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ABSTRACT. Bukit Timah Nature Reserve (BTNR) is one of Singapore’s most important  
conservation areas because it is likely to be the last refuge for many species that belong to  
Singapore’s original forest biodiversity. We report here the results obtained from a first  
broad-scale survey of arthropods in BTNR. The focus was on insects because Singapore’s  
insect fauna remains largely unknown despite the fact that insects constitute much of the  
animal biomass and perform many ecologically important tasks. The survey relied on  
specimens collected with passive traps (e.g., Malaise traps) that were set along several transects 
in primary and different types of secondary forests. Specimens representing several thousand 
species were obtained. In order to process the specimens rapidly, we sorted them based on 
DNA sequences of the COI gene. Sequences for more than 9,000 specimens were obtained and 
the DNA data were used to group the specimens into putative species. Here, we compare the 
species numbers, composition, and species overlap between secondary and primary forests for 
“true bugs” (Hemiptera). Overall, the sequences belonged to more than 1850 insect species of 
which ca. 450 belonged to Hemiptera. A very large proportion of the “true bug” species are 
only represented by 1 or 2 specimens each and we find that BTNR’s species diversity is much 
higher than the diversity in mangroves and on the National University of Singapore (NUS) 
campus. We also report and illustrate some notable insect species found during the survey. 
They range from ship-timber beetles to beetle-flies mimicking leaf beetles and mantis-flies 
resembling praying mantises.
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Introduction

Bukit Timah Nature Reserve (BTNR) is both the first and oldest Nature Reserve in 
Singapore. It has been under some form of protection since at least 1882 (Corlett, 
1988). Today, it is under the care of the National Parks Board, Singapore, which is 
responsible for its management according to the Parks and Trees Act 2005 (Chan 
& Davison, 2019). This long-term protection has ensured that several patches of  
primary forest have survived. Additionally, much of the remaining reserve is covered  
by old secondary forest which is in many places surrounded by young secondary  
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forest. BTNR and the adjacent Central Catchment Nature Reserve (CCNR) are thought 
to be a refugium for many forest-dwelling species that have gone extinct elsewhere 
in Singapore. These include charismatic species such as the Blue-Winged Leafbird  
Chloropsis cochinchinensis (Lim, 2019) and Wagler’s Pit Viper Tropidolaemus 
wagleri (Teo & Thomas, 2019), but BTNR is also likely to be a refugium for many  
arthropod species that perform important ecosystem services such as pollination and  
the decomposition of organic matter. In addition, BTNR is also an internationally  
important study site in tropical biology because the reserve is one of the few  
places worldwide where a small fragment of unlogged rain forest is embedded in an 
urban and semi-urban land matrix (Corlett, 1988). Thus, BTNR is routinely included in  
studies investigating the results of forest fragmentation on biodiversity (Turner &  
Corlett, 1996; Ercelawn et al., 1998; Brook et al., 2003; Goldsmith et al., 2011; Ho et 
al., 2019). BTNR also hosts a long-term survey plot belonging to the forest dynamics 
programme of the Forest Global Earth Observatory (ForestGEO), formerly known as 
the Smithsonian Center for Tropical Forest Science (Ashton et al., 1999).

Due to these studies, BTNR has been described as the “best studied forest area 
in Southeast Asia” (Henderson, 2000). However, these studies have focused on the 
plant or vertebrate diversity, leaving much of the invertebrate diversity unknown.  
Exceptions include a few selected groups of arthropods (e.g., butterflies, stick insects, 
decapod crustaceans: (Balke et al., 1997; Murphy, 1997; Ng, 1997; Seow-Choen, 
1997; Yang et al., 1997) for which the fauna of BTNR was included in studies that 
also investigated the diversity of CCNR and/or Singapore. In addition, BTNR-specific 
checklists exist for a few groups of insects (Tan, 2012a, 2012b; Ong et al., 2013), and 
additional information is available from studies that used BTNR sites for investigating  
insect ecology (Liow et al., 2001; Lee et al., 2009). Despite all these studies, much 
of the invertebrate diversity of BTNR remains unknown. This is problematic for  
several reasons. Firstly, most of the species-level animal diversity consists of insects.  
According to the latest estimates, there are more than 5.5 million species of insects 
on this planet (i.e., about 100 times the number of vertebrate species) of which more 
than 80% are currently unknown to science (Stork et al., 2015; Stork, 2018). These 
insects perform numerous tasks that are critical for the survival of more charismatic 
biodiversity such as trees and vertebrates. Secondly, it is estimated that all terrestrial  
invertebrates combined constitute over 20 times the biomass of all terrestrial  
vertebrates (Bar-On et al., 2018); i.e., ignoring the invertebrate biodiversity means 
ignoring most of the animal biomass in BTNR and Singapore.  

Unfortunately, discovering and identifying invertebrates has historically been 
very difficult due to the large number of species that need discovery/description and 
the small number of experts available for carrying out this research. This mismatch  
between the number of species and the availability of taxonomic expertise is  
responsible for the poor knowledge of the arthropod fauna of Singapore and elsewhere 
(Green, 1998; Giangrande, 2003; Kim & Byrne, 2006). Fortunately, there are now 
ways to overcome some of these problems. Species discovery/identification can be 
thought of as a three-step process. The first step is obtaining specimens, the second is 
grouping the specimens into species, and the third is obtaining names for the species:
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Obtaining specimens is the first and most straightforward step. For arthropods, 
many species can be sampled with minimally-invasive passive traps such as Malaise 
traps that resemble tents that are pitched in the forest. Only those insects that fly into 
these “tents” are collected; i.e., only very small number of individuals are collected. 

The second step is grouping specimens into species. This is a gargantuan task 
if the number of specimens and species is high. The task is particularly difficult to 
accomplish with morphology because it requires a large number of highly trained  
taxonomists who are familiar with the morphology of the different kinds of animals. 
It is here that new technologies can help. Most species can be distinguished and thus 
sorted by using so-called “DNA barcodes”. The most commonly used DNA barcode 
for animals is a fragment of the cytochrome oxidase subunit I (COI) gene that is also 
known as the ‘DNA barcode’ (Hebert et al., 2003). Biologists can now use such COI 
sequences to group specimens into putative species as long as the DNA sequence for 
specimens differ by up to 3%. This means that sorting specimens into putative species 
does not require a large number of highly trained taxonomists. However, until recently 
a major problem with DNA barcodes was the high cost of sequencing. Fortunately, 
we have been able to overcome this problem by simplifying the process and using  
cost-effective sequencing technologies (Meier, 2008; Meier et al., 2006, 2016; Wong 
et al., 2014; Wang et al., 2018; Srivathsan et al., 2018). 

The last step of species discovery/identification is identifying those species  
that have already been described by scientists and describing those species that  
remain unknown to science. This last step requires the help of trained taxonomists who  
specialize in different groups of insects and yields the formal scientific names of the 
species. Unfortunately, formal description usually requires years of study. Hence,  
species names are often only available several decades after a specimen has been  
collected. Fortunately, this third step of the species discovery process does not have to 
be completed before species numbers and species overlap between different habitats 
can be compared. These tasks can be accomplished based on DNA sequences alone, 
which is the approach that we are taking here. 

The current study is part of a larger species discovery programme in Singapore 
that focuses on invertebrates but also includes population-level work on conservation 
priority species (Cranston et al., 2013; Tay et al., 2016; Wong et al., 2017; Baloğlu 
et al., 2018; Kutty et al., 2018; Wang et al., 2018; Yeo et al., 2018). This programme  
started with collecting specimens from many different habitats in Singapore. 
More than 100,000 specimens have now been sequenced that belong to more than 
7000 species of insects. These include many new species that are in the process of  
being described. Some of these descriptions have already been published (Grootaert,  
2006, 2018; Shamshev & Grootaert, 2007; Zhang et al., 2008; Grootaert &  
Puniamoorthy, 2014; Grootaert & Shamshev, 2015). In this paper, we discuss  
preliminary results of the BTNR arthropod survey, as well as its implications for  
biodiversity discovery and conservation in Singapore. 
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Methods

As part of the Bukit Timah insect survey, more than 10,000 arthropod specimens from 
BTNR were sequenced. The specimens were obtained using Malaise traps that were 
placed along transects in (1) primary forest, (2) old-growth and (3) young secondary  
forest (see Chan & Davison (2019) for the mapping of vegetation types and trail  
system in BTNR). Malaise traps were deployed at three sampling sites per habitat, 
resulting in a total of nine sampling sites throughout BTNR. All sampling was carried 
out from August 2016 to October 2017 and the specimens were stored in molecular- 
grade ethanol. After collection in the field, all specimens were pre-sorted  
taxonomically to major taxonomic group by trained students and interns. Afterwards 
specimens belonging to selected arthropod taxa were barcoded. All DNA barcodes 
in this project were generated through amplifying the COI mitochondrial gene using 
techniques described in Wang et al. (2018). In brief, for some specimens we used  
direct PCR (Wong et al., 2014) which utilises a small piece of tissue as DNA template 
while in other cases we used QuickExtract™ DNA Extraction Solution (EPICENTRE 
Biotechnologies) for obtaining DNA. The only barcoding gene used in this project 
was a short fragment of the COI mitochondrial gene (313 bp) which was obtained 
using tagged amplicon sequencing as described in Wang et al. (2018). Downstream  
sequencing utilized high-throughput, paired-end next-generation sequencing (NGS) 
on IlluminaTM platforms. NGS was used as the main method of generating genetic 
sequences as it allowed for the rapid generation of large numbers of sequences at  
reasonable cost (Wong et al., 2014; Srivathsan et al., 2015; Wang et al., 2018). 

All sequences were aligned using MAFFT version 7.0 before being grouped 
into putative species units that are usually called “molecular operational taxonomic 
units” (MOTUs). Grouping was accomplished using objective clustering which groups  
sequences by similarity based on uncorrected pairwise (p) distances (Meier et 
al., 2006; Srivathsan & Meier, 2012). Stable clusters across the 2–4% distance 
range are likely to represent species and we therefore used these thresholds for 
clustering specimens into MOTUs. Additionally, intraspecific and interspecific  
variability was used to assess species boundaries (Meier et al., 2008). As a working  
hypothesis, we here used 3% sequence differences for separating putative species. 
This threshold is frequently used in the literature because it maximizes congruence 
between morphology and sequence data (Meier et al., 2008; Wang et al., 2018). 

All specimens were deposited in the Lee Kong Chian Natural History  
Museum (LKCNHM) where they are available for study by taxonomic experts. For 
many MOTU/species, one specimen of each was imaged utilising a high-resolution 
photomacrography system (Visionary DigitalTM Lab Plus System, Arizona, USA) 
at high magnification and with different focal depths. Multiple images were then  
digitally stacked into a single, sharp composite image using Helicon Focus Pro  
(HeliconSoft, Ukraine). Afterwards, the composite images were digitally optimised 
in Photoshop CS5 Extended (Adobe, USA). Depending on the taxon, the specimens 
were imaged in different orientations and magnifications in order to illustrate key  
diagnostic features. Separate images were then digitally stitched together and  
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uploaded on the website “Biodiversity of Singapore” (https://singapore.biodiversity.
online/), which allows for the dissemination of biodiversity information to the public 
and makes high-resolution images available to taxonomic experts around the world that 
can provide identifications to different taxonomic levels (Ang et al., 2013a, 2013b).

Results

Overall barcoding results
For this preliminary survey, we sequenced selected groups of arthropods. This  
included several taxa of Diptera (flies), Hemiptera (true bugs), Hymenoptera (in  
particular ants, bees and wasps), and Araneae (spiders: rare in Malaise traps). Nearly 
10,000 specimens were successfully barcoded, with each successful DNA barcode 
having a length of c. 313 base pairs. Out of the specimens successfully barcoded, 5413 
were Diptera (flies), 2621 Hemiptera (true bugs), 1442 Hymenoptera (ants, bees and 
wasps), and 381 Araneae (spiders). 

Upon analysis, 1898 putative species, or MOTUs (Molecular Operating  
Taxonomic Units) across all four taxa were obtained using a 3% cluster separation  
threshold. Based on previous work, we estimate that c. 90% of these units are  
congruent with species delimited based on morphology (Wang et al., 2018). In order  
to test whether the number of species is dependent on clustering thresholds, we 
also used a 2% cluster separation threshold which yielded 1942 MOTUs and a 4%  
threshold that yielded 1882 MOTUs (Table 1); i.e., the estimate of species numbers 
is very stable. Out of these putative species, about 1000 are singletons, that is to say 
species known only from one specimen. This suggests that about half of the putative 
species recorded are rare. This is typical for arthropod samples (Coddington et al., 
2009; Lim et al., 2012).

Hemiptera: A case study
Hemiptera, also known as the true bugs, are a group of insects that are characterised  
by long, stabbing mouthparts. While relatively common and diverse, Singapore’s  
hemipteran diversity – especially the terrestrial species – has received very little  
attention although many species are known to be important plant pests that can  
transmit plant viruses.  Using the data collected during the course of this project, we 
here present an estimate of the overall hemipteran diversity of BTNR and examine the 
distribution of species between different habitats in BTNR. 

For Hemiptera, a total of 467 MOTUs were obtained using a 3% cluster  
separation, and 230 of these MOTUs were singletons. At 2% sequence divergence, 
474 MOTUs were obtained with 237 of them being singletons. Finally, 460 MOTUs 
and 227 singletons were obtained at 4% cluster separation. Overall, this implies that 
the collected specimens belonged to at least 400 species (Table 2). About 50% of the 
putative species were singletons.

We also studied the distribution of the different species across three forest types 
in order to determine if there was any particular pattern to the species distribution. This 
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Table 2.  Overall putative species numbers/MOTUs of Hemiptera barcoded with different cluster 
separation thresholds. 
 

Cluster separation 2% 3% 4% 

No. of putative species 474 467 460 

Singletons 237 230 227 

 

Table 1. Overall putative species numbers/MOTUs of all four taxa barcoded with different cluster 
separation thresholds. 
 

Cluster separation 2% 3% 4% 

No. of putative species 1942 1898 1882 

Singletons 1037 988 982 

 
 

analysis was carried out twice; once based on all species, and once based on only those 
species for which more than five specimens were sequenced. This is advisable because 
it takes at least three specimens from a species before it can be shown to be shared 
between all three habitat types. We find that most Hemiptera species were found in  
maturing secondary forests, followed by primary forest and old secondary forest.  Each 
habitat shared about 100 species with each other, but many species are also unique to 
each habitat (Fig. 1). Many of these “unique” species are eliminated when rare species 
were excluded from analysis (Fig. 1). This suggests that many of the species that were 
only collected once in a single habitat may eventually also be found in other habitats 
if sampling were increased. 

Given that we suspected undersampling, we also prepared a species  
accumulation curve for hemipterans in BTNR (Fig. 2). The lack of a plateau  
indicates that many additional species are likely to be discovered if sampling were to 
be increased. The curve also reveals that the species diversity in BTNR is much higher 
than in other habitats in Singapore such as mangroves, Nee Soon freshwater swamp 
forest, or disturbed forest sites (NUS campus). Further information on the distribution 
of Hemipteran species within and between forest types is given in Fig. 3–6. 

Some notable insect finds in the BTNR samples
The survey recorded many insect species and quantitative analyses will continue for 
many years to come. While these analyses are still ongoing, we can already feature 
some interesting finds. Most of these species have never been barcoded before, and 
several of these species may also be new to science. 
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Fig. 1. A. Species overlap for all putative Hemiptera species detected during the BTNR survey. 
B. Species overlap for all of the putative Hemiptera species detected during the survey that 
have >5 specimens. Numbers and size of set indicate how many species are unique or shared 
between habitats.
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Fig. 2. Species accumulation curve of Hemipterans for four habitats in Singapore (TF: tropical 
forest [BTNR], FS: freshwater swamp, DSF: disturbed secondary forest (NUS campus), and 
M: mangroves).

Fig. 3. Hemipterans found in all three habitats of the BTNR. These species are likely to be 
generalists, as they are not limited to a single habitat. (Photo: H. Siti Maimon)
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Fig. 4. Hemipterans found only in the primary forest habitats of the BTNR. These species are 
likely to be more selective in the environment that they require for survival. (Photo: H. Siti 
Maimon)

Diversity in form and function
Coleoptera (beetles) are currently considered the most species-rich insect group 
on earth although Hymenoptera and Diptera may eventually be found to exceed  
Coleoptera in species diversity (Forbes et al., 2018). Coleoptera currently account for 
25% of all described species with species richness estimates indicating that there may 
be 1.5 million species of beetles (Stork et al., 2015). With such high diversity, it should 
not be surprising to find that beetles have important impacts on ecosystems. Many 
are herbivores, while others are voracious predators. All of them play an important  
part in the food web in any given ecosystem. Beetles pollinate plants, clean up  
decaying matter, while being food for many other animals. The sheer number of niches  
that beetles fill is impressive. Beetle diversity can thus also be used as an indicator of  
ecosystem health. Most beetles are capable of flight although only one pair of wings 
creates most of the lift. The second pair has been modified into thickened protecting 
organs known as elytra. The presence of elytra is the distinctive trait of the Coleoptera, 
and the characteristics of the elytra help to define the families mentioned below.

Buprestidae (Jewel beetles) 
Jewel beetles are among the most spectacular of insects. Fig. 7 shows two examples  
from BTNR. Their beauty led them to be collectors’ favourites, and they are  
occasionally used to make jewellery or art (e.g. Damien Hirst’s “Capaneus”). 
The iridescent colour of the cuticle is a good example of structural colour that is  
generated by reflecting light at different angles. There are a variety of structural  
colouration techniques across Coleoptera. They include multilayer reflectors, three- 
dimensional photonic crystals, and diffraction gratings (Seago et al., 2009). The  
larvae of jewel beetles feed on decaying wood, and some species are serious economic 
pests. However, other species are now under threat due to over-collecting. The status 
of Buprestidae in BTNR has been documented by Cheong (2019), and our molecular 
screening will supplement his findings.
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Fig. 5. Hemipterans found only in the old secondary forest habitats of the BTNR. These species 
can probably tolerate a little more disturbance compared to species limited to primary forests. 
(Photo: H. Siti Maimon)
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Fig. 6. Hemipterans found only in maturing secondary forest habitats of the BTNR. These 
species are probably more adapted to regenerating habitats, like the maturing secondary forest, 
compared to stable ones like the primary forest. This habitat also has the largest number of 
species. (Photo: H. Siti Maimon)

Staphylinidae (Rove beetles)
Rove beetles are one of the most species-rich groups of beetles. Fig. 8 shows two  
examples from BTNR. At last count, there were about 63,000 described species  
belonging to thousands of genera. This staggering number of species means that 
there is more than one described rove beetle species for each described vertebrate 
species. However, almost nothing is known of the vast majority of rove beetles, 
and most species remain undescribed. Rove beetles have a wide variety of body 
shapes, but the elytra of most species are shortened and do not cover the entire  
abdomen that tends to be long and flexible. This is likely an adaptation to their  
environment, as most rove beetles are terrestrial, living under stones and in leaf litter. 
Many of them are predators, preying on other insects which share their environment. 
A large number of the species in BTNR are very small.
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Fig. 7. Examples of Buprestidae species found during the BTNR survey. Species A is from the 
genus Chrysobothris while species B is Belionota metasticta. (Photo: H. Siti Maimon)

Lymexylidae (Ship timber beetles)
Lymexylidae are another family of beetles with larvae that feed on wood by boring 
through it. Some species are also known to have a symbiotic relationship with fungi, 
the larvae spreading the spores of fungi via tunnels. The larvae are then known to 
return to feed on the mycelium. There have been anecdotal reports of these beetles in 
Singapore before now, but we have now collected a specimen in BTNR (Fig. 9). 

Hybosoridae (Scavenger scarab beetles)
The Hybosoridae are an obscure group of beetles which usually feed on carrion, dung, 
or other decaying material. Some adults – such as the one depicted here – have the 
ability to roll up into a ball for protection (Fig. 10). 
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Fig. 8. Examples of Staphylinidae species found during the BTNR survey. (Photo: H. Siti 
Maimon)

Diptera
Diptera, or the true flies, are another extremely diverse group of insects with more than 
180,000 described species. Many of the most common flies have a negative impact on 
humans. They include mosquitoes and houseflies, but Diptera are much more diverse 
than that. They include predators (e.g., Asilidae or the robber flies), nectarivorous  
species (e.g., Syrphidae, the hover flies), herbivorous species (Tephritidae, true 
fruit flies), and many parasites (e.g., Hippoboscidae, louse flies) or parasitoids (e.g.,  
Pipunculidae, big-headed flies). Flies are important pollinators of plants and are just 
as important to the plant reproductive cycle as the more well-known hymenopterans  
or lepidopterans. True to their name, flies are among the most acrobatic and  
manoeuvrable of all flying creatures, aided by their excellent vision. Flies are  
characterised by a special pair of organs known as the halteres, which were originally 
a second pair of wings. These organs provide guidance to the fly in flight. They are so 
important for flight that flies that lose their halteres are unable to fly. 
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Fig. 9. A species of Lymexilidae from the genus Atractocerus found during the BTNR survey. 
(Photo: H. Siti Maimon)

Pipunculidae (Big-headed flies)
Pipunculidae get their common name from two huge eyes which take up almost their 
whole head (Fig. 11). Almost all species in this family are parasitoids that specialise in 
using hemipteran planthoppers as hosts for their young. Pipunculid eggs are laid on the 
body of the planthopper and the larvae will then feed on the living planthopper until 
the larvae are ready to pupate and become adults.

Diopsidae (Stalk-eyed flies)
Diopsidae is a family of Diptera that have gained attention due to their peculiar head 
morphology (Fig. 12). The eyes are mounted on stalks projecting from their head 
and the length of the eye stalks varies between the species (Baker & Meier, 2002;  
Meier & Hilger, 2002). Males in some genera have much longer eyestalks than  
females and experimental work indicates that in some species males with longer  
eyestalks are more likely to mate with females because they win male-male contests 
(Panhuis & Wilkinson, 1999). 

Neuroptera
Neuroptera, or net-winged insects, are an order of insects consisting of the lacewings, 
antlions, mantis-flies and their relatives (Fig. 13 & 14). They have four wings with 
multiple veins, resembling a net, hence the name of the order. The larvae are ferocious  
predators, primarily hunting other insects and invertebrates. In contrast, adult  
neuropterans usually feed on nectar or do not feed at all. Exceptions such as  
mantis-flies exist, where both the larvae and the adults are predators.

Cases of convergent evolution
Insects include many striking cases of convergent evolution; i.e., the species look  
similar but are not closely related. Common reasons include mimicry, where one  
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Fig. 10. A species of Hybosoridae found during the BTNR survey. (Photo: H. Siti Maimon)

insect species resembles another species in order to gain a benefit, or the species  
independently “invent” similar solutions for the same purpose. The BTNR survey  
illustrated many such cases of convergent evolution.

Convergent evolution – Praying mantis and mantis-flies 
At first glance, praying mantises (Fig. 15) and the mantis-flies (Fig. 16) look very  
similar because both groups have heavily modified, raptorial forelegs. However, 
these two taxa are not at all closely related. Instead, they have independently evolved  
similarly modified raptorial forelegs that are used for seizing prey.
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Fig. 11. A species of Pipunculidae found during the BTNR survey. (Photo: H. Siti Maimon)

Batesian mimicry – Leaf beetles and Beetle flies
Batesian mimicry is a form of mimicry where a harmless species imitates the  
appearance of another, more harmful species as a way of defending itself against  
predation. In this case, beetle flies (Celyphidae) resemble leaf beetles (Chrysomelidae) 
(Fig. 17), because many species of this family either produce toxins or accumulate 
plant toxins. This renders the beetles distasteful or poisonous to predators. Beetle flies 
(Fig. 18) lack such toxins, but are likely to fool predators because they look so similar 
to leaf beetles; i.e., the resemblance to beetles is a way for the beetle flies to protect 
themselves against predators. 



407Arthropod diversity of Bukit Timah Nature Reserve

Fig. 12. A species of Diopsidae found during the BTNR survey. (Photo: H. Siti Maimon)

Fig. 13. A species of Neuroptera found during the BTNR survey. (Photo: H. Siti Maimon)
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Fig. 14. A neuropteran larva, with massive, prominent jaws. The most famous neuropterans are 
ant-lions, whose larvae bury themselves in a pit of sand and wait to trap passing ants. (Photo: 
H. Siti Maimon)

Fig. 15. A praying mantis from the order Mantodea. (Photo: H. Siti Maimon)
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Fig. 16. A mantis-fly from the order Neuroptera. (Photo: H. Siti Maimon)

Batesian mimicry – Soldier flies and hymenopterans
Soldier flies are another group of Diptera which practice Batesian mimicry, with many 
species mimicking wasps or other hymenopterans which have painful stingers with 
which to defend themselves. 

The soldier fly seen in Fig. 19 only has a single pair of functional wings, with 
the second pair of wings being developed into the pair of balancing organs known 
as the halteres. However, its colouration and wasp-like waist at the thorax-abdomen  
junction cause it to resemble a wasp or bee. Predators usually avoid wasps and bees 
due to the threat of being stung. Hence, the stratiomyid presumably gains protection 
from predators by resembling a wasp.

Discussion

The BTNR insect survey forms part of two larger studies. Firstly, it contributes to the
comprehensive biodiversity survey of BTNR (Chan & Davison, 2019). 
Secondly, it is part of a much larger initiative that is designed to generate baseline  
information on the insect diversity in Singapore. Due to the large number of species 
and specimens, this task is both difficult and important. It is difficult because it is likely  
that Singapore has more than 50,000 species of insects, a huge number compared 
to the more familiar vertebrates. The task is also important because collectively the 
insect species are predicted to contribute more animal biomass than all other animals  
combined as well as performing many important ecosystem roles: they  
pollinate, they decompose, they prey on other insects, they develop inside pest  
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Fig. 17. A leaf beetle belonging to the family Chrysomelidae. The elytra of this species are 
round and iridescent. This renders the beetles fairly conspicuous, but they are protected by 
poisons that they obtain from their host plant. (Photo: H. Siti Maimon)

species, they spread fungal spores, they transmit viruses, and so on. Most of the time 
these species are out of sight and thus often out of mind, but occasionally humanity 
gains insights into why insects matter. A good example is the pollination crisis in  
agriculture that already costs billions of dollars per year (Klein et al., 2007). There 
is now evidence for a worldwide decline in insect populations in many countries  
(Biesmeijer et al., 2006; Hallmann et al., 2017). This is likely to cause numerous  
environmental problems. After all, E. O. Wilson already predicted “If all mankind 
were to disappear, the world would regenerate back to the rich state of equilibrium 
that existed ten thousand years ago. If insects were to vanish, the environment would 
collapse into chaos.” 
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Fig.18. A beetle-fly from the genus Acelyphus (family Celyphidae). The scutellum of the fly 
has expanded to imitate a true beetle’s elytra and is as iridescent as an actual leaf beetle’s  
exoskeleton. (Photo: H. Siti Maimon)

Our study suggests that BTNR may be home to many rare forest-dwelling  
species that are likely not to be found elsewhere in Singapore because BTNR is one of 
the few places in Singapore that has never been fully cleared of its original vegetative 
cover. Our results also suggest that the insect fauna of BTNR is very species-rich. 
We here have only analysed a small proportion of the diversity (Hemipteran), but we 
predict that similar results will be found for other insect orders that are even more  
species-rich such as Hymenoptera (ants, bees and wasps) (Ascher et al., 2019) or  
Diptera (flies). 

In order to continue building on the results obtained so far, much more work 
needs to be carried out, both in BTNR as well as other habitats in Singapore. It would 
be helpful if future work included an expansion and a diversification of the methods 
used to sample insect diversity. There are other trapping techniques that are likely 
to reveal many additional species (e.g., flight intercept traps, pitfall traps) and thus  
contribute to obtaining a more complete picture. Efforts must also be taken to  
ensure all data obtained are properly catalogued and stored in an easily accessible  
database, and that both genetic data and physical specimens are stored and  
accessioned properly in a natural history institution so as to make them easily  
available for future scientific work.
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Fig.19. A soldier fly from the family Stratiomydiae, in the order Diptera. This soldier fly is from 
the species Hermetia laeta. (Photo: H. Siti Maimon)

A properly curated and expanding database of insect images and genetic  
information will be an important part of such cataloguing because it allows for  
follow-up studies ranging from diet to population genetics.  For example, a  
database of plant genetic barcodes was essential for identifying the food plants 
of Raffles’ Banded Langur (Srivathsan et al. 2016), one of the most endangered  
primates in Singapore. Generating DNA barcodes for insects is similarly important 
for diet studies of endangered insectivores such as the pangolin, and will aid in their  
conservation. The existence of DNA barcodes in a biodiversity database can also be 
used to match the adult stages of holometabolous insects with their larval stages (Yeo 
et al., 2018). This allows for detecting the presence of species in the environment  
even without their physical capture or sampling, via the use of environmental DNA 
[“eDNA” (Lim et al., 2016)]. The evaluation of eDNA would be less informative  
without first obtaining a DNA barcode database. Thus, there are many incentives for 
continuing with surveying the biodiversity of Singapore. It is equally important to 
present the results to the public via high-resolution and high-magnification images.
The species found in BTNR will be added to the website “Biodiversity of Singapore”, 
which is accessible to the public.
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The process of species discovery takes time, but modern technology has made 
it faster and easier. The prospect of completely sequencing, DNA barcoding, and  
identifying the entire biodiversity of a country is now no longer a wildly optimistic 
dream, but an achievable goal. 
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