	3
	1
	

	Cratoxylum maingayi
	Hypericaceae
	Crit. End.
	tree
	1
	1
	

	Molineria capitulata
	Hypoxidaceae
	Crit. End.
	herb
	2
	
	

	Molineria latifolia
	Hypoxidaceae
	Vulnerable
	herb
	3
	
	

	Iodes ovalis
	Icacinaceae
	Endangered
	climber
	6
	
	

	Iodes velutina
	Icacinaceae
	Common
	climber
	1
	
	

	Phytocrene bracteata
	Icacinaceae
	Vulnerable
	climber
	12
	
	

	Ixonanthes icosandra
	Ixonanthaceae
	Vulnerable
	tree
	11
	8
	

	Ixonanthes reticulata
	Ixonanthaceae
	Common
	tree
	9
	2
	

	Clerodendrum deflexum
	Lamiaceae
	Vulnerable
	shrub
	9
	
	

	Clerodendrum disparifolium
	Lamiaceae
	Common
	tree
	9
	3
	

	Clerodendrum villosum
	Lamiaceae
	Vulnerable
	shrub
	3
	
	

	Vitex pinnata
	Lamiaceae
	Common
	tree
	3
	2
	

	Actinodaphne macrophylla
	Lauraceae
	Rediscovered
	tree
	4
	1
	Updated as rediscovered in Chong et al. (2012)

	Actinodaphne malaccensis
	Lauraceae
	Endangered
	tree
	2
	1
	

	Alseodaphne bancana
	Lauraceae
	Crit. End.
	tree
	10
	3
	

	Alseodaphne oblanceolata
	Lauraceae
	Crit. End.
	tree
	1
	2
	

	Beilschmiedia kunstleri
	Lauraceae
	Crit. End.
	tree
	10
	4
	

	Beilschmiedia madang
	Lauraceae
	Endangered
	tree
	8
	1
	

	Cinnamomum iners
	Lauraceae
	Common
	tree
	12
	7
	

	Cryptocarya ferrea
	Lauraceae
	Crit. End.
	tree
	12
	9
	

	Cryptocarya nitens
	Lauraceae
	New Record
	tree
	5
	1
	

	Lindera lucida
	Lauraceae
	Vulnerable
	tree
	14
	7
	

	Litsea accedens
	Lauraceae
	Endangered
	tree
	2
	2
	

	Litsea castanea
	Lauraceae
	Endangered
	tree
	4
	
	

	Litsea costalis
	Lauraceae
	Crit. End.
	tree
	5
	1
	

	Litsea elliptica
	Lauraceae
	Common
	tree
	16
	5
	

	Litsea erectinervia
	Lauraceae
	Crit. End.
	tree
	4
	4
	

	Litsea firma
	Lauraceae
	Vulnerable
	tree
	21
	3
	

	Litsea grandis
	Lauraceae
	Endangered
	tree
	6
	4
	

	Litsea lancifolia
	Lauraceae
	Crit. End.
	tree
	4
	1
	

	Litsea machilifolia
	Lauraceae
	Crit. End.
	tree
	1
	
	

	Litsea resinosa
	Lauraceae
	New Record
	tree
	3
	
	

	Neolitsea cassia
	Lauraceae
	Vulnerable
	shrub
	2
	
	

	Nothaphoebe umbelliflora
	Lauraceae
	Common
	tree
	8
	
	

	Barringtonia racemosa
	Lecythidaceae
	Crit. End.
	tree
	2
	1
	

	Indorouchera griffithiana
	Linaceae
	Common
	climber
	12
	
	

	Strychnos axillaris
	Loganiaceae
	Rediscovered
	climber
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Strychnos ignatii
	Loganiaceae
	Vulnerable
	climber
	12
	
	

	Strychnos maingayi
	Loganiaceae
	Crit. End.
	climber
	2
	
	

	Lomariopsis lineata
	Lomariopsidaceae
	Crit. End.
	climber
	5
	
	

	Teratophyllum ludens
	Lomariopsidaceae
	Crit. End.
	climber
	10
	
	

	Magnolia singapurensis
	Magnoliaceae
	Endangered
	tree
	5
	5
	

	Aspidopterys concava
	Malpighiaceae
	Endangered
	climber
	22
	
	

	Byttneria maingayi
	Malvaceae
	Crit. End.
	climber
	4
	
	

	Durio singaporensis
	Malvaceae
	Vulnerable
	tree
	6
	4
	

	Grewia laevigata
	Malvaceae
	Vulnerable
	climber
	16
	
	

	Heritiera elata
	Malvaceae
	Endangered
	tree
	1
	
	

	Neesia malayana
	Malvaceae
	Rediscovered
	tree
	4
	5
	Updated as rediscovered in Chong et al. (2012)

	Pentace triptera
	Malvaceae
	Endangered
	tree
	11
	9
	

	Scaphium macropodum
	Malvaceae
	Endangered
	tree
	4
	3
	

	Sterculia coccinea
	Malvaceae
	Vulnerable
	shrub
	9
	
	

	Sterculia cordata
	Malvaceae
	Crit. End.
	tree
	4
	3
	

	Sterculia gilva
	Malvaceae
	Crit. End.
	tree
	3
	6
	

	Sterculia macrophylla
	Malvaceae
	Crit. End.
	tree
	7
	3
	

	Sterculia parviflora
	Malvaceae
	Crit. End.
	tree
	3
	
	

	Sterculia rubiginosa
	Malvaceae
	Vulnerable
	tree
	7
	3
	

	Clidemia hirta
	Melastomataceae
	Naturalized
	shrub
	32
	
	

	Dissochaeta gracilis
	Melastomataceae
	Vulnerable
	climber
	14
	
	

	Dissochaeta pallida
	Melastomataceae
	Endangered
	climber
	1
	
	

	Melastoma malabathricum
	Melastomataceae
	Common
	shrub
	3
	
	

	Memecylon caeruleum
	Melastomataceae
	Crit. End.
	tree
	3
	
	

	Memecylon campanulatum
	Melastomataceae
	Crit. End.
	tree
	1
	
	

	Memecylon dichotomum
	Melastomataceae
	Crit. End.
	tree
	1
	
	

	Memecylon excelsum
	Melastomataceae
	Crit. End.
	tree
	1
	1
	

	Memecylon floridum
	Melastomataceae
	Crit. End.
	tree
	2
	1
	

	Memecylon garcinioides
	Melastomataceae
	Crit. End.
	shrub
	5
	1
	

	Memecylon lilacinum
	Melastomataceae
	Crit. End.
	tree
	5
	
	

	Memecylon paniculatum
	Melastomataceae
	Crit. End.
	tree
	7
	1
	

	Pternandra coerulescens
	Melastomataceae
	Vulnerable
	tree
	19
	21
	

	Pternandra echinata
	Melastomataceae
	Vulnerable
	tree
	18
	13
	

	Aglaia elliptica ssp. elliptica
	Meliaceae
	Rediscovered
	tree
	2
	1
	Updated as rediscovered in Chong et al. (2012)

	Aglaia odoratissima
	Meliaceae
	Crit. End.
	tree
	2
	1
	

	Aglaia rufinervis
	Meliaceae
	Crit. End.
	tree
	2
	
	

	Aglaia yzermannii
	Meliaceae
	New Record
	shrub
	4
	
	

	Dysoxylum cauliflorum
	Meliaceae
	Vulnerable
	tree
	11
	4
	

	Lansium domesticum
	Meliaceae
	Cultivated only
	tree
	1
	
	

	Pseudoclausena chrysogyne
	Meliaceae
	Crit. End.
	tree
	3
	
	

	Sandoricum beccarianum
	Meliaceae
	Crit. End.
	tree
	5
	3
	

	Sandoricum koetjape
	Meliaceae
	Endangered
	tree
	3
	
	

	Coscinium fenestratum
	Menispermaceae
	Endangered
	climber
	1
	
	

	Cyclea laxiflora
	Menispermaceae
	Crit. End.
	climber
	4
	
	

	Fibraurea tinctoria
	Menispermaceae
	Common
	climber
	36
	
	

	Hypserpa nitida
	Menispermaceae
	Rediscovered
	climber
	2
	
	Updated as rediscovered in Chong et al. (2012)

	Limacia scandens
	Menispermaceae
	Vulnerable
	climber
	9
	
	

	Stephania capitata
	Menispermaceae
	Crit. End.
	climber
	3
	
	

	Tinomiscium petiolare
	Menispermaceae
	Endangered
	climber
	4
	
	

	Tinospora crispa
	Menispermaceae
	Casual
	climber
	1
	
	

	Tinospora macrocarpa
	Menispermaceae
	Crit. End.
	climber
	5
	
	

	Matthaea sancta
	Monimiaceae
	Endangered
	shrub
	1
	
	

	Artocarpus anisophyllus
	Moraceae
	Endangered
	tree
	1
	2
	

	Artocarpus elasticus
	Moraceae
	Common
	tree
	14
	9
	

	Artocarpus fulvicortex
	Moraceae
	Crit. End.
	tree
	1
	1
	

	Artocarpus hispidus
	Moraceae
	Crit. End.
	tree
	1
	1
	

	Artocarpus integer
	Moraceae
	Casual
	tree
	1
	1
	

	Artocarpus kemando
	Moraceae
	Endangered
	tree
	7
	2
	

	Artocarpus lacucha form dadah
	Moraceae
	Endangered
	tree
	3
	
	

	Ficus apiocarpa
	Moraceae
	Endangered
	climber
	5
	
	

	Ficus aurata
	Moraceae
	Vulnerable
	tree
	5
	
	

	Ficus consociata
	Moraceae
	Crit. End.
	strangler
	1
	
	

	Ficus delosyce
	Moraceae
	Crit. End.
	strangler
	1
	
	Rediscovered and new status proposed by Ang et al. (2014)

	Ficus fistulosa
	Moraceae
	Common
	tree
	24
	4
	

	Ficus globosa
	Moraceae
	Endangered
	climber
	16
	
	

	Ficus grossularioides
	Moraceae
	Common
	tree
	2
	
	

	Ficus heteropleura
	Moraceae
	Common
	climber
	11
	
	

	Ficus laevis
	Moraceae
	Crit. End.
	climber
	1
	
	

	Ficus microsyce
	Moraceae
	Crit. End.
	strangler
	1
	
	

	Ficus pisocarpa
	Moraceae
	Crit. End.
	strangler
	1
	
	

	Ficus punctata
	Moraceae
	Common
	climber
	5
	
	

	Ficus recurva var. ribesoides
	Moraceae
	Crit. End.
	climber
	16
	
	

	Ficus sagittata
	Moraceae
	Crit. End.
	climber
	16
	
	

	Ficus sinuata
	Moraceae
	Crit. End.
	epiphyte
	5
	
	

	Ficus sundaica
	Moraceae
	Crit. End.
	strangler
	1
	
	

	Ficus trichocarpa
	Moraceae
	Crit. End.
	climber
	1
	
	

	Ficus variegata
	Moraceae
	Common
	tree
	5
	
	

	Ficus vasculosa
	Moraceae
	Endangered
	tree
	1
	1
	

	Ficus villosa
	Moraceae
	Crit. End.
	climber
	12
	
	

	Streblus elongatus
	Moraceae
	Vulnerable
	tree
	1
	2
	

	Morella esculenta
	Myricaceae
	Common
	tree
	3
	2
	

	Gymnacranthera bancana
	Myristicaceae
	Crit. End.
	tree
	1
	1
	

	Gymnacranthera farquhariana var. eugeniifolia
	Myristicaceae
	Crit. End.
	tree
	1
	
	

	Gymnacranthera farquhariana var. farquhariana
	Myristicaceae
	Crit. End.
	tree
	7
	7
	

	Gymnacranthera farquhariana var. zippeliana
	Myristicaceae
	Crit. End.
	tree
	1
	
	

	Gymnacranthera forbesii
	Myristicaceae
	Crit. End.
	tree
	7
	6
	

	Horsfieldia crassifolia
	Myristicaceae
	Crit. End.
	tree
	11
	12
	

	Horsfieldia polyspherula var. polyspherula
	Myristicaceae
	Vulnerable
	tree
	9
	3
	

	Horsfieldia polyspherula var. sumatrana
	Myristicaceae
	New Record
	tree
	8
	6
	New variety for Singapore

	Horsfieldia punctatifolia
	Myristicaceae
	Crit. End.
	tree
	11
	8
	

	Horsfieldia sucosa
	Myristicaceae
	Endangered
	tree
	6
	5
	

	Horsfieldia superba
	Myristicaceae
	Crit. End.
	tree
	1
	1
	

	Horsfieldia wallichii
	Myristicaceae
	Crit. End.
	tree
	12
	11
	

	Knema communis
	Myristicaceae
	Endangered
	tree
	9
	9
	

	Knema conferta
	Myristicaceae
	Endangered
	tree
	11
	8
	

	Knema curtisii var. curtisii
	Myristicaceae
	New Record
	tree
	4
	3
	New variety for Singapore

	Knema curtisii var. paludosa
	Myristicaceae
	Endangered
	tree
	1
	1
	

	Knema glaucescens
	Myristicaceae
	Rediscovered
	tree
	3
	2
	Updated as rediscovered in Chong et al. (2012)

	Knema intermedia
	Myristicaceae
	Endangered
	tree
	2
	
	

	Knema latericia ssp. ridleyi
	Myristicaceae
	Endangered
	tree
	8
	4
	

	Knema laurina
	Myristicaceae
	Endangered
	tree
	5
	5
	

	Knema malayana
	Myristicaceae
	Endangered
	tree
	15
	18
	

	Myristica cinnamomea
	Myristicaceae
	Crit. End.
	tree
	4
	1
	

	Myristica elliptica
	Myristicaceae
	Endangered
	tree
	8
	8
	

	Myristica iners
	Myristicaceae
	Crit. End.
	tree
	3
	2
	

	Myristica lowiana
	Myristicaceae
	Crit. End.
	tree
	3
	4
	

	Myristica maxima
	Myristicaceae
	Crit. End.
	tree
	3
	1
	

	Rhodamnia cinerea
	Myrtaceae
	Common
	tree
	30
	55
	

	Syzygium acuminatissimum
	Myrtaceae
	Endangered
	tree
	4
	2
	

	Syzygium borneense
	Myrtaceae
	Common
	tree
	27
	
	

	Syzygium chloranthum
	Myrtaceae
	Crit. End.
	tree
	4
	2
	

	Syzygium claviflorum var. maingayi
	Myrtaceae
	New Record
	tree
	1
	1
	New variety for Singapore

	Syzygium duthieanum
	Myrtaceae
	Crit. End.
	tree
	1
	1
	

	Syzygium filiforme
	Myrtaceae
	Endangered
	tree
	6
	2
	

	Syzygium glabratum
	Myrtaceae
	Extinct
	tree
	8
	3
	Potential rediscovery

	Syzygium glaucum
	Myrtaceae
	Vulnerable
	tree
	2
	
	

	Syzygium grande
	Myrtaceae
	Common
	tree
	3
	1
	

	Syzygium incarnatum
	Myrtaceae
	Endangered
	tree
	12
	4
	

	Syzygium inophyllum
	Myrtaceae
	Crit. End.
	tree
	4
	6
	

	Syzygium kunstleri
	Myrtaceae
	Rediscovered
	tree
	1
	1
	Updated as rediscovered in Chong et al. (2012)

	Syzygium leptostemon
	Myrtaceae
	Extinct
	tree
	1
	1
	Potential rediscovery

	Syzygium lineatum
	Myrtaceae
	Common
	tree
	22
	6
	

	Syzygium maingayi
	Myrtaceae
	Crit. End.
	tree
	1
	1
	

	Syzygium myrtifolium
	Myrtaceae
	Extinct
	tree
	1
	
	Doubtful native provenance

	Syzygium nemestrinum
	Myrtaceae
	Endangered
	tree
	7
	5
	

	Syzygium ngadimanianum
	Myrtaceae
	Endangered
	tree
	3
	
	

	Syzygium oblatum var. oblatum
	Myrtaceae
	Crit. End.
	tree
	1
	
	

	Syzygium pachyphyllum
	Myrtaceae
	Crit. End.
	tree
	10
	19
	

	Syzygium palembanicum
	Myrtaceae
	Vulnerable
	tree
	1
	
	

	Syzygium papillosum
	Myrtaceae
	Crit. End.
	tree
	7
	5
	

	Syzygium pauper
	Myrtaceae
	Endangered
	tree
	1
	
	

	Syzygium pseudocrenulatum
	Myrtaceae
	Extinct
	tree
	2
	
	Potential rediscovery

	Syzygium pseudoformosum
	Myrtaceae
	Crit. End.
	tree
	7
	5
	

	Syzygium pyrifolium
	Myrtaceae
	Crit. End.
	tree
	2
	
	

	Syzygium ridleyi
	Myrtaceae
	Endangered
	tree
	1
	
	

	Syzygium scortechinii
	Myrtaceae
	Rediscovered
	tree
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Syzygium singaporense
	Myrtaceae
	Crit. End.
	tree
	2
	3
	

	Syzygium zeylanicum
	Myrtaceae
	Common
	shrub
	5
	1
	

	Nepenthes ampullaria
	Nepenthaceae
	Vulnerable
	climber
	9
	
	

	Nepenthes gracilis
	Nepenthaceae
	Common
	climber
	5
	
	

	Nepenthes rafflesiana
	Nepenthaceae
	Vulnerable
	climber
	2
	
	

	Erythropalum scandens
	Olacaceae
	Vulnerable
	climber
	3
	
	

	Ochanostachys amentacea
	Olacaceae
	Vulnerable
	tree
	3
	
	

	Scorodocarpus borneensis
	Olacaceae
	Endangered
	tree
	3
	3
	

	Strombosia ceylanica
	Olacaceae
	Vulnerable
	tree
	31
	45
	

	Jasminum elongatum
	Oleaceae
	Endangered
	climber
	1
	
	

	Nephrolepis auriculata
	Oleandraceae
	Cryptogenic Weed
	herb
	2
	
	

	Champereia manillana
	Opiliaceae
	Common
	tree
	8
	
	

	Bromheadia finlaysoniana
	Orchidaceae
	Common
	herb
	6
	
	

	Bulbophyllum vaginatum
	Orchidaceae
	Endangered
	epiphyte
	1
	
	

	Cystorchis variegata var. variegata
	Orchidaceae
	Crit. End.
	herb
	1
	
	Updated as erroneously extinct and new status proposed by Lok et al. (2011)

	Dendrobium aloifolium
	Orchidaceae
	Rediscovered
	epiphyte
	1
	
	Rediscovered by Ang et al. (2010)

	Nephelaphyllum pulchrum
	Orchidaceae
	Crit. End.
	herb
	3
	
	

	Plocoglottis gigantea
	Orchidaceae
	Crit. End.
	herb
	1
	
	

	Plocoglottis javanica
	Orchidaceae
	Crit. End.
	herb
	2
	
	

	Vanilla griffithii
	Orchidaceae
	Vulnerable
	climber
	1
	
	

	Galearia fulva
	Pandaceae
	Vulnerable
	tree
	5
	
	

	Galearia maingayi
	Pandaceae
	Crit. End.
	tree
	2
	1
	

	Freycinetia angustifolia
	Pandanaceae
	Crit. End.
	climber
	9
	
	

	Freycinetia javanica
	Pandanaceae
	Crit. End.
	climber
	3
	
	Rediscovered and new status proposed by Ang et al. (2012)

	Freycinetia sumatrana
	Pandanaceae
	Common
	climber
	1
	
	

	Pandanus atrocarpus
	Pandanaceae
	Endangered
	tree
	7
	30
	

	Adenia macrophylla
	Passifloraceae
	Vulnerable
	climber
	2
	
	

	Passiflora laurifolia
	Passifloraceae
	Naturalized
	climber
	1
	
	

	Adinandra dumosa
	Pentaphylacaceae
	Common
	tree
	11
	8
	

	Eurya acuminata
	Pentaphylacaceae
	Common
	shrub
	5
	3
	

	Antidesma coriaceum
	Phyllanthaceae
	Vulnerable
	tree
	3
	3
	

	Antidesma cuspidatum
	Phyllanthaceae
	Common
	tree
	11
	6
	

	Antidesma neurocarpum
	Phyllanthaceae
	Endangered
	tree
	2
	
	

	Aporosa benthamiana
	Phyllanthaceae
	Vulnerable
	tree
	3
	6
	

	Aporosa falcifera
	Phyllanthaceae
	Crit. End.
	tree
	9
	8
	

	Aporosa frutescens
	Phyllanthaceae
	Common
	tree
	28
	57
	

	Aporosa lucida
	Phyllanthaceae
	Crit. End.
	tree
	12
	8
	

	Aporosa lunata
	Phyllanthaceae
	Crit. End.
	tree
	3
	1
	

	Aporosa maingayi
	Phyllanthaceae
	Endangered
	tree
	2
	1
	

	Aporosa nervosa
	Phyllanthaceae
	Vulnerable
	tree
	4
	4
	

	Aporosa nigricans
	Phyllanthaceae
	Endangered
	tree
	1
	
	

	Aporosa prainiana
	Phyllanthaceae
	Vulnerable
	tree
	4
	8
	

	Aporosa subcaudata
	Phyllanthaceae
	Endangered
	tree
	3
	3
	

	Aporosa symplocoides
	Phyllanthaceae
	Common
	tree
	10
	20
	

	Baccaurea bracteata
	Phyllanthaceae
	Crit. End.
	tree
	25
	70
	

	Baccaurea macrocarpa
	Phyllanthaceae
	Crit. End.
	tree
	1
	1
	

	Baccaurea macrophylla
	Phyllanthaceae
	Extinct
	tree
	1
	1
	Potential rediscovery

	Baccaurea minor
	Phyllanthaceae
	Crit. End.
	tree
	2
	1
	

	Baccaurea parviflora
	Phyllanthaceae
	Common
	tree
	11
	8
	

	Baccaurea polyneura
	Phyllanthaceae
	Endangered
	tree
	5
	4
	

	Baccaurea sumatrana
	Phyllanthaceae
	Vulnerable
	tree
	4
	
	

	Breynia discigera
	Phyllanthaceae
	Crit. End.
	tree
	2
	
	

	Bridelia pustulata
	Phyllanthaceae
	Crit. End.
	tree
	1
	
	

	Glochidion borneense
	Phyllanthaceae
	Crit. End.
	tree
	5
	2
	

	Glochidion rubrum
	Phyllanthaceae
	Crit. End.
	shrub
	6
	4
	

	Glochidion superbum
	Phyllanthaceae
	Common
	tree
	1
	
	

	Glochidion zeylanicum var. arborescens
	Phyllanthaceae
	Crit. End.
	tree
	1
	1
	

	Glochidion zeylanicum var. zeylanicum
	Phyllanthaceae
	Vulnerable
	tree
	1
	
	

	Piper caninum
	Piperaceae
	Common
	climber
	14
	
	

	Piper flavimarginatum
	Piperaceae
	Crit. End.
	climber
	28
	
	

	Piper macropiper
	Piperaceae
	Crit. End.
	climber
	12
	
	

	Piper pedicellosum
	Piperaceae
	Crit. End.
	climber
	3
	
	

	Piper porphyrophyllum
	Piperaceae
	Endangered
	climber
	4
	
	

	Centotheca lappacea
	Poaceae
	Crit. End.
	herb
	1
	
	

	Ottochloa nodosa
	Poaceae
	Common
	herb
	4
	
	

	Scrotochloa urceolata
	Poaceae
	Vulnerable
	herb
	1
	
	

	Nageia wallichiana
	Podocarpaceae
	Crit. End.
	tree
	1
	
	

	Securidaca philippinensis
	Polygalaceae
	New Record
	climber
	6
	
	

	Xanthophyllum discolor
	Polygalaceae
	Endangered
	tree
	3
	
	

	Xanthophyllum ellipticum
	Polygalaceae
	Crit. End.
	tree
	7
	1
	

	Xanthophyllum eurhynchum
	Polygalaceae
	Vulnerable
	shrub
	4
	1
	

	Xanthophyllum flavescens
	Polygalaceae
	Endangered
	tree
	20
	38
	

	Xanthophyllum vitellinum
	Polygalaceae
	Vulnerable
	tree
	3
	3
	

	Goniophlebium percussum
	Polypodiaceae
	Vulnerable
	epiphyte
	4
	
	

	Lecanopteris sinuosa
	Polypodiaceae
	Common
	epiphyte
	1
	
	

	Microsorum punctatum
	Polypodiaceae
	Common
	epiphyte
	1
	
	

	Platycerium coronarium
	Polypodiaceae
	Common
	epiphyte
	3
	
	

	Pyrrosia piloselloides
	Polypodiaceae
	Common
	epiphyte
	2
	
	

	Ardisia sanguinolenta
	Primulaceae
	Common
	shrub
	8
	
	

	Ardisia teysmanniana
	Primulaceae
	Endangered
	shrub
	2
	1
	

	Ardisia villosa
	Primulaceae
	Crit. End.
	shrub
	1
	
	

	Embelia ribes
	Primulaceae
	Common
	climber
	2
	
	

	Grenacheria amentacea
	Primulaceae
	Rediscovered
	climber
	9
	
	Updated as rediscovered in Chong et al. (2012)

	Labisia pumila
	Primulaceae
	Vulnerable
	herb
	6
	
	

	Maesa ramentacea
	Primulaceae
	Common
	shrub
	2
	
	

	Helicia excelsa
	Proteaceae
	Rediscovered
	tree
	2
	
	Updated as rediscovered in Chong et al. (2012)

	Pteris ensiformis
	Pteridaceae
	Cryptogenic Weed
	herb
	1
	
	

	Taenitis blechnoides
	Pteridaceae
	Common
	herb
	12
	
	

	Taenitis interrupta
	Pteridaceae
	Common
	herb
	12
	
	

	Vittaria ensiformis
	Pteridaceae
	Common
	epiphyte
	2
	
	

	Drypetes pendula
	Putranjivaceae
	Crit. End.
	tree
	1
	1
	

	Ventilago malaccensis
	Rhamnaceae
	Endangered
	climber
	2
	
	

	Ziziphus calophylla
	Rhamnaceae
	Vulnerable
	climber
	8
	
	

	Ziziphus elegans
	Rhamnaceae
	Crit. End.
	climber
	8
	
	

	Carallia brachiata
	Rhizophoraceae
	Endangered
	tree
	10
	9
	

	Gynotroches axillaris
	Rhizophoraceae
	Common
	tree
	31
	82
	

	Pellacalyx axillaris
	Rhizophoraceae
	Endangered
	tree
	12
	21
	

	Prunus arborea
	Rosaceae
	Crit. End.
	tree
	7
	2
	

	Prunus grisea var. tomentosa
	Rosaceae
	Crit. End.
	tree
	5
	1
	

	Prunus polystachya
	Rosaceae
	Common
	tree
	32
	26
	

	Aidia auriculata var. auriculata
	Rubiaceae
	Crit. End.
	climber
	1
	
	

	Aidia densiflora
	Rubiaceae
	Vulnerable
	tree
	6
	4
	

	Canthium confertum
	Rubiaceae
	Endangered
	tree
	3
	3
	

	Canthium glabrum
	Rubiaceae
	Endangered
	tree
	3
	4
	

	Canthium horridum
	Rubiaceae
	Endangered
	shrub
	2
	
	

	Chassalia chartacea
	Rubiaceae
	Vulnerable
	shrub
	2
	
	

	Diplospora malaccensis
	Rubiaceae
	Crit. End.
	tree
	15
	1
	

	Gaertnera obesa
	Rubiaceae
	Endangered
	shrub
	3
	
	

	Gardenia subcarinata var. subcarinata
	Rubiaceae
	Crit. End.
	tree
	1
	6
	

	Gynochthodes coriacea
	Rubiaceae
	Vulnerable
	climber
	20
	
	

	Gynochthodes sublanceolata
	Rubiaceae
	Common
	climber
	4
	
	

	Ixora congesta
	Rubiaceae
	Common
	shrub
	19
	
	

	Ixora lobbii
	Rubiaceae
	Endangered
	shrub
	1
	
	

	Jackiopsis ornata
	Rubiaceae
	Crit. End.
	tree
	4
	1
	

	Lasianthus attenuatus
	Rubiaceae
	Vulnerable
	shrub
	2
	
	

	Lasianthus ridleyi
	Rubiaceae
	Vulnerable
	shrub
	2
	
	

	Morinda rigida
	Rubiaceae
	Erroneously extinct
	climber
	1
	
	Updated as erroneously extinct in Chong et al. (2012)

	Morinda umbellata
	Rubiaceae
	Common
	climber
	0
	
	

	Mussaendopsis beccariana
	Rubiaceae
	Endangered
	tree
	5
	14
	

	Nauclea officinalis
	Rubiaceae
	Crit. End.
	tree
	3
	3
	

	Oxyceros bispinosus
	Rubiaceae
	Endangered
	climber
	11
	
	

	Pavetta wallichiana
	Rubiaceae
	Vulnerable
	shrub
	4
	
	

	Porterandia anisophylla
	Rubiaceae
	Vulnerable
	tree
	22
	10
	

	Prismatomeris glabra
	Rubiaceae
	Endangered
	shrub
	1
	
	

	Psychotria ovoidea
	Rubiaceae
	Vulnerable
	climber
	4
	
	

	Psychotria penangensis
	Rubiaceae
	Vulnerable
	climber
	12
	
	

	Psychotria sarmentosa
	Rubiaceae
	Crit. End.
	climber
	16
	
	

	Psydrax sp. 10
	Rubiaceae
	Not assessed
	tree
	9
	11
	

	Rothmannia macrophylla
	Rubiaceae
	Vulnerable
	shrub
	9
	
	

	Saprosma glomerulatum
	Rubiaceae
	Crit. End.
	shrub
	1
	
	

	Schradera membranacea
	Rubiaceae
	Crit. End.
	climber
	2
	
	

	Tarenna costata
	Rubiaceae
	Crit. End.
	tree
	1
	1
	

	Tarenna mollis
	Rubiaceae
	Crit. End.
	shrub
	4
	2
	

	Tarenna odorata
	Rubiaceae
	Crit. End.
	shrub
	3
	
	

	Timonius flavescens
	Rubiaceae
	Crit. End.
	tree
	17
	20
	

	Timonius wallichianus
	Rubiaceae
	Common
	tree
	26
	55
	

	Uncaria attenuata
	Rubiaceae
	Rediscovered
	climber
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Uncaria cordata
	Rubiaceae
	Endangered
	climber
	3
	
	

	Uncaria longiflora var. pteropoda
	Rubiaceae
	Crit. End.
	climber
	7
	
	

	Urophyllum arboreum
	Rubiaceae
	Vulnerable
	shrub
	1
	1
	

	Urophyllum blumeanum
	Rubiaceae
	Crit. End.
	shrub
	1
	
	

	Clausena excavata
	Rutaceae
	Common
	shrub
	1
	
	

	Glycosmis chlorosperma
	Rutaceae
	Vulnerable
	shrub
	7
	1
	

	Luvunga crassifolia
	Rutaceae
	Crit. End.
	climber
	12
	
	

	Maclurodendron porteri
	Rutaceae
	Vulnerable
	tree
	7
	6
	

	Paramignya scandens
	Rutaceae
	Crit. End.
	climber
	4
	
	

	Meliosma pinnata ssp. ridleyi
	Sabiaceae
	Rediscovered
	tree
	1
	
	Updated as rediscovered in Chong et al. (2012)

	Meliosma simplicifolia ssp. fruticosa
	Sabiaceae
	Crit. End.
	shrub
	1
	2
	

	Casearia capitellata
	Salicaceae
	Crit. End.
	shrub
	1
	
	

	Casearia lobbiana
	Salicaceae
	Crit. End.
	shrub
	5
	
	

	Flacourtia rukam
	Salicaceae
	Vulnerable
	tree
	12
	2
	

	Homalium grandiflorum
	Salicaceae
	Crit. End.
	tree
	1
	1
	

	Osmelia philippina
	Salicaceae
	Endangered
	tree
	14
	9
	

	Dendrotrophe varians
	Santalaceae
	Vulnerable
	epiphyte
	2
	
	

	Dimocarpus longan
	Sapindaceae
	Casual
	tree
	1
	
	

	Guioa pleuropteris
	Sapindaceae
	Vulnerable
	tree
	3
	
	

	Guioa pubescens
	Sapindaceae
	Vulnerable
	tree
	3
	1
	

	Nephelium lappaceum
	Sapindaceae
	Crit. End.
	tree
	2
	
	

	Nephelium laurinum
	Sapindaceae
	Rediscovered
	tree
	6
	5
	Updated as rediscovered in Chong et al. (2012)

	Pometia pinnata
	Sapindaceae
	Endangered
	tree
	15
	31
	

	Xerospermum noronhianum
	Sapindaceae
	Crit. End.
	tree
	4
	4
	

	Palaquium hexandrum
	Sapotaceae
	Crit. End.
	tree
	3
	1
	

	Palaquium obovatum
	Sapotaceae
	Vulnerable
	tree
	6
	2
	

	Palaquium rostratum
	Sapotaceae
	Crit. End.
	tree
	3
	2
	

	Palaquium xanthochymum
	Sapotaceae
	Crit. End.
	tree
	11
	15
	

	Pouteria malaccensis
	Sapotaceae
	Vulnerable
	tree
	3
	
	

	Pouteria obovata
	Sapotaceae
	Vulnerable
	tree
	2
	3
	

	Kadsura scandens
	Schisandraceae
	Crit. End.
	climber
	5
	
	

	Lygodium longifolium
	Schizaeaceae
	Vulnerable
	climber
	7
	
	

	Selaginella intermedia
	Selaginellaceae
	Vulnerable
	herb
	2
	
	

	Ailanthus integrifolia
	Simaroubaceae
	Crit. End.
	tree
	1
	
	

	Eurycoma longifolia
	Simaroubaceae
	Crit. End.
	tree
	3
	1
	

	Smilax calophylla
	Smilacaceae
	Endangered
	climber
	2
	
	

	Smilax setosa
	Smilacaceae
	Common
	climber
	17
	
	

	Turpinia sphaerocarpa
	Staphyleaceae
	Crit. End.
	tree
	2
	2
	

	Styrax benzoin
	Styracaceae
	Crit. End.
	tree
	2
	
	

	Styrax benzoin var. benzoin
	Styracaceae
	Crit. End.
	tree
	1
	
	

	Symplocos fasciculata
	Symplocaceae
	Vulnerable
	tree
	18
	16
	

	Gordonia multinervis
	Theaceae
	Endangered
	tree
	2
	
	

	Gordonia penangensis
	Theaceae
	Crit. End.
	tree
	2
	9
	

	Gordonia singaporeana
	Theaceae
	Endangered
	tree
	2
	1
	

	Aquilaria malaccensis
	Thymelaeaceae
	Vulnerable
	tree
	5
	
	

	Aquilaria microcarpa
	Thymelaeaceae
	Crit. End.
	tree
	1
	1
	

	Enkleia malaccensis
	Thymelaeaceae
	Crit. End.
	climber
	5
	
	

	Gonystylus confusus
	Thymelaeaceae
	Endangered
	tree
	7
	3
	

	Trigoniastrum hypoleucum
	Trigoniaceae
	Extinct
	tree
	1
	2
	Potential rediscovery

	Poikilospermum suaveolens
	Urticaceae
	Vulnerable
	epiphyte
	6
	
	

	Ampelocissus cinnamomea
	Vitaceae
	Crit. End.
	climber
	1
	
	Rediscovered and new status proposed by Ng et al. (2014)

	Ampelocissus elegans
	Vitaceae
	Endangered
	climber
	4
	
	

	Ampelocissus gracilis
	Vitaceae
	Endangered
	climber
	7
	
	

	Cayratia novemfolia
	Vitaceae
	Crit. End.
	climber
	3
	
	

	Cissus nodosa
	Vitaceae
	Crit. End.
	climber
	9
	
	

	Leea indica
	Vitaceae
	Common
	tree
	7
	
	

	Nothocissus spicifera
	Vitaceae
	Crit. End.
	climber
	6
	
	

	Pterisanthes cissioides
	Vitaceae
	Crit. End.
	climber
	2
	
	

	Pterisanthes polita
	Vitaceae
	Crit. End.
	climber
	4
	
	

	Tetrastigma lawsonii
	Vitaceae
	Crit. End.
	climber
	3
	
	

	Tetrastigma leucostaphylum
	Vitaceae
	Crit. End.
	climber
	9
	
	

	Hornstedtia leonurus
	Zingiberaceae
	Crit. End.
	herb
	5
	
	

	Zingiber puberulum
	Zingiberaceae
	Endangered
	herb
	2
	
	


C.2 List of Equipment and Software

	No.
	Item
	Asset #
	Purchase date
	Condition
	Location
	Description/Note

	01
	Canon EOS 6D Body
	
	05 June 2013
	Function
	NUS
	Field photography

	02
	Sigma 8mm f3.5 Fisheye Lens
	
	05 June 2013
	Function
	NUS
	Field photography

	03
	Granier TDP Sap Flow Sensor and Accessories
	8347001941
	23 June 2013
	Function
	NUS
	Sap flow experiment, unused

	04
	Hanna Instruments® Direct Soil pH Measurement Kit
	
	24 Mar 2014
	Function
	NUS
	Soil analysis

	05
	HP Scanjet G4050 Photo Scanner
	
	22 Jul 2015
	Function
	NUS
	Leaf area measurement for seedling experiment

	06
	Seagate Backup Plus Portable Drive
	
	05 Oct 2015
	Function
	NUS
	Data back up


C.3 List of Personnel

	No.
	Name
	Affiliation
	Position
	Periods
	E-mail
	Note

	01
	Hugh TAN Tiang Wah
	NUS
	Associate Professor
	Mar 2013 ~ present
	hughtan@nus.edu.sg
	PI;

Full time

	02
	CHONG Kwek Yan
	NUS
	Research Fellow
	Apr 2013 ~ Oct 2015
	kwek@nus.edu.sg
	Full time

	03
	Louise Neo
	NUS
	Research Assistant
	Apr 2013 ~ present
	neolouise@nus.edu.sg
	Full time

	04
	KOH Choon Yen
	NUS
	Research Assistant
	Apr 2013 ~ Jul 2014
	mightykoh@gmail.com
	Full time

	05
	Jon TAN Siu Yueh
	NUS
	Research Assistant
	Apr 2013 ~ Feb 2015
	jon.tansy@gmail.com
	Full time

	06
	Reuben LIM Chong Jin
	NUS
	Research Assistant
	Jan 2014 ~ Sep 2015
	reu.lim@gmail.com
	Full time

	07
	Jolyn LOH Weiting
	NUS
	Research Assistant
	Apr 2014 ~ Jan 2016
	staysmiley@gmail.com
	Full time

	08
	SEAH Wei Wei
	NUS
	Research Assistant
	Sep 2014 ~ present
	dbssww@nus.edu.sg
	Full time


D   FAUNAL ECOLOGY
D.1 Fish and decapod species recorded in the course of the spatial and temporal faunal surveys.
	Species
	Phylum
	Singapore Red Data book
	IUCN Red list
	Native/Introduced

	Barbodes banksi
	Chordata
	Not Evaluated
	Not Evaluated
	Native

	Betta pugnax
	Chordata
	Not Evaluated
	Not Evaluated
	Native

	Boraras maculatus
	Chordata
	Critically Endangered
	Least Concern
	Native

	Channa gachua
	Chordata
	Critically Endangered
	Least Concern
	Native

	Channa lucius
	Chordata
	Not Evaluated
	Least Concern
	Native

	Channa melasoma
	Chordata
	Critically Endangered
	Least Concern
	Native

	Dermogenys collettei
	Chordata
	Not Evaluated
	Not Evaluated
	Native

	Desmopuntius hexazona
	Chordata
	Critically Endangered
	Not Evaluated
	Native

	Hemirhamphodon pogonognathus
	Chordata
	Not Evaluated
	Least Concern
	Native

	Luciocephalus pulcher
	Chordata
	Critically Endangered
	Not Evaluated
	Native

	Macrognathus maculatus
	Chordata
	Critically Endangered
	Least Concern
	Native

	Nemacheilus selangoricus
	Chordata
	Critically Endangered
	Data Deficient
	Native

	Oxyeleotris marmorata
	Chordata
	Not Evaluated
	Least Concern
	Native, but introduced in inland waters

	Pangio muraeniformis
	Chordata
	Endangered
	Not Evaluated
	Native

	Parakysis longirostris
	Chordata
	Critically Endangered
	Least Concern
	Native

	Parambassis siamensis
	Chordata
	Not Evaluated
	Least Concern
	Introduced

	Pseudogobiopsis oligactis
	Chordata
	Not Evaluated
	Least Concern
	Native

	Rasbora einthovenii
	Chordata
	Not Evaluated
	Not Evaluated
	Native

	Rasbora elegans
	Chordata
	Not Evaluated
	Least Concern
	Native

	Rhinogobius giurinis
	Chordata
	Not Evaluated
	Least Concern
	Introduced

	Trichopsis vittata
	Chordata
	Not Evaluated
	Least Concern
	Native

	Trigonostigma heteromorpha
	Chordata
	Endangered
	Least Concern
	Native

	Caridina malayensis
	Arthropoda
	Not Evaluated
	Least Concern
	Native

	Irmengardia johnsoni
	Arthropoda
	Endangered
	Vulnerable
	Native 

	Macrobrachium malayanum
	Arthropoda
	Not Evaluated
	Least Concern
	Native

	Macrobrachium nipponense
	Arthropoda
	Not Evaluated
	Least Concern
	Introduced

	Macrobrachium platycheles
	Arthropoda
	Critically Endangered
	Least Concern
	Native

	Macrobrachium sundaicum
	Arthropoda
	Not Evaluated
	Least Concern
	Native

	Parathelphusa maculata
	Arthropoda
	Not Evaluated
	Least Concern
	Native

	Parathelphusa reticulata
	Arthropoda
	Endangered
	Critically Endangered
	Native


D.2 Taxa list of macroinvertebrate families across the 40 Nee Soon swamp forest sites

	
	NS01
	NS02
	NS03
	NS04
	NS05
	NS06
	NS07
	NS08
	NS09
	NS10
	NS11
	NS12
	NS13
	NS14
	NS15
	NS16
	NS17
	NS18
	NS19
	NS20
	NS21
	NS22
	NS23
	NS24
	NS25
	NS26
	NS27
	NS28
	NS29
	NS30
	NS31
	NS32
	NS33
	NS34
	NS35
	NS36
	NS37
	NS38
	NS39
	NS40

	Acari
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-

	Aeshnidae
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Araneae
	√
	√
	√
	√
	√
	-
	-
	√
	-
	√
	-
	-
	√
	-
	-
	√
	-
	-
	√
	-
	-
	√
	-
	-
	√
	√
	√
	-
	-
	√
	√
	-
	-
	√
	-
	√
	√
	√
	√
	√

	Assimineidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√

	Athericidae
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-

	Atyidae
	√
	√
	-
	-
	√
	-
	√
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	√

	Baetidae
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	√
	√
	√
	√
	√
	√
	-
	-
	√
	√
	√
	√
	-
	√
	√
	√
	√
	-
	√

	Brachyura
	-
	√
	√
	-
	-
	√
	√
	-
	-
	-
	√
	√
	-
	√
	√
	√
	-
	√
	√
	√
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	√
	-
	√
	-
	√
	-
	√
	√

	Caenidae
	√
	√
	√
	√
	√
	√
	√
	-
	√
	√
	-
	√
	-
	√
	√
	√
	√
	√
	√
	-
	√
	√
	-
	-
	-
	√
	-
	-
	√
	√
	√
	√
	√
	√
	-
	-
	√
	√
	√
	√

	Calamoceratidae
	-
	-
	√
	-
	-
	√
	√
	-
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Calopterygidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	√
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Canacidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Ceratopogonidae
	-
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	-
	-
	-
	√
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√

	Chironomidae
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√

	Chrysomelidae
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Coenagrionidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Collembola
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	√
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-

	Corbiculidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Corduliidae
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	√
	√
	-
	-
	√
	-
	√
	√
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	√

	Corethrellidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Corixidae
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-

	Corydalidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Crambidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-

	Culicidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Curculionidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Dipseudopsidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Dolichopodidae
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	√
	-
	√
	-
	-
	-
	√
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-

	Dryopidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Dystiscidae
	√
	-
	√
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Ecnomidae
	√
	√
	√
	-
	√
	√
	√
	-
	-
	√
	-
	-
	-
	√
	√
	√
	-
	√
	√
	√
	√
	-
	-
	-
	√
	-
	-
	-
	-
	√
	√
	√
	√
	-
	-
	√
	√
	-
	-
	√

	Elmidae
	-
	-
	√
	-
	√
	√
	√
	-
	-
	-
	√
	√
	-
	√
	√
	√
	√
	√
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-
	√

	Empididae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Erpobdellidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Euphaeidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Euphasidae
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Forcipomyiinae
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	√

	Gerridae
	√
	√
	-
	-
	-
	-
	-
	-
	√
	√
	√
	√
	-
	-
	√
	√
	-
	√
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-
	-
	-
	√
	-
	-
	√
	√
	-
	-
	√

	Glossiphoniidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Gomphidae
	-
	√
	√
	-
	√
	√
	√
	-
	√
	√
	-
	√
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	-
	√
	-
	-
	-
	√
	√
	-
	-
	√
	√
	-
	-
	√
	√

	Gyrinidae
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√

	Haliplidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Hebridae
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Heptageniidae
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	-
	√
	-
	√
	√
	-
	√
	√
	√
	-
	√
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	√

	Hydraenidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Hydrophilidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Hydropsychidae
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-

	Hydroptilidae
	√
	√
	√
	-
	-
	√
	√
	-
	√
	√
	-
	-
	-
	-
	-
	√
	√
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-

	Hydroscaphidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Leptoceridae
	√
	-
	-
	-
	√
	√
	√
	-
	-
	√
	-
	-
	-
	√
	√
	√
	-
	-
	√
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	√
	-
	-
	-
	-

	Leptophlebiidae
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-

	Leuctridae
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Libellulidae
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	√
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Mesoveliidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	-

	Nymphomyiidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Odontoceridae
	-
	√
	√
	-
	√
	√
	-
	-
	√
	-
	-
	√
	-
	√
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-

	Oligochaeta
	√
	√
	√
	√
	√
	-
	-
	-
	-
	-
	√
	√
	√
	√
	-
	-
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	-
	√
	√
	-
	√
	√
	-
	-
	-
	-
	-
	√
	√

	Ostracoda
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Palaemonidae
	√
	√
	√
	√
	√
	√
	√
	-
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	√
	-
	√
	-
	√
	-
	-
	-
	√
	√
	√
	-
	√
	√
	√
	√
	-
	√

	Perlidae
	√
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√

	Philopotamidae
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Phoridae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Physidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Planorbidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Platycnemididae
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Platystictidae
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Polycentropodidae
	-
	√
	√
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	-
	√
	-
	√
	√
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-

	Protoneuridae
	-
	√
	√
	-
	√
	-
	√
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	√
	-
	-
	-
	-
	-
	-
	√

	Psephenidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Psychodidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Psychomyiidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Ptilodactylidae
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-

	Ptychopteridae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Sciomyzidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Scirtidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-

	Sialidae
	-
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-

	Simulidae
	-
	-
	√
	-
	-
	√
	√
	-
	-
	√
	-
	√
	√
	-
	√
	√
	√
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	√
	-
	√
	-
	-
	-
	√
	-
	-
	√

	Siphlonuridae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Sphaeriidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Tabanidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	√
	√
	-

	Tanyderidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Thiaridae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-

	Tipulidae
	-
	√
	√
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	√
	-
	√
	√
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	Veliidae
	-
	-
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	√
	-
	-
	-
	√
	-
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√

	Xiphocentronidae
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	√
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	√
	-
	-
	-
	-
	-
	-
	-


D.3 Taxonomic classification of macroinvertebrate taxa

	Taxa
	Phylum
	Class
	Sub-Class
	Order
	Sub-Order
	Infra-Order
	Family

	Acari
	Arthropoda
	Arachnida
	Acari
	Acariformes
	-
	-
	Acari

	Aeshnidae
	Arthropoda
	Insecta
	-
	Odonata
	Anisoptera
	-
	Aeshnidae

	Araneae
	Arthropoda
	Arachnida
	-
	Araneae
	Araneomorphae
	Opisthothelae
	Araneae

	Assimineidae
	Mollusca
	Gastropoda
	-
	-
	-
	-
	Assimineidae

	Athericidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Athericidae

	Atyidae
	Arthropoda
	Malacostraca
	-
	Decapoda
	-
	Caridae
	Atyidae

	Baetidae
	Arthropoda
	Insecta
	-
	Ephemeroptera
	-
	-
	Baetidae

	Brachyura
	Arthropoda
	Malacostraca
	-
	Decapoda
	-
	-
	Brachyura

	Caenidae
	Arthropoda
	Insecta
	-
	Ephemeroptera
	-
	-
	Caenidae

	Calamoceratidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Calamoceratidae

	Calopterygidae
	Arthropoda
	Insecta
	-
	Odo-ta
	Zygoptera
	-
	Calopterygidae

	Canacidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Canacidae

	Ceratopogonidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Ceratopogonidae

	Chironomidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Chironomidae

	Chrysomelidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Chrysomelidae

	Coenagrionidae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Coenagrionidae

	Collembola
	Arthropoda
	Entognatha
	Collembola
	-
	-
	-
	Collembola

	Corbiculidae
	Mollusca
	Bivalvia
	Heterodonta
	Venroida
	Sphaeriacea
	-
	Corbiculidae

	Corduliidae
	Arthropoda
	Insecta
	-
	Odonata
	Anisoptera
	-
	Corduliidae

	Corethrellidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Corethrellidae

	Corixidae
	Arthropoda
	Insecta
	-
	Hemiptera
	Heteroptera
	Nepomorpha
	Corixidae

	Corydalidae
	Arthropoda
	Insecta
	-
	Megaloptera
	-
	-
	Corydalidae

	Crambidae
	Arthropoda
	Insecta
	-
	Lepidoptera
	-
	-
	Crambidae

	Culicidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Culicidae

	Curculionidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Curculionidae

	Dipseudopsidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Dipseudopsidae

	Dolichopodidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Dolichopodidae

	Dryopidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Dryopidae

	Dystiscidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Dystiscidae

	Ecnomidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Ecnomidae

	Elmidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Elmidae

	Empididae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Empididae

	Erpobdellidae
	Annelida
	Clitellata
	Hirudinea
	Arhyncobdellida
	Erpobdelliformes
	-
	Erpobdellidae

	Euphaeidae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Euphaeidae

	Euphasidae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Euphasidae

	Forcipomyiinae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Forcipomyiinae

	Gerridae
	Arthropoda
	Insecta
	-
	Hemiptera
	Heteroptera
	Gerromorpha
	Gerridae

	Glossiphoniidae
	Annelida
	Clitellata
	Hirudinea
	Rhynchobdellida
	-
	-
	Glossiphoniidae

	Gomphidae
	Arthropoda
	Insecta
	-
	Odonata
	Anisoptera
	-
	Gomphidae

	Gyrinidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Gyrinidae

	Haliplidae
	Arthropoda
	Insecta
	-
	Hemiptera
	Adephaga
	Gerromorpha
	Haliplidae

	Hebridae
	Arthropoda
	Insecta
	-
	Hemiptera
	Heteroptera
	Gerromorpha
	Hebridae

	Heptageniidae
	Arthropoda
	Insecta
	-
	Ephemeroptera
	-
	-
	Heptageniidae

	Hydraenidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Hydraenidae

	Hydrophilidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Hydrophilidae

	Hydropsychidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Hydropsychidae

	Hydroptilidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Hydroptilidae

	Hydroscaphidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Hydroscaphidae

	Leptoceridae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Leptoceridae

	Leptophlebiidae
	Arthropoda
	Insecta
	-
	Ephemeroptera
	-
	-
	Leptophlebiidae

	Leuctridae
	Arthropoda
	Insecta
	-
	Plecoptera
	-
	-
	Leuctridae

	Libellulidae
	Arthropoda
	Insecta
	-
	Odonata
	Anisoptera
	-
	Libellulidae

	Mesoveliidae
	Arthropoda
	Insecta
	-
	Hemiptera
	-
	Gerromorpha
	Mesoveliidae

	Nymphomyiidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Nymphomyiidae

	Odontoceridae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Odontoceridae

	Oligochaeta
	Annelida
	Oligochaeta
	Diplotesticulata
	-
	-
	-
	Oligochaeta

	Ostracoda
	Arthropoda
	Ostrocoda
	-
	-
	-
	-
	Ostracoda

	Palaemonidae
	Arthropoda
	Malacostraca
	-
	Decapoda
	-
	Caridae
	Palaemonidae

	Perlidae
	Arthropoda
	Insecta
	-
	Plecoptera
	-
	-
	Perlidae

	Philopotamidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Philopotamidae

	Phoridae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Phoridae

	Physidae
	Arthropoda
	Gastropoda
	-
	-
	-
	-
	Physidae

	Planorbidae
	Arthropoda
	Gastropoda
	-
	-
	-
	-
	Planorbidae

	Platycnemididae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Platycnemididae

	Platystictidae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Platystictidae

	Polycentropodidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Polycentropodidae

	Protoneuridae
	Arthropoda
	Insecta
	-
	Odonata
	Zygoptera
	-
	Protoneuridae

	Psephenidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Psephenidae

	Psychodidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Psychodidae

	Psychomyiidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Psychomyiidae

	Ptilodactylidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Ptilodactylidae

	Ptychopteridae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Ptychopteridae

	Sciomyzidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Sciomyzidae

	Scirtidae
	Arthropoda
	Insecta
	-
	Coleoptera
	-
	-
	Scirtidae

	Sialidae
	Arthropoda
	Insecta
	-
	Megaloptera
	-
	-
	Sialidae

	Simulidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Simulidae

	Siphlonuridae
	Arthropoda
	Insecta
	-
	Ephemeroptera
	-
	-
	Siphlonuridae

	Sphaeriidae
	Mollusca
	Bivalvia
	Heterodonta
	Veneroida
	Sphaeriacea
	-
	Sphaeriidae

	Tabanidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Tabanidae

	Tanyderidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Tanyderidae

	Thiaridae
	Mollusca
	Gastropoda
	-
	Neotaenioglossa
	-
	-
	Thiaridae

	Tipulidae
	Arthropoda
	Insecta
	-
	Diptera
	-
	-
	Tipulidae

	Veliidae
	Arthropoda
	Insecta
	-
	Hemiptera
	Heteroptera
	Gerromorpha
	Veliidae

	Xiphocentronidae
	Arthropoda
	Insecta
	-
	Trichoptera
	-
	-
	Xiphocentronidae


D.4 Taxa list of Fish Species across the 40 Nee Soon swamp forest sites
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D.5 Taxonomic classification of Decapods and Fish Species recorded across the 40 Nee Soon swamp forest sites

	Phylum
	Class
	Order
	Family
	Genus
	Species

	Chordata
	Actinopterygii
	Perciformes
	Cichlidae
	Acarichthys
	Acarichthys heckelii

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Barbodes
	Barbodes banksi

	Chordata
	Actinopterygii
	Perciformes
	Osphronemidae
	Betta
	Betta pugnax

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Boraras
	Boraras maculatus

	Chordata
	Actinopterygii
	Perciformes
	Channidae
	Channa
	Channa gachua

	Chordata
	Actinopterygii
	Perciformes
	Channidae
	Channa
	Channa lucius

	Chordata
	Actinopterygii
	Perciformes
	Channidae
	Channa
	Channa melasoma

	Chordata
	Actinopterygii
	Perciformes
	Channidae
	Channa
	Channa striata

	Chordata
	Actinopterygii
	Siluriformes
	Clariidae
	Clarias
	Clarias leiacanthus

	Chordata
	Actinopterygii
	Siluriformes
	Clariidae
	Clarias
	Clarias nieuhoffi

	Chordata
	Actinopterygii
	Beloniformes
	Zenarchopteridae
	Dermogenys
	Dermogenys collettei

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Desmopuntius
	Desmopuntius hexazona

	Chordata
	Actinopterygii
	Cyprinodontiformes
	Poeciliidae
	Gambusia
	Gambusia affinis

	Chordata
	Actinopterygii
	Beloniformes
	Zenarchopteridae
	Hemirhamphodon
	Hemirhamphodon pogonognathus

	Chordata
	Actinopterygii
	Perciformes
	Osphronemidae
	Luciocephalus
	Luciocephalus pulcher

	Chordata
	Actinopterygii
	Synbranchiformes
	Mastacembelidae
	Macrognathus
	Macrognathus maculatus

	Chordata
	Actinopterygii
	Cypriniformes
	Nemacheilidae
	Nemacheilus
	Nemacheilus selangoricus

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Osteochilus
	Osteochilus vittatus

	Chordata
	Actinopterygii
	Perciformes
	Eleotridae
	Oxyeleotris
	Oxyeleotris marmorata

	Chordata
	Actinopterygii
	Cypriniformes
	Cobitidae
	Pangio
	Pangio muraeniformis

	Chordata
	Actinopterygii
	Siluriformes
	Akysidae
	Parakysis
	Parakysis longirostris

	Chordata
	Actinopterygii
	Perciformes
	Ambassidae
	Parambassis
	Parambassis siamensis

	Chordata
	Actinopterygii
	Cyprinodontiformes
	Poeciliidae
	Poecilia
	Poecilia reticulata

	Chordata
	Actinopterygii
	Perciformes
	Gobiidae
	Pseudogobiopsis
	Pseudogobiopsis oligactis

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Rasbora
	Rasbora einthovenii

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Rasbora
	Rasbora elegans

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Rasbora
	Rasbora notura

	Chordata
	Actinopterygii
	Perciformes
	Gobiidae
	Rhinogobius
	Rhinogobius giurinis

	Chordata
	Actinopterygii
	Siluriformes
	Siluridae
	Silurichthys
	Silurichthys hasselti

	Chordata
	Actinopterygii
	Perciformes
	Osphronemidae
	Trichopsis
	Trichopsis vittata

	Chordata
	Actinopterygii
	Cypriniformes
	Cyprinidae
	Trigonostigma
	Trigonostigma heteromorpha

	Arthropoda
	Malacostraca
	Decapoda
	Atyidae
	Caridina
	Caridina malayensis

	Arthropoda
	Malacostraca
	Decapoda
	Sesarmidae
	Geosesarma
	Geosesarma peraccae

	Arthropoda
	Malacostraca
	Decapoda
	Gecarcinucidae
	Irmengardia
	Irmengardia johnsoni

	Arthropoda
	Malacostraca
	Decapoda
	Palaemonidae
	Macrobrachium
	Macrobrachium malayanum

	Arthropoda
	Malacostraca
	Decapoda
	Palaemonidae
	Macrobrachium
	Macrobrachium nipponense

	Arthropoda
	Malacostraca
	Decapoda
	Palaemonidae
	Macrobrachium
	Macrobrachium platycheles

	Arthropoda
	Malacostraca
	Decapoda
	Palaemonidae
	Macrobrachium
	Macrobrachium sundaicum

	Arthropoda
	Malacostraca
	Decapoda
	Gecarcinucidae
	Parathelphusa
	Parathelphusa maculata

	Arthropoda
	Malacostraca
	Decapoda
	Gecarcinucidae
	Parathelphusa
	Parathelphusa reticulata
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D.7 List of Equipment and Software

	No.
	Item
	Asset #
	Purchase date
	Condition
	Location
	Description/Note

	01
	YSI Pro Plus Kit
	NA
	22 Feb 2016
	Function
	TMSI
	Handheld battery-power multimetric water sensor and data-logger (with field-ready cable up to 3m).

	02
	HACH 950
	NA
	22 Feb 2016
	Function
	TMSI
	Handheld electromagnetic hydrological sensor and data-logger (with cable up to 3).

	03
	Level TROLL 500
	NA
	01 Nov 2013
	Function
	TMSI
	Pressure/depth sensor 

	04
	Level TROLL 500
	NA
	01 Nov 2013
	Function
	TMSI
	Pressure/depth sensor

	05
	Level TROLL 500
	NA
	01 Nov 2013
	Function
	TMSI
	Pressure/depth sensor

	06
	Panasonic Toughbook CF-19MK7
	8347002037
	17 Jun 2014
	Function
	TMSI
	For on-site logging of pressure/depth sensor data and field survey data (faunal/ physicochemical/ habitat surveys)

	07
	Dell Desktops
	NA
	03 Jan 2014
	Function
	TMSI
	For writing, data handling and analytical models

	08
	Dell Desktops
	NA
	03 Jan 2014
	Function
	TMSI
	For writing, data handling and analytical models

	09
	Dell Desktops
	NA
	03 Jan 2014
	Function
	TMSI
	For writing, data handling and analytical models


D.8 List of Personnel

	No.
	Name
	Affiliation
	Position
	Periods
	E-mail
	Note

	01
	Esther Clews
	TMSI
	Senior Research Fellow
	Mar 2015 ~ Apr 2015
	tmsec@nus.edu.sg
	Co-PI

	02
	Sorain Jay Ramchunder 
	TMSI
	Research Fellow
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F   Eco-hydrology model of nee soon swamp forest
F.1 Two-layer Water Balance Model

The two-layer water balance model, following the terminology introduced by DHI, is a simplified water balance method included in the Mike-SHE modelling system for simulating both evapotranspiration (ET) and unsaturated zone storage (DHI, 2014). This simplified model divides the unsaturated zone into a root zone and a zone below the root zone: ET can be extracted from the root zone, while it does not occur in the zone below (Yan and Smith, 1994). The two-layer water balance model is primarily suited for areas where the water table is shallow, such as in swamps and wetland areas where the actual ET rate is close to the potential rate (Butts et al. 2004).
In the computation, ET is first extracted from the intercepted water based on the leaf area index (LAI), then from ponded water, and finally via transpiration from the root zone based on the average water content. Setting-up the ET model essentially requires three inputs, i.e., the root depth, the LAI and the reference ET. This study derives the root depth map based on the flora team’s field survey at 40 plots distributed in the study area, whereas the spatial and temporal variations of LAI and reference ET are retrieved from the remote sensing data described as follows.
F.1.1 Root Depth

The root depth is calculated based on a linear equation

RD = 0.07624*DBH + 0.11185,







(F.1)

where DBH is the diameter at breast height measured in the 40 vegetation plots. The average value is used as the representative root depth in each plot. Thiessen polygon is then applied to interpolate the point value into the entire NSSF. Figure F - 1 shows the root depth map adopted in Q7. The root depth majorly ranges from 0.8 m to 1.2 m, with the exception at 4 plots.

[image: image325.emf]
Figure F - 1 Root depth map over NSSF

F.1.2 Reference Evapotranspiration

The reference ET is the rate of ET with an unlimited amount of water from a reference surface – a hypothetical grass reference crop with specific characteristics (Allen et al., 1998). The Food and Agriculture Organization (FAO) Penman-Monteith method is recommended for determining the reference ET value from meteorological data (Penman, 1948; Monteith, 1965).
This study obtains the reference ET data from MOD16 Global Terrestrial Evapotranspiration Data Set (Mu et al., 2013). The MOD16 project is part of National Aeronautics and Space Administration (NASA)/Earth Observing System (EOS) project to estimate global terrestrial evapotranspiration from earth land surface by using satellite remote data. The MOD 16 dataset is derived using an improved ET estimation algorithm with inputs including the GMAO and MODIS land cover, LAI, FPAR and albedo data (Mu et al., 2011).
The MOD16 dataset covers the period from January 2000 to December 2012 with a spatial resolution of 1 km2 for the global vegetated land areas at 8-daily, monthly and annual intervals. The dataset can be downloaded from the MOD16 website (http://www.ntsg.umt.edu/project/mod16).
Figure F - 2 shows samples of the MOD16 reference ET over the NSSF. The missing data accounts for about 1.2 km2 within the NSSF, which are supplemented with the interpolated values from neighboring cells. The monthly time series in 2012 from different cells are plotted in Figure F - 3. The 2012 reference ET ranges from 65 to 140 mm/month with an average of 100 mm/month.
[image: image326.emf]
Figure F - 2 Reference ET over NSSF in Dec 2012 (Source: MOD16)
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Figure F - 3 Monthly reference ET over NSSF in 2012 (Source: MOD16)
F.1.3 Leaf Area Index

The Leaf Area Index, LAI, is a dimensionless quantity that characterizes plant canopies. It is defined as the one-sided green leaf area per unit ground surface area in broadleaf canopies (Watson, 1947). LAI can be determined directly through sample measuring and indirectly such as hemispherical photography.
This study acquires the LAI information from the Global Land Surface Satellite (GLASS)-MODIS LAI dataset, a global LAI product released by the Center for Global Change Data Processing and Analysis (CGCDPA) of Beijing Normal University (Liang and Xiao, 2012). The GLASS-MODIS LAI dataset is retrieved using the general regression neural networks (GRNNs) trained with the MODIS and CYCLOPES LAI products as well as the reprocessed MODIS reflectance products (Xiao et al., 2013).
The GLASS-MODIS LAI product is available from January 2001 to December 2012 with a temporal resolution of 8 days and a spatial resolution of 1 km2. The dataset is publicly accessible through the Global Land Cover Facility (GLCF) ftp (ftp://ftp.glcf.umd.edu/glcf/GLASS/LAI/).
Samples of the GLASS-MODIS LAI over the NSSF are plotted in Figure F - 4. Typical LAI values range from 0 to 7, implying areas from no vegetation to dense canopy coverage. The monthly LAI variation from 2001 to 2012 is presented in Figure F - 5. The LAI over the NSSF reaches minimum in January and peaks in September with a range from 4.0 to 5.5.
[image: image328.emf]
Figure F - 4 Leaf Area Index over NSSF in Dec 2012 (Source: GLASS-MODIS)
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Figure F - 5 Monthly Leaf Area Index over the NSSF from 2001 to 2012 (Source: GLASS-MODIS)
F.2 Simulation Results

[image: image330.emf]
Figure F - 6 Simulated vs. observed groundwater tables at piezometer DP1 station
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Figure F - 7 Simulated vs. observed groundwater tables at piezometer DP2 station
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Figure F - 8 Simulated vs. observed groundwater tables at piezometer DP3 station
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Figure F - 9 Simulated vs. observed groundwater tables at piezometer DP4 station
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Figure F - 10 Simulated vs. observed groundwater tables at piezometer DP5 station
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Figure F - 11 Simulated vs. observed groundwater tables at piezometer DP6 station
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Figure F - 12 Simulated vs. observed groundwater tables at piezometer DP7 station
[image: image337.emf]
Figure F - 13 Simulated vs. observed groundwater tables at piezometer DP8 station
[image: image338.emf]
Figure F - 14 vs. observed groundwater tables at piezometer DP9 station
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Figure F - 15 Simulated vs. observed groundwater tables at piezometer DP10 station
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Figure F - 16 Simulated vs. observed groundwater tables at piezometer GP1 station
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Figure F - 17 Simulated vs. observed groundwater tables at piezometer GP2 station
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Figure F - 18 Simulated vs. observed groundwater tables at piezometer GP3 station
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Figure F - 19 Simulated vs. observed groundwater tables at piezometer GP4 station
F.3 List of Equipment and Software

	Item
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	Photo
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	Description
	Notes
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	1
	MIKE SHE / Modelling tool 
	Commercial license (to be transferred to NParks)

	Equipment
	23/05/2014
	$ 1,337.68
	Functional
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	1
	1 new piezometer
	Summary of piezometers bought
Phase1: 10 pc
Phase2: 3 pc
 * In the Field: 8 pc
 * Spare (new; ready to replace non-functional piezometers): 2 pc
 * Spoilt: 2 pc
 * Disposed: 1 pc

	
	20/04/2015
	$ 3,161.92
	Functional
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	2
	2 new piezometers and 6 repair 
	

	
	11/10/2013
	$ 2,167.82
	Functional
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	1
	Optiplex (TM) 9010 MT
	 

	
	10/06/2014
	$ 1,979.00
	Spoilt
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	1
	Lenovo notebook ThinkPad X240
	 

	
	21/05/2015
	$ 4,249.00
	Functional
	[image: image414.png]Elevation

Elevation

Elevation

01 02 03 04 05 08

00

02 03 04 05 08 07

00 o1

02 03 04 05 08 07

00 o1

NS33

F s

Fi2

T
20131211

T
20140321

T T T
20140629 20141007

Date

NS38

T
20150115

k20

Fis

T
20131211

20140321

T T T
20140629 20141007

Date

NS18

20150115

R

16

Fs

Fi2

T
20131211

T
20140321

T T T
20140629 20141007

Date

T
20150115

Taxa Richness

Taxa Richness

Taxa Richness




	1
	Alienware Area 51
	 

	
	28/05/2015
	$ 1,958.10
	Functional
	[image: image415.png]Elevation

Elevation

Elevation

01 02 03 04 05 08

00

02 03 04 05 08 07

00 o1

02 03 04 05 08 07

00 o1

NS33

F 200

F 150

F 100

Fo

T
20131211

T
20140321

20140629 20141007

Date

NS38

T
20150115

F 200

F 150

F 100

F 50

T
20131211

20140321

20140629 20141007

Date

NS18

20150115

I 1000

F 800

F 600

F 400

F 200

Fo

T
20131211

T
20140321

20140629 20141007

Date

T
20150115

Abundance

Abundance

Abundance




	1
	Optiplex 9020
	 

	
	04/08/2015
	$ 3,620.88
	Functional
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	1
	XPS 8700 Desktop
	 

	
	04/08/2015
	$ 1,432.73
	Functional
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	1
	Inspiron 14
	 

	
	04/08/2015
	$ 1,432.73
	Functional
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	1
	Inspiron 14
	 

	
	22/01/2016
	$ 1,203.75
	Functional
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	1
	Optiplex 9020
	 

	Office supply
	15/01/2015
	$ 2,103.62
	Functional
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	E-mail
	Note

	01
	LIONG Shie-Yui
	TMSI
	Deputy Director
	Mar 2013 – 2016
	tmslsy@nus.edu.sg
	Project PI

	02
	SUN Yabin
	TMSI
	Research fellow
	Mar 2013 – 2016
	tmssy@nus.edu.sg
	Full time

	03
	LIEW San Chuin
	TMSI
	Research fellow
	Mar 2013 – Mar 2014
	tmsliewsc@nus.edu.sg
	Full time;

cum Project manager

	04
	Dadiyorto WENDI
	TMSI
	Research engineer
	Mar 2013 – Oct 2015
	tmswd@nus.edu.sg
	Full time;

cum Project manager

	05
	KIM Dong Eon
	TMSI
	Research Assistant

Research engineer
	Oct 2013 – Oct 2015

Oct 2015 - 2016
	tmskde@nus.edu.sg
	Full time;

cum Project Manager

	06
	DOAN Chi Dung
	TMSI
	Senior research fellow
	Mar 2013 – 2016
	tmsdcd@nus.edu.sg
	Part time

	07
	Srivatsan Vijaya RAGHAVAN
	TMSI
	Senior research fellow
	Mar 2013 – 2016
	tmsvs@nus.edu.sg
	Part time

	08
	VU Minh Tue
	TMSI
	Research fellow
	Mar 2013 – Aug 2015
	tmsvmt@nus.edu.sg
	Part time


1890 





1910 





1940 





Figure 3-50. Excerpt of Line 01-03, between 700 and 1000m, showing the first swamp valley with un-interpreted section (above) and interpreted section (below).





Figure 3-51.  Excerpt of Line 01-03, between 1070 and 1350m, showing the second swamp valley, with un-interpreted section (above) and interpreted section (below).
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� � HYPERLINK "https://www.pub.gov.sg/Documents/Our%20Drinking%20Water%20Quality%202015.pdf" �https://www.pub.gov.sg/Documents/Our%20Drinking%20Water%20Quality%202015.pdf�





� Emails are provided for full-time TMSI staff.
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